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ABSTRACT: We report the colloidal synthesis of bismuth chalcohalide [
nanocrystals, which adopt a hexagonal phase that we describe with the ’
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Bi;3S,4X, (in which X = Br and I) structure. Such a model structure displays
columns of Bi atoms that form dimers of subvalent Bi (formally Bi,*"), which
we here ascribe to Peierls-type distortions. We suggest that the Bi,*" dimers are
at the origin of the anomalously low band gap of this material, with the lowest
energy electronic transition showing analogies with an intervalence charge
transfer. Our synthetic approach and insights into the structural and electronic oy
features of the hexagonal bismuth chalcohalides are fundamental to sustain the ; ;

rapidly increasing u%e of this class of (nano)materials for diverse applications, B' ik, NCS i) ~ i) ver
such as photocatalysis and thermoelectrics.
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B INTRODUCTION property relationships of a class of (nano)materials that is

. . . facing a fast growing interest.
Mixed valence in inorganic compounds refers to the presence ng growing 1

of a metal cation in two different oxidation states showing
interactions that may give rise to unusual optical, electrical, and B EXPERIMENTAL SECTION

magnetic properties.” The probably best-known example of a Chemicals. All chemicals were of the highest purity available
mixed valence compound, the ferric ferrocyanide salt called unless otberwise noted and were used as received. Bismut'h(II‘I)
Prussian Blue, undergoes a ground state Fe(II)-to-Fe(III) acetate (Bi(Ac)y; 99.99%) was purchased from Alfa Aesar. Oleic acid

charee transfer.’ responsible for its veculiar color. and (OICOOH, technical grade, 90%), l-octadecene (technical grade,
8 ’ P P ’ 90%), bis(trimethylsylil)sulfide ((Me;Si),S; synthesis grade), and

ferror.naggletlc. exchange interactions, leading to magnetic sodium iodide (Nal, 99.0%) were purchased from Sigma-Aldrich.
ordering.” Mixed valence has also been related to other 1,1,3,3-Tetramethylthiourea (98%), trimethylsilyl bromide ((Me;Si)-
interesting phenomena, such as high-temperature super- Br; 97%), and chlorotrimethylsilane ((Me;Si)Cl; 98%) were
conductivity’ and colossal magnetoresistance.” To the aim of purchased from Alfa Aesar. Benzoyl bromide (BzBr; 97%) was
designing mixed valence compounds, main group metals purchased from Acros Organics. Benzoyl chloride (BzCl; >98%) was
featuring chemically stable low oxidation states may present purchased from TCI Europe. All solvents were anhydrous and were

ample opportunities, such as for the long-standing example of used as received. Dichloroethylene was purchased from Merck;

toluene was purchased from Sigma-Aldrich.
Cs,Sb(LSb(V)Cl,, and its dark color, unexpected for alkali Synthesis. All the colloidal NCs were synthesized in three-neck
pnictogen chloride salts.” The material size may also affect the

flasks connected to a standard Schlenk line under oxygen- and
properties of mixed valence inorganic compounds, although moisture-free conditions. In a typical synthesis yielding colloidal NCs

they have seldom been investigated at the nanoscale despite of hexagonal Bi chalcohalide, 0.3 mmol (120 mg) of Bi(Ac); and 3
offering an intrinsically high surface-to-volume ratio,” which mmol (850 mg) of oleic acid were mixed in 3 g of I-octadecene.'”
may be exploited for photocatalytic purposes,10 and the The mixture was vigorously stirred and deaerated through repeated
possibility of accessing phases that are unstable at larger size cycles of vacuum application and purging with nitrogen at about 80
scales. ' °C. The mixture was then heated to above 100 °C to dissolve Bi(Ac)

until the solution became colorless and optically transparent,
suggesting the complete formation of the bismuth(III)-oleate
complex(es). The solution was cooled at 80 °C and repeatedly

Here, we take advantage of a reliable colloidal synthetic
method, recently proposed for nanocrystals (NCs) of the
orthorhombic BiSX phase (with X = Cl, Br, and I),"* to
prepare Bi sulfohalide NCs of a hexagonal phase. We
reexamine, at the nanoscale, the crystallographic and electronic
structure of this material, which faces controversial attribution
on its stoichiometry (Bi;3S,4X, vs Bij;4,5,4X,) and displays an
anomalously low band gap. We propose a solution to such a
controversy by exposing the mixed valence character of Bi in
the hexagonal sulfohalides, shedding light on the structure—
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subjected to vacuum in the attempt to remove acetic acid eventually
released upon the bismuth(III)-oleate complex(es) formation. The
solution was then heated again under nitrogen flow, while the
temperature stabilized at 180 °C. To prepare colloidal NCs of
hexagonal Bi sulfobromide, half equivalent of (Me;Si),S (0.15 mmol,
32 uL) and half equivalent of BzBr (0.15 mmol, 18 L) in 2 mL of
octadecene were swiftly co-injected. The reaction was allowed to
proceed for 1S min, then the heating mantle was removed, and the
resulting colloidal dispersion was forced to quickly reach room
temperature by immersion of the reaction flask in an ice bath. After
the synthesis, the reaction mixture was transferred to a nitrogen-filled
glove box. The crude product was centrifuged without antisolvents,
the supernatant was discarded, and the resulting pellet was
redispersed in anhydrous toluene and stored in a nitrogen-filled
glove-box for further use. An effective tuning of the hexagonal Bi
chalcohalide NC morphology was somewhat achieved by employing
alternative sulfur and bromine precursors, such as tetramethylthiourea
and (Me,Si)Br, respectively. The syntheses of colloidal NCs of
hexagonal Bi sulfoiodide were performed by using BzI as the iodine
precursor; Bzl was obtained by reacting BzCl with an excess (1.5
equiv) of Nal at 80 °C for S h. The higher reactivity of Bzl compared
to BzBr required the use of 0.05 mmol to obtain Bi;3S;gl, from 0.3
mmol of Bi-carboxylates (compared to 0.15 mmol of BzBr for the
synthesis of Bi;3S;sBr, NCs). The syntheses of colloidal NCs of
hexagonal Bi sulfochloride were attempted by using BzCl as the
chloride precursor, although this phase could not be obtained. All the
synthetic parameters used to obtain the colloidal NCs of hexagonal Bi
sulfohalide are listed in the Supporting Information (Tables S1 and
S2).

Morphological, Compositional, and Structural Character-
ization. Transmission electron microscopy (TEM) was used to
obtain information on the NC morphology from dried colloidal
dispersion and in solids thereof. Conventional TEM images were
recorded with a JEOL JEM 1011 microscope, operating at an
accelerating voltage of 100 kV. Samples for analysis were prepared by
dropping from an NC dispersion onto Cu grids with a carbon support
film and then allowing the solvent to evaporate in a vapor-controlled
environment. Longitudinal and lateral sizes were determined by the
statistical analysis of TEM images of several hundreds of NCs with the
ImageJ software. Further, electron microscopy was carried out on a
double-corrected ThermoFisher Spectra 300 S/TEM operated at 300
kV. HRTEM images were acquired using an image corrector with a
parallel illumination, with the micrographs being recorded on a
CMOS-based Ceta camera. HRSTEM was carried out at a
convergence angle of 24 mrad with a beam current of 150 pA,
recording the high-angle annular dark field (HAADF) signal. The
analytical signal (energy-dispersed X-ray spectroscopy, EDX) was
collected in STEM mode using a Dual-X detector and currents in the
range of 0.2—1 nA.

X-ray diffraction (XRD) was used to probe the crystal structure of
the NCs. Powder XRD (XPD) patterns were acquired on a lab-grade
Panalytical Empyrean diffractometer operating in a parallel beam
geometry and equipped with a 1.8 kW Cu Ka ceramic X-ray (45 kW),
1 mm wide incident and receiving slits, and a 40 mA PIXcel3D 2 X 2
area detector. Samples were prepared for the analysis by precipitating
the NCs with ethyl acetate, discarding the supernatant and drying the
precipitate under a nitrogen flux. The resulting powder was grinded in
a mortar to minimize preferential orientation effects and then
deposited on a zero-diffraction silicon sample holder for the analysis.
Synchrotron light was used for the structural characterization of the
colloidal NCs. The X-ray data were collected in two beamtime
sessions at the 28ID-2 beamline of the National Synchrotron Light
Source (NSLS-II) of the Brookhaven National Laboratory. The
beamline was equipped with a Perkin Elmer XRD 1621 digital
imaging detector having 2048 X 2048 pixels with 200 X 200 ym pixel
size. The Bi,3S,gBr, NC powder samples were put in a capillary of 1
mm diameter that was spun during measurements. Measurements
were performed with a beam energy of 66.18 keV (0.1874 A), and the
detector was mounted in two positions optimized for pair distribution
function (PDF) and XPD data collections, i.e., respectively, 227 and
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1368 mm downstream from the samples. Nickel was measured as a
standard material to calibrate the wavelength and the detector
geometry, including the sample-to-detector distance. Empty capillaries
similar to those used for holding the NC samples were measured for
background estimation. Diffraction images were azimuthally inte-
grated and converted into intensity profiles versus 29 and versus
momentum transfer, Q = 47 sin 9/4, by using the FIT2D program."
The PDF profile was calculated up to interatomic distances r of S0 A
from the Q profile by the program PDFGetX3.'* The s maximum
value of Q for PDF calculation was set to 20.0 A™' to avoid large
termination effects while preserving the signal-to-noise ratio. The
synchrotron XPD profile was used to identify the crystal phases
among the known single-phase diffraction patterns by inquiring the
POW_COD" (built form COD)"® and PDF-2'"'® databases via the
qualitative phase analysis softwares QUALX2.0'® and Highscore."
For the Bi;3S,sBr, NCs, the two most plausible candidate entries of
the POW_COD database were found: no. 00-400-2831 (Bi;;S;sl,,
space group P3, ICSD code no. 243730) and no. 00-210-6883
(Biyz.675:5Br,, space group P6;, ICSD code no. 378). The CIF file of
the former entry was modified by relabeling the original iodine atoms
as bromine and used as a reference candidate model, with the aim of
verifying if Bi;3S¢Br, is equivalent to Bi;,4,S;Br, in describing the
XPD patterns. The structural models were refined against the PDF
and XPD profile by using the programs PDFGUI’® and Fullprof,*'
respectively. In both cases, the crystal symmetry was applied to
constrain lattice, displacement, and atomic position parameters. The
sequential use of direct (PDF) and reciprocal (XPD) space
refinements was carried out to avoid overfitting and being entrapped
in local minima of the y* function used in least-squares procedures. It
is worth noting that PDF and XPD profiles used in this analysis are
not directly related by a Fourier transform operation since the
experimental setup was optimized for the two measurements. Within
this approach, the optimized complementary information from a
direct and reciprocal space was used to drive a more efficient
structural refinement. PDF refinement was executed for interatomic
distances above 1.5 A, to avoid finite-size artifacts in the low r range,
and up to 40 A, with a step of 0.005 A. As a first step, the scale factor,
lattice parameters, peak shape parameters Q.4 (peak broadening
from increased intensity noise at high Q), and deltal (coefficient for
1/r contribution to the peak sharpening) parameters were refined
separately, i.e., by keeping constant all the other parameters. As a
second step, anisotropic atomic displacement parameters were
included in the refinement and then the atomic position parameters
were refined in the last step. More elaborated refinements were
carried out by using scripts developed within the DiffPy-CMI
framework,”” which implements procedures able to refine a model
consisting of a sum of two crystal phases or to account for the shape
of the NCs. These have been used to address the ambiguity between
Bij,6;S4Bry and Bi;3S;¢Br, structural models. XPD refinement was
carried out by the Rietveld method.”® Fitting parameters were the
scale factor parameters, profile parameters, ie., full width at half-
maximum (FWHM) and peak asymmetry, and unit cell parameters. In
particular, the FWHM was described by spherical harmonics
parameters, and the final value allowed us to extract the crystallite
shape.** The background was interpolated and not refined. The
refinement parameters of PDF and XPD profiles are reported in
Tables S3 and S4, respectively. The program RootProf was used to
convert the XPD profiles in the CuK,,; wavelength.*®

Optical Characterization. The optical properties of the Bi;3S,:X,
NCs were investigated on both colloidal dispersions and thin films
(prepared by spin casting NC dispersions on glass substrates). A
PerkinElmer UV—vis—NIR spectrophotometer (Lambda 1050) was
used to measure the transmission and reflectance spectra of the NCs
in the 300—1600 nm range; a 150 mm InGaAs integration sphere was
used to acquire reflectance spectra. The optical band gap values of the
NCs were estimated by Tauc analysis.”®”’ A Dektak contact
profilometer (D150 Veeco) was used to determine the thickness of
the casted NC films and, therefore, to estimate the NC absorption
coefficients. The reflectance (R) of the NC thin films was determined
with an integrating sphere; the measurement of the transmittance (T)
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allowed us to estimate the absorptance (A, with 1 = A + T + R) of the
NCs. Upon measuring the thickness (d) of the thin films, we
estimated the NC absorption coefficient (@) by using the Lambert—
Beer law (I = I,e™, in which I, = 1 — R is the light incident on the
NC films and I = T is the light transmitted by the NC films).

Theoretical Calculations. Density functional theory (DFT)
simulations were run to infer the electronic band structure of the Bi
chalcohalide NCs. The calculations were run through the VASP
code”® within the plane-augmented wave framework.”” The Perdew—
Burke—Ernzerhof (PBE) functional®® was adopted throughout and
complemented with the Tkatchenko—Scheffler correction® to
accurately reproduce dispersive forces. When not otherwise specified,
the following settings were adopted. The plane-wave energy cutoff
was set to 500 eV for geometry optimizations and 400 eV for band
structure calculations. The reciprocal space was sampled through a
uniform, I'-centered grid with 0.28/27 A™' point spacing. For all the
studied systems, the cell parameters and atomic positions were
optimized to the closest energy minimum. Both the geometry
optimization and self-consistent procedures were stopped when the
energy difference between two consecutive steps was lower than 107
eV. Structures and isosurfaces were drawn with the VESTA
software.”” Spin—orbit coupling (SOC) was not included in the
simulations presented in the main text. Our previous work'> on
similar compounds showed that SOC has a negligible effect on
geometries and energy differences. Concerning the band gaps, the
neglection of SOC and the adoption of generalized gradient
approximation (GGA) functionals such as PBE are known to lead
to an error compensation resulting in qualitatively accurate results.
We performed test simulations on Bi ;S 4Br, and noted that the only
significant change is the length of the Bi—Bi dimer, which elongates
(from 3.158 to 3.215 A). This finding is in line with the proposed p'-
like configuration of the Bi atoms forming the dimers, an electronic
configuration whose electronic energy levels are known to undergo
electronic energy splitting due to SOC, thereby affecting bond lengths
and energies. Nonetheless, the nature of valence and conduction
bands in Bi;3S,X, (X = Br and I) is not affected by the neglection of
SOC, as shown in Figure S21.

B RESULTS AND DISCUSSION

Our synthetic approach involves the hot co-injection of both
the S and X (= Cl, Br, and I) precursors to a solution of Bi-
carboxylate complexes. Such an approach allows tuning of the
Bi:S:X stoichiometric ratio by independently controlling the
corresponding precursor concentration, permitting to explore
the Bi-S-X ternary phase diagram.'” Compared to heat-up
approaches,” our method granted direct access to the chosen
reaction temperature (180 °C), preventing the formation of
the undesired Bi,S; phase (Figure S1). Another advantage of
our method compared to previous reports is that it does not
yield powders, which would demand for a polymer-assisted
processing to disperse the NCs,** nor it requires almost
stoichiometric amounts of AI** cations to prevent the
formation of Bi,S;.>

Compared to our previous work, in which we obtained
phase pure orthorhombic BiSX NCs,"” an increased S:X molar
ratio permitted us to prepare phase pure hexagonal Bi
chalcohalide NCs. In the particular case of the Bi
sulfobromides, when the molar ratio of the co-injected
precursors was S:Br = 1:1, a darkish dispersion formed (Figure
1a). This is strikingly different from the reddish dispersion of
orthorhombic BiSBr NCs obtained with S:Br = 1:2."> TEM
inspection showed rod-like NCs (Figure 1b and Figure S2),
100 nm long and 20 nm wide (both with a ~15%
polydispersity; Figure S3). High-resolution TEM revealed a
high degree of crystallinity for all the NCs (Figure lc—e),
regardless of their morphological differences. Observed in
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Figure 1. (a) Day-light picture of a toluene colloidal dispersion of the
hexagonal Bi sulfobromide NCs; (b) TEM micrograph of the NCs;
(c) HRTEM of an NC portion, (d) high magnification view, and (e)
its fast Fourier transform.

HAADEF-STEM, the NCs often displayed an irregular contrast,
suggesting a rough surface or the presence of cavities (Figure
S4). Nevertheless, the composition was found to be
homogeneous from EDX analysis (Figure S5). Since oleic
acid is the only amphiphilic molecule in our synthetic
protocol,'> we expect that such species coordinate the surface
of our NCs, thus exposing oleyl pendant moieties to the
surroundings.

XPD revealed a unique hexagonal phase in the NC sample
(vide infra). It corresponds to a compound that was previously
identified as Bij, ,S,sBr, (or BiygS,,Br;),*° until a subsequent
reexamination suggested that it could be described as
Bi;3S,4Br, (isostructural to the Bi;3S;gl, reported in the study
examining this issue).’” These two structures are almost
identical, being both constituted by Bi—S networks that can be
described as the structure of Bi,S; rolling up to form hexagonal
and triangular channels parallel to the ¢ axis and occupied by
columns of Bi and Br atoms, respectively. The only difference
lies in such columns of Bi atoms (highlighted in red in Figure
2a and hereinafter referred to as columnar Bi), which are
formed by non-interacting Bi atoms in Bij,4,S,¢Br, or by Bi
dimers in Bi;;S,¢Br, (Figure 2b and Figure S6).

The NC size could be tuned by employing S and Br
precursors with different reactivities, such as combinations of
bis(trimethylsylil)sulfide ((Me;Si),S) or 1,1,3,3-tetramethylth-
iourea and benzoyl bromide (BzBr) or (Me;Si)Br, with less
reactive precursors yielding NCs with a higher aspect ratio
(Figures S7 and S8), likely due to a preferential accretion along
the ¢ axis consistently with the highly anisotropic structure and
in analogy to previous observations for orthorhombic BiSBr
NCs." Similarly, we expect to exert further control on the NC
size and shape by using libraries of Bi-complexes as reagents.”
In addition, the use of I precursors, such as Bzl, allowed us to

https://doi.org/10.1021/acs.chemmater.2c02941
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Bi

S13Br2

12.67

Figure 2. (a) Superimposed models of Bi ;S,4Br, (pink Bi and yellow
S) and Bij,4,S,sBr, (blue Bi and orange S) and (b) details on the S
coordination of the columnar Bi atoms (which are highlighted in red
in the superimposed structures).

prepare phase pure hexagonal Bi sulfoiodide NCs (Figures S9
and S10), whereas the use of Cl precursors, such as BzCl or
(Me;Si)Cl, only yielded orthorhombic BiSCl NCs (data not
shown)."”

The extinction spectrum (i.e., both absorption and scattering
of the incident light) of the hexagonal Bi sulfohalide NCs
showed a broad peak in the NIR spectral region and a more
intense feature in the vis spectral range (Figure 3).
Remarkably, such a NIR absorption band was previously
reported for both the Bi;3;S;gBr, and the Bij,,S,¢Br,
structures.””*> We determined the absorption coefficient of
the hexagonal Bi sulfohalide NCs, yielding values on the order
of 10* cm™ for the broad band centered at about 1100 nm
(Figure 3b), with a negligible dependence on the halogen (Br
or I). We estimated for the hexagonal Bi sulfohalide NCs
indirect band gaps of about 0.80 eV (Figures S11 and S12),
which are well below those of the orthorhombic BiSX NCs
(ranging between 2.1 and 1.5 eV; with lower values, the
heavier the X element; Figure S13) 2 oddly, the hexagonal Bi
sulfohalide NCs showed band gap values fairly narrower than
that of Bi,S; (which is ~1.3 eV),*® despite the small halogen
contribution to the overall composition.

The origin of such an unexpectedly low band gap was
investigated by DFT simulations on both the Bi;3S;sBr, and
Bi},6,S:sBr, models. Bi;S,¢Br, displays an isolated, occupied
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Figure 3. (a) Extinction spectrum of the hexagonal Bi sulfobromide
NC thin film and (b) absorption coefficients of hexagonal Bi
sulfohalide NC thin films (plotted in the log,, scale in the inset).

band in the middle of the band gap (Figure 4a). The
corresponding charge density and DOS orbital projections
identified this band as a localized p—p sigma bond between
pairs of subvalent, columnar Bi atoms (Figure 4a). This
represents the electronic origin of the formation of the dimers,
which are formally Bi,** entities.”” The bottom of the
conduction band is localized on the Bi** atoms of the main
Bi—S framework, with a contribution of the surrounding S
atoms, whereas the Bi,*" dimer antibonding states lie at higher
energies (Figure S14). The small overlap between the valence
and conduction bands entails a weak intensity for the
corresponding optical transition (0.72 eV), which can thus
be assigned to the experimental NIR absorption peak (Figure
3a). This transition can be regarded as an intervalence charge
transfer, being related to the mixed valence character of
Bi;3S,5X, and involving the occupied o orbitals of the Bi,*
dimers and the empty 6p orbitals of Bi** in the main Bi—$
framework. Notably, the band gap of Bi ;S;sBr, calculated
excluding the dimer state is similar to that of the Bij,4,SsBr,
structure (1.5S and 1.39 eV, respectively; Figure 4).

The formation of the Bi,*" dimer can be considered as
resulting from Peierls distortions. The Bi;;S;gBr, structure
features an extra valence electron per unit formula compared to
Bi},675:8Br,. In Bi;3S,4Br,, each extra electron occupies one of
the 6p, orbitals localized on the columnar Bi cations (which
constitute the bottom of the conduction band in the
Bij,¢;S1sBr, structure), thus formally becoming Bi*'. As the
Bi** cations can be considered as closed shell species (since
their 6s orbitals lie more than 8 €V below the Fermi level;
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Figure 4. Band structure, density of states (DOS), and partial charge
density for (a) Bi;3S3Br, and (b) Bi},4,S,5Br,. Partial charge densities
(green isosurfaces) were calculated from the electronic states within
the energy ranges: —0.5/0.0 eV (a) and +1.0/+1.7 eV (b).

Figure S14), Bij;S;sBr, displays one valence electron per
columnar Bi atom. This represents the typical scenario in
which dimers are expected to form due to Peierls
distortions.’”** This scenario is confirmed by the metallic
character of Bij3S;gBr, that results when simulating equi-
distance between the subvalent columnar Bi atoms (Figure
S15). Indeed, Peierls transitions imply that the formation of
dimers opens a gap. The lower energy associated to the
formation of a doubly occupied, low-lying Bi**—Bi** bonding
state and an empty antibonding state compensates the
destabilization induced by the presence of subvalent Bi**
cations.

In the attempt to confirm that the Bi;3S;sX;, model is
adequate to describe the structure of our NCs, we relied on
synchrotron XPD and PDF data (Figure ).

The need of describing the dimers resulted in a formal
reduction of the crystal structure symmetry from the hexagonal
P6; to the trigonal P; space group, albeit the main Bi—S frame
complies with all the symmetry operations of the P6; space
group. The Rietveld refinement of XPD data yielded
comparably good fits for both Bi;3S;sBr, and Bij,¢;S;sBr,
structures (Figure Sa and Figure S16). The refinement of the
anisotropic crystallite shape confirmed that the NCs are
elongated along their ¢ axis (Figure S17). Analogously, the
refinement of the PDF profiles produced comparable results
for both the Bi;;SsBr, and the Bij, 4,S,4Br, structures (Figure
5b and Figure S18). We note that the predominant effects of
the crystallite morphology, i.e., the nanoscopic size and the
highly anisotropic shape, may conceal the impact that the small
differences between the two models (a Bi cation every 98
atoms) can have on the diffraction data.
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Figure 5. (a) Rietveld fit of the XPD data with the Bi;3S,;Br, model
and residuals of the fitting procedure for both the Bi;3S;¢Br, and
Bij,6,S:gBr, structures (to facilitate the comparison with data
collected on lab-grade setups, the 26 values of the XPD horizontal
axis were converted to emulate the CuKa, radiation). (b) Fitting of
the PDF data with the Bi;3S,4Br, model and residuals of the fitting
procedure for both the Bi ;S ,¢Br, and Bij, 4,S,sBr, structures.

We also adopted DFT calculations to estimate the
distribution of Bi atoms among the partially occupied
crystallographic sites of Bi 3S,gBr, and Biy, 4;S,4Br, structures.
In the Bi;3S;4Br, the Bi** cations stabilized at a bonding
distance (dg;_p; = 3.16 A) compatible with the formation of a
dimer (Figure $19);*” conversely, for the Bij,¢;S,sBr, the
most stable configuration maximizes the Bi—Bi distance (dg;_g;
= 6.03 A; Figure S20). For both structures, however, we
observed several degenerate Bi configurations that lie close to
the lowest energy, in agreement with the observed positional
disorder of the columnar Bi atoms. Despite our extended
analysis, we could not unambiguously attribute one of the two
structures to the as-synthesized NCs; therefore, we cannot
definitely exclude that Bi;;S;sX, and Bij,4,S,X, may coexist.
Nevertheless, we note that the Bi;3S;gX, structure guarantees a
complete coordination of the S atoms that delimitate the
hexagonal channels in which the columnar Bi atoms are
located, whereas some of such S atoms are undercoordinated
in the Bij,4,S;5X, model (Figure 2b). Moreover, the
anomalously low band gap of our NCs can be unequivocally
attributed to the Bi;3S,4Br, structure only, as inferred from
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first-principle calculations. On this basis, we suggest that the
as-synthesized, hexagonal Bi sulfohalide NCs adopt mainly, if
not exclusively, the Bi;3S,¢X, structure.

B CONCLUSIONS

We remark the versatility of our colloidal sz'nthetic method to
prepare phase-pure Bi chalcohalide NCs.'* We propose that
the here presented hexagonal Bi chalcohalide NCs adopt the
Bi;3S,5X, structure showing a mixed valence character, which
arises from Bi atoms displaying two different oxidation states in
distinct crystallographic sites. This gives rise to an intervalence
charge transfer absorption band in the NIR spectral region that
accounts for its narrow band gap, uncommon for binary and
ternary compounds with Bi-chalcogen—halogen composition.
This represents a fundamental contribution to uncover the
structure—property relationships of a material that is facing a
rising interest and is being employed for diverse applications,
ranging from ghotovoltaics“’42 and photocatalysis"*** to
thermoelectrics.”*** This work thus expands our knowledge
on the chemistry, structure, and properties of metal
chalcohalide nanomaterials and contributes to establish this
class of mixed anion semiconductors as an effective comple-
ment to metal chalcogenides and metal halides.
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