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ABSTRACT: Ultrathin crystalline Bi,S; nanostructures are studied by first-principles atomistic
modeling and supported by experiments. Consistent with previous findings, the theoretical
analysis shows that nanowires with lateral sizes as small as a few nanometers are energetically
possible. Also, we were able to synthesize ultrathin nanowires by means of a low-cost, nontoxic
colloidal route. Transmission electron microscopy data reveal a coherence length of the
nanowires exceeding 30 nm. The simulations show that surfaces affect the electronic structure
of the material inducing peculiar 1D-like electronic states on the nanowire edges that are
located 300 meV above the valence band. Sulfur vacancies are instead responsible for localized
states a few hundred millielectronvolts below the conduction band. The possibility of
eliminating the surface-induced intragap states is theoretically investigated by passivating the
surfaces of the nanowires with carboxylic and amine groups that are commonly employed in
colloidal synthesis. Small molecules methylamine and acetic acid are expected to fully passivate
the surfaces of the nanowires, removing the edge states and restoring a clean band gap. Present
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results suggest a possible route for improving optoelectronic properties of Bi,S; nanostructures by tuning the size of the ligand

molecules.

B INTRODUCTION

Semiconductor nanocrystals are exploited in several fields of
science and engineering, including light-emitting diodes,' ™
photodetectors,“’5 solar cells,®® field effect transistors,”' and
many others. Nanocrystals can be synthesized by a variety of
techniques (such as chemical bath deposition'' and solvoter-
mal'? and colloidal methods') that make possible accurate
control over their size and shape and, in turn, their
optoelectronic properties through quantum confinement
phenomena. Among nanocrystals, Bi,S; is an important
material for optoelectronics because of its high optical
absorption coefficient (10* cm™)"* as well as its small band
gap (reported in literature between 1.3 and 1.6 eV'>™?') that
make it ideal in photodetector devices and as sensitizer or
electron acceptor in photovoltaics.”>~>” A distinctive feature of
this material is its biocompatibility***’ that allows the use of
Bi,S; for environmentally friendly devices or in biomedicine.*’
Colloidal Bi,S; nanocrystals have been synthesized in several
shapes, includin dots,***"3? nanorods,>"**7%** nano-
wires, > flowers,>*>3”***and nanotubes.'* Similar to
other pnictogen chalcogenides, the crystalline structure of
Bi,S; exists in the periodic aggregation of ribbons, a feature that
enables the synthesis of elongated nanostructures. Nanowires
(NWs) ensure high surface-to-volume ratio, an important
requirement for catalytic applications.

Monocrystalline Bi,S; NWs reported so far in literature
exhibit a minimum diameter of the order of tens of nanometers.
Thinner structures were studied by Cademartiri et al,*** who
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synthesized polycrystalline NWs with diameter as small as 1.6
nm. However, the coherence length of such nanostructures was
very short (~2 nm). Ultrathin NWs with greater coherence
length are desirable for improving electronic conductivity. The
morphology of Bi,S; nanostructures also plays an important
role on the optical properties. There is no experimental
evidence of photoluminescence (PL) from Bi,S; nanocrystals
obtained by colloidal synthesis. Light emission has been
observed in some studies***”*>*® based on hydrothermal
synthesis of Bi,S; nanocrystals but at energies that are much
higher than the optical gap of the material, even taking into
account quantum confinement effects.’’ The absence of PL in
colloidal synthesis has been explained by assuming an high
concentration of trap states in the nanocrystals, possibly caused
by the presence of abundant sulfur vacancies.*” Such defect
states are particularly undesired in photovoltaic devices because
they inhibit carrier transport and promote charge recombina-
tion. A possible source of traps could also be the surface of the
nanocrystals because of its incomplete passivation by organic
ligands. Surface passivation is typically obtained by oleic
acid®>*"*® and oleylamine,**** two surfactants that bind to the
nanocrystals with their polar head and expose their apolar alkyl
tail toward the solvent. Previous experiments*® show that full
coverage of the NWs by means of oleylamine is possible.
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However, the persistence of poor optical properties suggests
that either a fraction of surface sites remains unpassivated or
that they interact with atoms that do not remove the dangling
bonds (e.g., the aliphatic tails of the surfactant). The nature of
the traps and the ability of organic ligands to passivate them is
an important topic. Another relevant issue related to the surface
is the effect of strain on electronic properties. This is
particularly important for ultrathin nanowires having a very
high surface-to-volume ratio. The control of the electronic
energy levels of NWs is important to enable the extraction of
photogenerated carriers in optoelectronic devices.”® Accord-
ingly, there is a need of fundamental understanding of ultrathin
NWs structure and surfaces of the associated electronic levels
and the mechanism of passivation.

In the present work, we study ultrathin NWs grown along
the [010] crystallographic direction. By first-principles
calculations, we show that ultrathin NWs are stable against
separation into isolated ribbons and that the stability increases
with diameter d. For NWs with d < 2 nm, the cohesion of the
NW is small yet sufficient to have stable NWs at room
temperature, as reported in ref 49. Larger ultrathin crystalline
NWs (Figure 1) are obtained in the present work by a novel
oleylamine-based organometallic synthesis employing bismuth
acetate as precursor.

%

Figure 1. TEM image of Bi,S; nanowires, obtained by oleylamine-
based colloidal synthesis.

The electronic properties of the ultrathin Bi,S; nanowires are
further investigated within the framework of density functional
theory (DFT). We find that intragap states of Bi,S; nanowires
(acting as nonradiative recombination centers) are likely due to
the presence of point defects (such as sulfur vacancies) and free
surfaces. In particular, we identify the sites of the NW surfaces
that are responsible for the electronic levels within the gap. The
calculations show that NWs with a clean electronic band gap
can be obtained through selective organic passivation of the
edges by short carboxylic or amines molecules. In agreement
with previous experimental reports,* this result suggests a
possible route for improving the optoelectronic properties of
Bi,S; nanostructures by tuning the ligand size.

B RESULTS

Energetics of the Nanowires. The thermodynamic
stability of nanoparticles is determined by their total configura-
tional energy; the most stable atomic configurations are those
with the lowest energy values. For thin nanowires formed by a
small number of ribbons, it is possible to calculate their energy
from first-principles. We consider NWs (Figure 2a) of
increasing diameter built of 1, 4, 7, and 9 ribbons, respectively
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Figure 2. (a) Perspective view of an atomistic model of Bi,S; NW
extending along the b direction. (b) Cross-sectional view of NWs
composed by 1, 4, 7, and 9 ribbons. (c) Comparison between a NW
before (left) and after (right) energy minimization.

(Figure 2b). In particular, the largest 9-ribbon model has a
diameter as large as 3 nm. All the NWs are periodic along the
ribbon axis and are obtained by cutting the corresponding
number of ribbons from a perfect bulk followed by the full
relaxation of atomic structure through conjugate-gradient
minimization.
Cohesive energy per atom AE of the nanowires is defined as
E - rErib
N (1)

where E is the total energy of the NW formed by r ribbons and
N atoms and Egy, is the total energy of the single isolated
ribbon. A negative value of AE means that the wire is stable
against its separation into isolated ribbons: the lower the AE
value, the higher the stability and the cohesion between
ribbons.

The results for AE are reported in Figure 3. The cohesive
energy of the single ribbon is zero by definition. For larger
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Figure 3. Energy difference per atom, AE, of the Bi,S; nanostructures.
The nanowires (W4, W7, and W9) get more stable with respect to the
single ribbon (R) by increasing their diameter. Also, the cases of
lamellar structure along the ¢ direction (S) and the bulk (B) are
reported for comparison.

diameter NWs, AE decreases monotonically, i.e., the structures
become more stable. The bulk is found at AE = 0.18 eV/atom,
and it represents the lowest value attainable in the limit of NWs
with infinite diameters. The analysis shows that the NWs are
stable against dissociation into isolated ribbons. For NWs
formed by 4 ribbons, the energy cost to dissociate the NW is
small (about 60 meV/atom) but enough to have stable NWs at
room temperature. This result is consistent with ref 40,
reporting ultrathin nanowires formed by 4 ribbons. The NWs
formed by 7 or more ribbons have an energy gain of about 80
meV/atom with respect to the single ribbon. By comparing the
energy of the NWs with respect to the bulk, we can estimate a
moderate excess energy associated with the large surface-to-
volume ratio of about 0.1 eV/atom. The fact that the cohesive
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energy per atom increases with the diameter can be explained
in terms of the cost associated with the surfaces, which scales as
~1/R. We point out that this analysis compares NWs
preformed in vacuo with different sizes and does not estimate
the activation energy requested to increase the diameter. The
activation energy depends on the actual microscopic growth
mechanism and on the specific nonequilibrium conditions.
Depending on the experimental environment (solvents, ligands,
thermodynamic parameters, etc.), large activation energy
barriers for growth are possible. This could explain the inherent
stability for the 4-ribbon structures reported in ref 40.

For completeness, we also considered the case of ultrathin
Bi,S; lamellar structures (Figure 3, S) formed by a regular array
of parallel ribbons. In particular, we calculated the energy of the
c-oriented lamellar structure that as it will be shown later
provides the preferential inter-ribbon electronic coupling and
the largest energetic stability. The calculated energy suggests
that though possible lamellae are higher in energy than
cylindrical NWs. We expect that the former will spontaneously
fold into NWs by an exothermic relaxation.

Although NWs are higher in energy than the bulk, they do
not undergo phase transformations or amorphization during
the relaxation of atomic forces. During the relaxation of the
NWs (Figure 2c), the sulfur atoms of the surfaces tend to move
inward in order to compensate for the reduced atomic
coordination with respect to the bulk, generating a strain on
the surfaces. This effect is related to the presence of free
surfaces, and it is likely reduced in the case of a full organic
coverage.*” Apart from the above strain effects, the
unpassivated NWs in vacuo are stable and preserve their
overall crystallinity.

The theoretical results show that crystalline Bi,S; ultrathin
NWs grown along the [010] crystallographic direction are in
principle stable. In this work, we are able to synthesize
crystalline nanostructures with diameters down to ~3—4 nm by
performing an oleylamine-based organometallic synthesis
(Methods). The colloidal dispersion in toluene was very stable.
Figure 4 reports the high-resolution transmission electron

o,

Figure 4. HR-TEM image of a portion of Bi,S; nanowire, where
nanocrystals are iso-oriented along the [010] direction; grain
boundaries are present between the nanocrystals (arrows).

microscopy (HR-TEM) image of Bi,S;—NW samples. Despite
the unavoidable blurring (because of the coating with the
insulating long molecules of surfactant), the TEM images show
the morphological and structural features of the nanowires. X-
ray diffraction pattern data indicates the presence of
orthorhombic bismuthinite as a single crystalline phase
(Supporting Information). NWs with lengths exceeding 300
nm were obtained.

The HR-TEM data shows that the coherence length of the
NWs is around 30 nm (Figure 4). It also highlights that the
(101) planes are perpendicular to the NWs axis, i.e., the wires
grow along the [010] direction. Imperfections similar to grain
boundaries can be attributed to the growth mechanism of the
NWs, which exist in the consecutive nucleation of nanocrystals
on the elongated structure. However, each nanocrystal
preserves the crystallographic orientation of the wire. The
boundaries can be better explained as a small variation of the
NW diameter, whereas the core crystalline structure is common
to all the nanocrystals. The preferential orientation of the NWs
makes them linear in contrast with the case of Bi,S; ultrathin
NWs reported so far in literature that are flexible and do not
exhibit a long-range crystallographic order.

Electronic Properties of Bulk and Inter-Ribbon
Coupling. To understand the electronic properties of NWs
in view of possible technological applications, we perform a
comprehensive atomistic study based on first-principles
electronic methods. The starting point is a detailed analysis
of the inter-ribbon interactions within the crystalline bulk. As
discussed above, the cohesion between Bi,S; ribbons ranges
from ~0.1 eV per atom for ultrathin NWs up to ~0.2 eV per
atom for the bulk. This cohesive energy is large enough to keep
ribbons aggregated within the crystal but it is one order of
magnitude smaller with respect to intra-ribbon covalent forces
(>1 eV per atom). Accordingly, the electronic coupling
between ribbons is small, though important for the electronic
properties of NWs and their surfaces. Important information
about inter-ribbon coupling can be obtained from the analysis
of the band structure of the bulk Bi,S; and the effective electron
mass (Figure Sa). By focusing on the conduction bands (CBs),
we observe a large dispersion along the directions of the
reciprocal space that are parallel to the ribbon axis, ie., '-Y,
S—X, and U—R, in agreement with previous theoretical
literature.®" (Note the different Pbnm notation.) This is
consistent with a high electron mobility along the ribbon.
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Figure S. (a) Electronic band structure of Bi,S; crystalline bulk. The
band gap (located within ['=Z) is direct and equal to 1.4 eV. The
energy is set to zero at the valence band maximum. Inset shows the
high symmetry directions in the reciprocal space of the crystal. (b)
Representation of the 0.04 e Bohr = charge density isosurface of the
Bi,S;. (c) Charge density difference (CDD) between the bulk and the
isolated ribbons corresponding the value 0.003 e Bohr ™.
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Concerning the effective mass of electrons, we first observe that
the minimum of the CBs is placed between the I" and Z points,
where a direct transition corresponding to an electronic gap of
1.4 eV is calculated. The effective masses of the electrons in
Bi,S; (normalized to free electron mass) are calculated at the
CBs minimum along the three Cartesian directions, and they
are m¥/m, = 3.4, mf/m, = 0.8, m¥/m, = 2.1. These data
confirm a higher mobility and a larger electronic coupling of the
electrons along the ribbon axis. Concerning the inter-ribbon
interaction in the a—c plane, the lower value of m* with respect
to m} suggests a preferential coupling along the ¢ direction.

The above anisotropy is explained by analyzing the charge
density (CD) of the system (Figure Sb). For isosurfaces up to 4
X 1072 e Bohr™3, there is no overlap between the electronic
clouds of the single ribbons. Only at much lower values is a
linking between the density of the ribbons observed. We can
better visualize it by plotting the charge density difference
(CDD) between the bulk and the isolated ribbons, calculated as
CDD = CDyy — CDjgglatedsivy- In Figure Sc, the CDD isosurface
is reported, corresponding to the isovalue 3 X 107> e Bohr™>. It
can be observed the presence of charge lobes between the outer
Bi and S atoms of neighboring ribbons that give rise to stripes
(dashed lines) of weakly interacting ribbons along the ¢
direction. Similar electronic coupling is not observed in the a
direction, and this is consistent with the inequality m* < m}.

Present analysis of the bulk electron density confirms that to
a first level of approximation Bi,S; behaves as a quasi-1D
semiconductor whose electronic properties can roughly be
described by the single-ribbon model.”® In contrast, a small
inter-ribbon coupling takes place particularly along the ¢
crystallographic direction that must be taken into account when
considering NWs and their surfaces.

Electronic Properties of the Nanowires. In Figure 6, we
report the electronic density of state (DOS) of the crystalline
bulk (Figure 6a) and of the 4-ribbon NW (Figure 6b).
Occupied states are represented by filled curves. We identify
two main features of the nanowire DOS that are not present in
the bulk: (1) a peak at 300 meV above the valence band
corresponding to the highest occupied level of the NW, and (2)
an increase of the density of states close to the top of the
valence band. The two features are observed in all the NWs
investigated. We first discuss point 1. By analyzing the atomic
projections of the electronic wave function, it is found that the
highest occupied states are p-type orbitals localized on the outer
edge sulfurs of the NWs (magenta lobes in Figure 6, right).
Interestingly, the DOS involves mainly two lines of sulfur atoms
at the opposite edges of the NWs instead of being distributed
over all external sulfur atoms. These states are doubly
degenerate because there are two sulfur atoms within each
unit cell that are equivalent by simmetry.

To better characterize the nature of the states, we analyze the
band structure of the NW (Figure 7a). It is found that along the
I'=Y direction the two degenerate defect lines located above
the continuum valence band are not flat but rather are
dispersed in energy following the shape of the valence band.
We conclude that the defect states are delocalized along the
ribbon (b direction). The above analysis shows that the peak 1
can be attributed to the edges of the ribbon that induce
electronic states localized within the plane perpendicular to the
ribbon (a—c plane) but delocalized along the ribbon b
direction. We conclude that the peculiar crystalline structure
of Bi,S; NWs formed by weakly interacting ribbons results in
1D-like surface states at the NWs edges. Interestingly, the

DOS
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Figure 6. DOS of (a) the Bi,S; bulk and (b) the 4-ribbon nanowire.
(c) Nanowire DOS projected on its core atoms (see text). Right:
Representation of the core (green) and surface (blue) of the NW; the
valence top orbital localized on the sulfurs atoms at the nanowire
edges are also shown (magenta color).
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Figure 7. Band structure of the 4-ribbon nanowire (a) before and after
saturation with (b) acetic acid and (c) methylamine. Acetic acid
appears to be more efficient in lowering the surface band below the
valence band. Minimum energy configurations of 4-ribbon nanowire
decorated by acetic acid (top) and methylamine molecule (bottom).

energy position of this level (0.3 eV above the valence band) is
compatible with the results of spectroscopic measurements in
Bi,S,.>"!

The surface of the NW is also responsible for the DOS peak
2. In contrast with the previous case, these levels are not
localized on a specific atom and can be attributed to the strain
of the surfaces (represented by the blue region in the atomistic
model of Figure 6, right). To validate this hypothesis, we
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calculate the core-projected DOS (Figure 6¢c) obtained by
considering the atoms forming the core of the ribbon (green
region in the atomistic model of Figure 6, right). By choice, the
core consists of those atoms that are separated by at least 4 A
from the surfaces. Upon core projection, not only does peak 1
disappear, but we found a sizable decrease of the DOS at the
top of the valence band (peak 2) so that the projected DOS is
more similar (though not identical) to the bulk. This trend is
further confirmed by larger ribbons for which the fraction of
atoms of the core is higher. It is demonstrated in this way that
feature 2 is associated with the outer region of the NWs.

Passivation of the Nanowires by Organic Ligands. It is
important to identify effective ways to get rid of the surface
states described above by a proper saturation of the missing
electronic interactions. Colloidal synthesis of Bi,S; typically
makes use of organic ligands such as oleic acid or oleyl-
amine®”” with carboxylic (COOH) and amine anchoring
groups (NH,), respectively. These ligands consist of a polar
head that attaches to the nanocrystal surface and a long
hydrophobic aliphatic chain that acts as a shell for the
nanoparticle. Amine molecules have been used in the synthesis
of NWs reported by Cademartiri et al.>**® The same molecules
have also been adopted in the synthesis of the present work,
though with a different bismuth precursor. In contrast,
carboxylic groups have been used in other studies for the
synthesis of nanorods at temperatures >50 °C.>' Despite
experiments*’ showing that a complete capping of the NWs is
possible, the absence of photoluminescence in the colloidal
syntheses suggests that at least a small fraction of the surface
sites are not passivated. The purpose of the following
investigation is to clarify the effect of the different ligands on
different atomic sites of the surface. We focus on acetic acid
(CH;COOH) and methylamine (CH3;NH,), small molecules
that have the same anchoring group of oleic acid or oleylamine,
respectively, but with the shortest possible aliphatic tail in order
to minimize the steric repulsion between molecules. Having
observed (in the previous subsection) that the intragap states
are related to the sulfurs atoms at the edges of the NWs, our
first attempt consists of the full coverage of edge sites by the
organic molecules, ie., one molecule per sulfur atom of the
edge. The results show that both arrays of molecules bind to
the edges of the NWs (Figure 7). In the case of acetic acid
(Figure 7b), the hydrogen of the carboxylic group binds to the
unsaturated sulfurs of the NW, whereas the other oxygen of the
molecule is oriented toward the nearest bismuth. With the
methylamine molecule, the nitrogen binds to the bismuth atom
that is connected with the unsaturated sulfur (Figure 7c). The
adhesion energy of the acetic acid on the NWs is 0.7 eV per
molecule. The methylamine molecule has a lower adhesion of
0.4 eV per molecule. According to our simulations, acetic acid
does not deprotonate spontaneously in binding with Bi,S;
NWs. Similar calculations performed by starting from
deprotonated configurations (COO—) give rise to smaller
binding energies.

The ability of ligands to restore a clean gap is shown in
Figure 7 (top panels), which reported the band structure of the
4-ribbon NW before (Figure 7a) and after the saturation with
CH,;COOH (Figure 7b) or CH3;NH, (Figure 7c). It can be
observed that the saturation by acetic acid lowers the surface
level below the valence band, thus restoring a clean gap. In the
case of methylamine, the lowering is less efficient, and the
defect level still remains above the valence band at I'. Hence,
the acetic acid seems to be more efficient than methylamine

molecules in the removal of surface states from the band gap of
the Bi,S; NWs. However, in both cases the molecules widen
the gap up to 1.5 and 1.4 eV for acetic acid and methylamine,
respectively. It is interesting to note that molecular passivation
does not affect the valence bands of the NWs, which is
practically unchanged with respect to the free NW. This
confirms that the augmented DOS at the top of the valence
band of the NW with respect to the bulk (discussed above as
feature 2 of Figure 6) is not related to the electronic defects at
the edges but rather to surface strain on the other atomic sites
of the surface. We performed further simulations by binding the
ligands to the sulfur and bismuth atoms of the NW surface at
sites different from the edges (Figure S2, Supporting
Information). The binding energies are very close to those
obtained saturating the edge sites. However, the intragap states
are not eliminated by the molecules, confirming the critical role
of edges as source of electronic defects. Nevertheless, this kind
of coverage is beneficial from a structural point of view because
the system partly recovers its bulk arrangement. This is in
agreement with the experimental observation that the
crystalline geometry of the fully covered NW is indistinguish-
able from the bulk structure.*

Sulfur Vacancies in the Nanowires. Because the edge
levels of the ribbons are associated with the outer sulfur atoms
of the NWs, it is interesting to understand the effect of the
removal of such atoms. This is equivalent to considering the
presence of sulfur vacancies at the NW surfaces. Actually, these
kinds of point defects are known to be the most abundant in
bismuth sulfide.*’” We performed simulations on the 4-ribbon
NW by removing all the sulfur atoms at the ribbon edges and
fully relaxing the atomic positions. The final NW structure is
depicted in Figure 8. The sulfur vacancies give rise to two
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Figure 8. Left: 4-ribbon nanowire containing two sulfur vacancies
(edge atoms removed). Right: corresponding band structure.

doubly occupied levels deeply located within the band gap. We
conclude that sulfur vacancies are not able to compensate for
the surface states but instead generate doubly occupied deep
states located 0.5 eV below the conduction band. Accordingly,
we expect to detect trap states in Bi,S; samples containing
sulfur vacancies, which is in fact observed by spectroscopic
measurements.>"

Conclusions. The structure, stability, and electronic
properties of Bi,S; nanowires are studied by ab initio
simulations and experiments. We demonstrate that crystalline
ultrathin nanowires are expected to be energetically stable at
room temperature. TEM analysis reveals nanostructures with
diameters down to 3 nm that extend for 300 nm along the
[010] crystallographic direction with a coherence length of
about 30 nm. Electronic properties are further investigated
theoretically. The surface of the nanowire induces intragap
doubly occupied states 300 meV above the valence band and
associated with the sulfur atoms of the NWs edges. Because of
the peculiar crystalline structure of Bi,S;, such defects can be
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described as 1D-like surface states extending along the
nanowires axes. The removal of the edge sulfur atoms is not
beneficial for the system because the surface vacancies give rise
to doubly occupied intragap states located around 250 meV
below the conduction band minimum.

Intragap states can be instead eliminated by passivating the
surfaces of the nanowires with carboxylic and amine groups.
Calculations show that both groups are able to eliminate the
surface states and in particular small molecules, such as acetic
acid and methylamine, can fully passivate all the defective sites
at the NW surfaces. This suggests a possible route for
improving the optoelectronic properties of Bi,S; nanostructures
by tuning the ligand size.

B METHODS

Computational Methods. We performed DFT calcula-
tions by the QUANTUM ESPRESSO code.’* The initial
geometry was chosen corresponding to the experimental data
reported by Lundegaard et al.>> We used the Perdew—Burke—
Ernzerhof (PBE)** functional within the generalized gradient
approximation (GGA) of DFT to perform geometry
optimizations. The valence-electron wave functions are
expanded in plane waves basis sets with kinetic energy cutoff
of 30 Ry. Valence electrons are explicitly described, whereas the
core—valence interaction is taken into account by means of
Troullier—Martins pseudopotentials®® generated using the
fhi98 code.>® The reciprocal space was sampled with a 1 X 4
X 1 Brillouin zone mesh centered at I, according to the single-
dimensionality of the nanowires. Both the energy cutoff and the
number of k-points were tested to be sufficient to ensure
convergence of the total energy of the system.

Experimental Methods. We synthesized the Bi,S; nano-
wires with an oleylamine-based procedure. All reagents were
obtained from Sigma-Aldrich and were used as received. A
mixture of bismuth acetate (3.2 mmol) and oleylamine (OAm,
4.2 mL) was stirred and heated to 130 °C over the course of 30
min and then kept at the same temperature for 30 min under
Ar atmosphere. A solution of 15.3 mmol of sulfur dissolved in
10 mL of OAm was quickly injected into the flask. After 30 min
at 100 °C, the reaction was quenched with cold toluene.
Unsolubilized materials were removed by centrifugation. Then,
acetone was added to the supernatant until it became turbid,
and the mixture was centrifuged, the supernatant discarded, and
the precipitated nanocrystals redispersed in toluene. For the
TEM observations, the stable Bi,S;—toluene dispersions are
directly dropped on carbon-coated copper grids. TEM and
HRTEM images were obtained with a JEOL 2010 UHR
equipped with a Gatan imaging filter (GIF) with a 15 eV
window and a 794 slow-scan CCD camera.
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Further experimental procedures and details about the
atomistic methods. The Supporting Information is available
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