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Anisotropy often yields unexpected structures and properties in the solid state. In van der Waals (vdW) solids
comprised of 1D or quasi-1D (g-1D) building blocks, anisotropy in both intra- and inter-chain directions
results in an abundance of crystalline packing motifs and drastically altered physical states. Among these,
structurally and chemically complex 1D/g-1D vdW solids that display topologically protected states,
unique optical properties, and enhanced electrical transport properties in 1D are sought after owing to
their potential as building blocks for next-generation quantum devices that approach the sub-nanometer
regime. Yet, the access to such facet- and edge-specific physical states is still limited by the stochastic
nature of micromechanical exfoliation. Here, we demonstrate that the representative Biyls phase, an
established pnictohalide g-1D vdW topological insulator in the bulk, can be crystallized from the vapor
phase either into well-defined nanowires or quasi-2D nanosheets. We find that gold nanoparticles (Au
NPs) on the growth substrate, in conjunction with the highly anisotropic structure of Bisl; common to
many g-1D vdW crystals, direct the dimensionality of high-purity Bisly nanostructures. Systematic
variation of Au NP diameters, Bi: | precursor ratios, and growth-deposition temperatures reveal that Au
NPs generally act as nucleation sites for vapor—solid (VS) growth of Bisl4 nanowires. Strikingly, post-
synthesis analyses of the elemental composition of 20 nm Au NPs on the substrate surface show an
equisotichiometric 1:1 ratio of Bi to | within the Au NP that triggers the vapor-liquid—solid (VLS) growth
of [001]-oriented quasi-2D nanosheets comprised of laterally-ordered [Biylsl, chains along the
perpendicular [100] direction. We rationalize the observed bimodal growth pathways and the
morphologically distinct nanostructures based on crystallization habits and orientations of the
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Introduction

Encoding structural and electronic complexity in solids typically
relies on the precise control of anisotropies that exist across
various length scales. In 2D vdW crystals, an understanding of
the interplay between anisotropic bonding interactions and
crystalline symmetry has led to the discovery of numerous
unusual physical behaviors in the bulk and down to the single
layer, including: 2D topological states and the quantum spin
Hall effect,”® unusual superconductivity arising from moiré
states,* strong spin-valley coupling,” Wigner crystals,® and
goniopolarity.” This notion of confining well-defined physical
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states in 2D, enabled by stable, atomically precise surfaces, has
further inspired the search towards low-dimensional solids that
could host highly confined 1D states approaching the single
chain regime.

In currently established 2D vdW crystals, electronic or
optical states in 1D are often accessed via 2D lattices that bear
an underlying 1D motif such as in phosphorene,*® or through
bottom-up routes which direct the growth of transition metal
dichalcogenide lattices into their 1D counterparts by disrupting
the formation of in-plane covalent bonds through substrate and
growth engineering,'®" catalyzed VLS growth,"*** artificial step
edges,” or growth inside carbon nanotubes.'® Owing to their
structural resemblance to 2D vdW crystals, crystalline phases
comprised of sub-nm thick 1D or quasi-1D (q-1D, referring to
chain-like structures that have non-isotropic cross-sections)
chains held together by weak vdW forces have become the
subject of recent attention as an alternative pathway towards
solids in lower dimensions.””*> The vdW interactions that hold
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the 1D/q-1D subunits together in these phases have enabled not
only the direct translation of micromechanical and solution-
phase exfoliation techniques developed for their 2D
counterparts,* > but also the realization of nascent electronic,
optical, and quantum states arising from 1D confine-
ment.'®?**1?627 Uniquely, the existence of inter-chain vdwW
interactions in these phases gives rise to varying degrees of vdW
interactions depending on the crystallographic orientation of
the constituent chains in the basal plane.” This is in stark
contrast to the equivalent vdW interactions that hold together
adjacent sheets in 2D vdW phases. While this can result in
a random distribution of nanostructures of varying sizes and
dimensionalities upon exfoliation, it presents an opportunity to
grow nanostructures of different dimensionalities (e.g. single
chain, nanowire bundles, nanoribbons, and flat or corrugated
quasi-2D nanosheets) and physical properties from the same
1D/q-1D building blocks.

Encouragingly, recent work involving Sb,S;, a q-1D vdW
phase and the only line compound in the Sb-S binary phase
system, showed that the size and dimensionality of q-1D vdW
nanostructures can be reliably controlled by tuning the ratio of
precursors in the vapor phase.”® However, for binary 1D/q-1D
vdW crystal systems that form more than one stoichiometric
line compound, variations in the vapor phase precursor
composition would have the undesirable consequence of
growing competing phases. To this end, the BiyX, (X = Br, I)
crystal system is an example of a model phase that can be
employed to understand the synthetic parameters that can lead
to the pure and controllable synthesis of 1D/q-1D vdW nano-
crystals with various competing line compounds. This oppor-
tunity arises from the rich phase space of the Bi-X binary
systems. In particular, in the Bi-I system, non-q-1D vdW phases
including Bisl;, Bi;I,, and Bil; can compete with the bottom-up
synthesis of BiyI,.** The dimensionally rich phase space of the
Bi-X system is not unique and is also apparent in other 1D/q-1D
vdW crystals with emergent physical properties, necessitating
the need to develop growth strategies to selectively direct the
synthesis of phase-pure 1D/q-1D vdW nanocrystals. For
example, in the Nb-S binary system, competing phases of
various dimensionalities such as NbS (3D covalent), NbS, (2D
vdW), and NbS; (1D vdW) are also present in the phase space.*

Beyond their suitability as model phases for bottom-up
growth of complex and dimensionally-resolved g-1D vdW
nanostructures, bismuth halide crystals are of particular
interest due to recent studies that experimentally demonstrated
both weak and higher-order topological insulating (HOTI)
behavior in these crystals.?**¢ In these studies, the topological
nature of bismuth halide phases has been shown to strictly
originate from the precise orientation and stacking of the q-1D
[BisX4], subunits in the bulk crystal and its exposed facets. This,
among the many emergent 1D/q-1D vdW crystals with size-,
dimensionality-, and orientation-dependent properties, further
warrants the need to understand the growth principles that
underpin the controlled crystallization of well-defined 1D/q-1D
vdW nanocrystals from bottom-up routes. Whereas significant
developments have been made in the bottom-up synthesis of
well-defined 2D vdW nanocrystals, very little has been known
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about the chemistry that governs the growth and crystallization
behavior of 1D/q-1D vdW phases from the bottom-up.

Here, we report the vapor phase synthesis of nanowires and
quasi-2D nanosheets derived from the model quasi-1D vdW
phase, BisI;. Note that the quasi-2D terminology described
herein refers to the 2D-like nanosheets formed by the side-by-
side crystallization of g-1D [Bis1;], chains and not the 2D
covalently bound sheets found in 2D vdW crystals like graphene
or MoS,. We establish that the crystallization of pure and
dimensionally resolved Bi,I; nanostructures from the vapor
phase is mediated by overcoming the formation of the iodine-
rich Bil; competing phase through the precise control of
precursor ratios or the use of growth substrates embedded with
Au NPs. Holding all other variables constant and only changing
the diameter of the Au NPs, we show that the density of nano-
sheet growth can be increased drastically, producing hundreds
of large-area quasi-2D nanosheets in the presence of 20 nm Au
NPs. These quasi-2D nanosheets uniquely display a [001] crys-
tallographic orientation, which may provide a suitable platform
to observe the predicted HOTI hinge states that lie along the
major (001) facet of the a-BiyI, phase in future studies. Using
the observed nanocrystalline morphologies and crystal faceting
habits of Bi,I, which are comparable to other 1D/gq-1D vdW
crystals, we found that these nanostructures undergo a bimodal
crystallization pathway which originates from the intrinsic q-1D
vdW crystal structure and the diameter of the Au NP used in the
reaction. These results, expected to be applicable to other 1D
and g-1D vdW solids, underscore the role of the interplay
between composition, bonding interactions, and underlying
crystalline anisotropies in the creation of q-1D vdW nano-
structures  with  diverse sizes, morphologies, and
dimensionalities.

Results and discussion

In this study, we use Bisl, as a model phase to demonstrate the
creation of well-defined nanostructures based on a q-1D vdW
bismuth halide (Fig. 1A). Bisl, is characterized by covalent
chains of [Bisl,], held together by weak inter-chain vdW inter-
actions.*” Chains of Bisl, can crystallize into two distinct phases
with slightly altered stacking motifs as a result of the weak
interactions that bind the chains. Both polymorphic phases
form in the base centered C12/m1 space group (No. 12), but
differ in the size of the unit cell due to stacking differences.*
The B-Biyl, phase, whose unit cell is comprised of two [Bisl4],,
chain blocks, has been shown to be stable for temperatures
above 295 K.*° The a-Biyl, phase is stable below 295 K and has
four [Bisl,],, chain blocks in the unit cell, effectively doubling
the unit cell size. Our choice of this model phase to demonstrate
the bottom-up crystallization of g-1D vdW bismuth halide
nanostructures stems from unsuccessful attempts at growing
the closely related Bi,Br, phase whose syntheses were severely
inhibited by air and humidity sensitivity.

Through chemical vapor transport (CVT), Biy, grows as
sizeable single crystals up to centimeters in length (Fig. 1A and
B). Due to the vdW interactions that bind together chains of
Biyl,, bulk crystals are exfoliable along the [100] and [001]

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Top-down and bottom-up routes towards highly anisotropic Bisl, nanostructures. (A) Crystal structure representation of B-Bigls.
Highlighted are two common planes of cleavage arising from vdW interactions that could lead to quasi-2D sheets or 1D bundles. The unit cell is
depicted in dashed lines. (B) Optical (top) and SEM (bottom) image of a CVT-grown bulk Biyl, crystal. Scale bars: 0.5 mm (optical) and 50 pm
(SEM). The EBSD pattern taken from the depicted crystalin the SEM image is shown in the left panel. Kikuchi lines are overlaid with red guide lines,
the zone axis is [001]. Roman numerals correspond to the following Kikuchi lines: | 0-31, 11 103, 111 1-12, IV 102, V 112, VI 1-21, VII 1-11, VIII 101, and
IX 111. (C) AFM of exfoliated Bisl4 nanowires and nanoribbons from a bulk crystal. The color-matched AFM height profiles taken from line cuts in
the micrograph are in the right panel. Scale bars, 2 pm. (D) Top schematic of the CVD set-up used in the study. The source (T;) and deposition (T>)
zones are labeled accordingly. (D) bottom optical image, SEM image, EDS maps, and Raman spectroscopy of the CVD-grown Bilz side product,
Ay phonon mode at 113.9 cm~138 The Raman spectrum of bulk Bisl, is included for comparison, phonon modes By at 100.0 cm~tand Ag at
115.9 cm ™. Fits of the constituent peaks and background (black) are included in each spectrum. Scale bars: 25 pm (optical), 150 pm (low-mag.

SEM), 10 pm (high-mag. SEM and EDS). (E) Binary Bi-I phase diagram showing the various Bi,l, line compounds.*

directions (Fig. 1A, right panel). Micromechanical exfoliation of
bulk crystals resulted in nanostructures with various morphol-
ogies, thicknesses, and aspect ratios due to the various cleav-
able axes (Fig. 1C). Atomic force microscopy (AFM) images of
these nanostructures demonstrate that nanowires, quasi-2D
nanoribbons, and quasi-2D nanosheets with thicknesses in
the range of 15 to 70 nm can be derived from exfoliation. Yet,
while there are occasional well-defined nanocrystals, obtaining
these nanowires and quasi-2D nanoribbons/nanosheets via
exfoliation remains a stochastic process which yields an
inconsistent distribution of nanostructures. It is important to
note that the random nature of micromechanical exfoliation is
more pronounced in 1D and g-1D vdW crystals compared to 2D

© 2024 The Author(s). Published by the Royal Society of Chemistry

vdW crystals, as a consequence of having weak vdW interactions
across multiple crystallographic axes.

Bottom-up synthesis of phase pure Bi,I, nanostructures

Synthesizing BiyI, nanocrystals via a bottom-up strategy
enabled us to tune parameters such as precursor Bi-to-I ratios
and synthesis temperatures to reliably obtain well-defined
nanostructures (Fig. 1D and S1%). In our CVD setup, stoichio-
metric Bi and Hgl, powders were vaporized and transported by
Ar/H, (5%) carrier gas to a 6 cm-long, 300 nm substrate. The Ar/
H, (5%) formulation used in this study provides a mildly
reducing atmosphere to help prevent the oxidation of both the
precursors and the resulting nanocrystals at elevated
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temperatures.*’ In a control CVD reaction run with pure Ar as
carrier gas, no difference was observed in the growth
morphologies and deposition densities of the Bi,I, nano-
structures (Fig. S2A and Bt). The long growth substrate allowed
for a wide temperature range, about 175 °C to 250 °C, providing
an extensive window of reaction conditions (Table S1 and
Fig. S2Ct). For conditions similar to the CVT growth of Bisl,
previously described in literature, iodine species from Hgl,
react with and transport Bi in the vapor phase. However, reac-
tion conditions that are similar to the CVT growth of bulk Bi,I,
crystals resulted in the uniform growth of only hexagonal Bil;
nanocrystals across the substrate.** As a reference for subse-
quent reactions, we confirmed the identity of Bil; through the
expected hexagonal crystal faceting observed in scanning elec-
tron microscopy (SEM), iodine-rich 1:3 Bi-to-I ratios obtained
from energy dispersive X-ray spectroscopy (EDS), and the char-
acteristic Bil; phonon mode at 113.9 cm ™" (Fig. 1D, bottom and
Table S27).*® The formation of Bil;, even while using stoichio-
metric (1:1 or 4:4) Bi:Iloading, indicates that a relatively low
concentration of Bi reaches the growth substrate from the vapor
phase as compared to the more volatile iodine species from
HgI,. This is because a multitude of Bi,I, compositional phases
compete with the growth of BisI, (Fig. 1E).>> Notably, in the
iodine-rich side of the phase diagram, the only competing
phase is Bil;. This suggests that increasing the concentration of
Bi in the deposition zone would suppress the crystallization of
Bil,.

To promote the localization of Bi atoms and induce Biyl,
nucleation points along the growth substrate, we dropcasted
100 nm diameter gold nanoparticles (Au NPs) on the growth
substrate prior to synthesis. We hypothesized that the Au NPs
would preferentially dissolve Bi over I as Bi and Au form
a eutectic mixture.*> Through this route, it is also possible for
the Au NPs to act as a catalyst for vapor-liquid-solid (VLS)
growth, a pathway commonly used in the synthesis of nano-
wires with isotropic covalent bonding, such as in silicon.**™¢
VLS has recently been used to direct the synthesis of 2D vdW
materials'®**'**7*8 and topological insulator nanowires,*"* but
this technique has not been fully developed for 1D/q-1D vdW
phases. Consistent with the Au-Bi phase diagram,** EDS of the
resulting 100 nm Au NPs from a stoichiometric (1: 1 or4:4) Bi:
I loading using the same precursor temperature (T; = 300 °C)
typically used in the CVT growth of bulk Bi,I, confirmed that Au
NPs dissolved Bi more than I. EDS of these resulting nano-
particles showed varied compositions Au,Bi,I, where y > z (Table
S3+t).

This increased solvation of Bi was observed alongside the
growth of a number of amorphous and non-uniform wire-like
nanostructures (Fig. 2A and S371). EDS analysis of these non-
uniform nanowire-like structures yielded a Bi-rich phase of
approximately 3 : 1 Bi-to-I ratio (Bi,IL, (x/y = 3) or “Bi,I”; Table
S4t). These Bi-rich nanostructures were found alongside Bil;
nanostructures found to have EDS ratios of 1:3 as well as
a characteristic Raman shift at 117 cm™* (Table S4 and Fig. S37).
We attribute the formation of the amorphous Bi,l, (x/y = 3) to
the conservation of mass, with “Bi;I” forming from Bi and I left
over from the growth of Bil; from a 4 : 4 Bi: I precursor loading.
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We also found, for the first-time, evidence of the formation of
a small number of ~10 pm-long nanowires with a 4: 4 Bi-to-I
ratio (Table S4t). The compositional variation of the resulting
nanostructures indicates that Au NPs only aid in the deposition
of vapor phase precursors and increase the localized concen-
tration of precursors on the substrate surface.

To address the persistent formation of both the amorphous
Bi-rich and crystalline I-rich side-phases, we systematically
tuned the Bi and I ratios in the precursor loading and the
temperatures of the precursor and growth zones (T; and T, in
Fig. 1D, respectively). This variation, in conjunction with the
presence of 100 nm Au NPs on the substrate, enabled us to
determine the optimal conditions for phase pure growth of Bi,I,
nanostructures (Fig. 2A). A precursor/growth zone temperature
setting of T; = 320 °C/T, =270 °C and a Bi: I loading ratio of 4 :
3 produced a dense growth substrate dominated by Bi,l,
nanocrystals with minimal Bil; growth (Fig. 2A and S4f).
Conditions outside of these optimal parameters provided us
insights on the growth patterns of the various crystalline Bi,I,
species from the vapor phase (Fig. 2A, ESIY).

The identities of the crystalline phases were confirmed by
Raman spectroscopy (Fig. S3 and S51) and grazing incidence X-
ray diffraction (GI-XRD), and the elemental compositions were
determined by EDS (Table S51). GI-XRD confirms the purity,
dense substrate coverage, and ensemble crystal structure. The
experimental diffractogram overlaid with the simulated powder
diffraction pattern corresponds with the -BiyI, phase. Bi,l,
crystals were characterized as having Raman shifts at
100.0 cm ™" and 115.6 cm ' (matching well to previously re-
ported Bi,I, phonon modes)* and 4 : 4 Bi-to-I EDS ratios. Bil;
crystals were characterized as having Raman shifts from 115-
117 em ™' (corresponding to previously reported Bil; phonon
modes)***> and 1: 3 Bi-to-I EDS ratios. “Bi;I” nanoparticles with
3:1 Bi-to-I composition were amorphous and gave no Raman
signal. Optimal conditions not only yielded generally phase
pure BijI, nanostructures, but also produced nanocrystalline
morphologies not previously seen in the micromechanical
exfoliation of bulk crystals (Fig. 1C). We observed both nano-
wires and, surprisingly, triangular quasi-2D nanosheets. Tilted
(90°) SEM micrographs show the quasi-2D nanosheets are 100-
200 pm in length and 50-75 um in width (Fig. 2A and B), with
thicknesses in the range of 100-200 nm as measured by AFM
(Fig. S61). These morphologies and dimensions are far different
from any observed nanostructures of Biyl,, underscoring the
uniqueness of the quasi-2D growth of a g-1D vdW nanocrystal.

As Au NPs have been used to constrain crystal size and to
control dimensionality in 2D and 3D crystalline systems, we
also probed the effect of Au NP size on the growth of Bi,l,
nanostructures. As we decreased the Au NP diameter from
100 nm to 50 nm to 20 nm, we found that the density of quasi-
2D nanosheets on the growth substrate increased precipitously
(Fig. 2B). Yet, as the size of the nanoparticle was decreased still
further to 5 nm, little to no nanosheets were observed. SEM
images taken at a 90° tilt illustrate the effect of Au NP diameter
on growth density and crystal morphology of the resulting
nanostructures (Fig. 2B).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 CVD growth of Bisl4 nanostructures in the presence of Au NPs. (A) Optimization of the precursor zone temperatures and Bi : | precursor
ratios in reactions with 100 nm Au NPs on the growth substrate. SEM images of the resulting nanocrystals are shown. The growth zone
temperature (blue label) is also indicated at each precursor zone temperature (red label). Colors in the diagram correspond to the temperature
gradient colors in the binary phase diagram in Fig. 1E. Scale bars, 10 pm. (B) Influence of the on-substrate Au NP diameters on the morphology
and size of Bi4l4 nanocrystals (Reaction conditions: T; = 320 °C/T, = 270 °C; 4: 3 Bi: | precursor ratio). Scale bars, 20 um. (C) Mapping of the
nanostructures observed in the post-synthesis substrates from reactions involving various Au NPs diameters (5 nm, 20 nm, 50 nm, and 100 nm)
as shown in (B). Each box is a 1 mm x 1 mm region on the substrate. Calibrated temperatures are shown across the substrate maps. Legend:
crystals of Bils, large and small Bisls nanowires, and Biyls quasi-2D nanosheets are depicted in black, light brown, and dark brown boxes,
respectively. White boxes correspond to regions where no discernible nanocrystal growth was observed. Scale bars from left to right: 20 um, 40
pm, 80 um, and 20 pm.
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Our CVD methodology enabled us to map out, with 1 mm?
resolution, the temperature- and precursor distance-
dependence of the nanostructures grown on the substrate
(Fig. 2C). From these panoramic substrate maps, for all Au NP
diameters, we generally observed the formation of nanowire
structures (depicted in light brown; Fig. 2C) across the length of
the substrate. In larger Au NP diameters with 50 nm and 100 nm
diameters, Bil; nanocrystals (depicted in black; Fig. 2C) were
still apparent but were found only in trace amounts towards the
far end of the substrate. This is consistent with the expected
higher concentration of the more mobile iodine atoms in the
vapor phase precursors and the possibility of bismuth atom
depletion at the surface of the substrate due to the greater
volume of Au NPs upstream in the 50 and 100 nm Au NP
loadings which we discuss in detail in the ESIT in the latter
section of the manuscript (Fig. S15 and Table S13%). This
depletion of Bi in the vapor phase, which to some extent is
unlikely due to the constant flux of precursors for the short
duration (~5 minutes) of each CVD reaction, may have influ-
enced the ratios of Bi and I available and thus have resulted in
the growth of Bil; observed towards the end of the substrate in
the 50 nm and 100 nm diameter Au NP reactions (Fig. 2C).
Contrastingly, we observed that the quasi-2D nanosheets grew
most densely in the hotter regions of the substrate that were in
closer proximity to the precursor boat (depicted in dark brown;
Fig. 2C). While quasi-2D nanosheets were occasionally observed
in reactions with 50 nm and 100 nm diameter Au NPs, the
growth of Bi I, quasi-2D nanosheets occurred at a far greater
density in growths that involved Au NPs with 20 nm diameter,
yielding roughly 30-50 flakes per 1 mm® area. While the
diameters of the Au NPs appeared to control the purity,
dimensionality, and density of as-grown nanostructures, it had
minimal influence on the size of these nanostructures. Signifi-
cant Au NP size-driven effects were only apparent in Biyl,
nanostructures grown using Au NPs with 5 nm diameters
(Fig. 2B).

Structural characterization of Bi I, nanostructures

We evaluated the structure, morphology, and crystalline quality
of the two distinct Bi,I, nanostructures that emerged from our
syntheses (Fig. 3). From SEM and transmission electron
microscopy (TEM) imaging, we found that the optimized growth
parameters yielded well-defined nanowires (Fig. 3A and E) and
nanosheets (Fig. 3H and L). We observed that nanowires
generally crystallize and protrude from localized nucleation
points along the length of the substrate. These nanowires
extend outward from these nucleation spots in a radial growth
pattern, a crystallization habit commonly observed in bulk
crystals that feature 1D or q-1D like substructures (Fig. 3A).
Unlike nanowires traditionally grown via VLS,**>*® we did not
observe any Au NPs, distinct grain boundaries, or discontinu-
ities at the ends of these nanowires (Fig. S4t). These observa-
tions contrast with that of the nanosheets which laterally grow
from nanowires protruding from the substrate. These nano-
sheets display a flag-like triangular morphology that converges
to a sharp point with an Au NP at the tip (Fig. 3H and S47).
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EDS spectroscopy and mapping of both the nanowires
(Fig. 3B) and the nanosheets (Fig. 3I) showed uniform, 4 : 4, Bi-
to-I ratio and distribution across the nanostructures, indicating
phase purity and elemental uniformity (Table S5f). AFM
micrographs of mechanically transferred nanowires and nano-
sheets show well-defined edges and smooth surfaces with
thicknesses ranging from 15-350 nm (Fig. 3C, S7 and Table S67)
and 150-250 nm range (Fig. 3], S6 and Table S61), respectively.
We note that the circular spots with greater thickness in the
AFM scans are due to Au NPs transferred along with the nano-
sheets (Fig. S47). Across all different Au NP diameters tested, we
generally observed that the thicker and larger Bi I, nano-
structures were found in the higher temperature region (closer
to the precursor zone) while thinner and smaller nano-
structures were observed closer to the lower temperature region
(farther from the precursor zone). AFM imaging of the nano-
wires transferred onto substrates with fiduciary markers
revealed that very thin nanowires, as thin as 2 nm, can be ob-
tained from the growth substrate (Fig. S8). Furthermore, the
nanosheets transferred from the growth substrate cleaved into
well-defined strips parallel to the base axis of the triangular
nanosheet (Fig. S61). This clean cleavage suggests the constit-
uent [Bis14], chains are assembled via vdW interactions along
the nanosheet long-axis, with the covalent chain axis parallel to
the base of the triangular nanosheet.

To further confirm the structure and orientation of the
nanowires and nanosheets, we performed Raman spectroscopy
(Fig. 3D), electron backscatter diffraction (EBSD, Fig. 3K), and
atomically resolved high-angle annular dark field scanning
transmission electron microscopy (HAADF-STEM) imaging
(Fig. 3E-G and 3L-N). Raman spectra of a 110 nm-thick CVD-
grown Bi,I, nanowire (150 nm-thick nanosheet) reveal two
distinctive phonon peaks at 100.0 cm ' (99.7 cm™ ') and
115.6 cm™ " (115.4 cm ™~ ') which match the signal from bulk Bi,l,
(Fig. 3D and Table S77). Due to weak Raman signal intensities
and signs of degradation under the beam, we were only able to
reliably collect Raman spectra for nanostructures 100 nm or
thicker. The identical Raman shifts of these peaks with bulk
Biyl, as well as their narrow full-width-half-maximum (FWHM)
values indicate the high degree of crystallinity of the CVD-grown
nanostructures (Table S7t). EBSD images with well-resolved
Kikuchi lines further highlight the crystalline character of the
nanosheets (Fig. 3K). As previously reported®>*” and described
herein, Bi,l, crystallizes in the monoclinic C12/m1 space group,
exhibiting a temperature-induced phase change between the a-
BisI; and B-Biyl, polytypes. Owing to the similarity between
these two polytypes, indexing the Kikuchi lines from the EBSD
patterns revealed nanosheets match the Bi,1, structure but gave
ambiguity in terms of the specific polytype. Nonetheless, using
these indexed patterns, we found that the nanosheets are
oriented along the [001] crystallographic zone axis. Moreover,
EBSD mapping (overlaid in green; Fig. 3K) shows that the
nanosheet is a continuous single crystal.

Room temperature HAADF-STEM imaging of both nanowires
(Fig. 3F) and nanosheets (Fig. 3M) show the well-defined atomic
ordering of Bi (higher Z, brighter spots) and I (lower Z, darker
spots). These brightness differences and atomic order

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Structural characterization of Biyl, nanostructures. (A) High-magnification (left) and low-magnification (right) SEM images of represen-
tative Bigl4 nanowires. Scale bars, 2 pm (left) and 50 pm (right). (B) SEM image and Bi (Ma line) and | (La. line) elemental maps from EDS of a Bisly
nanowire. Scale bar, 10 um. (C) AFM of an 87 nm-thick nanowire. Scale bar, 1 um. (D) Raman spectra of CVD-grown Biyls nanowire, quasi-2D
nanosheet, and bulk Biyl, crystal. Phonon modes are By at ~100 cm~tand Ag at ~115 cm~13° Fits of the constituent peaks and the background
(black) are included in each spectrum. (E) Low-magnification TEM image of Bisl4 nanowire with the corresponding crystallographic orientation
and crystal structure. The covalent axis is parallel to the long axis of the wire. Scale bar, 200 nm. (F) High-magnification HAADF-STEM image of
the Bisls nanowire in (E). Scale bar, 2 nm. (G) SAED of the nanowire in (E) which is indexable to the [110] zone axis of B-Bisl4 polytype. (H) High-
magnification (left) and low-magnification (right) SEM images of representative Biyl, nanosheets. Scale bars, 20 pm (left) and 50 pm (right). (1) SEM
image and Bi (Ma. line) and | (La line) elemental maps from EDS of a Bisl4 nanosheet. Scale bar, 50 um. (J) AFM of a 149 nm-thick nanosheet. Scale
bar, 10 um. (K) EBSD map and corresponding Kikuchi pattern (inset) of a [001]-oriented single-crystalline Bisl4 quasi-2D nanosheet. Scale bar, 10
pm. Roman numerals correspond to the following Kikuchi lines: 1 0-2-1, I 0-3-1, Il -1-2-1, 1V -1-1-1, and V -10-1. The black pixels in the map are
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correspond well with the high-resolution STEM-EDS elemental
mapping (Fig. S9t). Selected-area electron diffraction (SAED)
enabled us to confirm the structure, orientation, and polytype of
the resulting Bi,I, nanostructures (Fig. 3G, N and S107). The
nanowires are oriented along the [110] zone axis (normal to the
long edge of the nanowire) while the large, exposed facets of the
nanosheets are oriented along the [001] zone axis, consistent
with the identified zone axis from EBSD (Fig. 3K-N). Further-
more, by comparing these indexed patterns with simulated
patterns of the a- and B-Bi 1, polytypes, we were able to confirm
that both the nanowires and the nanosheets crystallize in the
room-temperature B-BiyI; polytype (Fig. S10t). From indexed
SAEDs, we determined that the long axis of the nanowires is
parallel to the covalent b-axis ([010] direction) while the crys-
tallographic direction from the base to the tip of the triangular
nanosheets corresponds to the vdW a-axis ([100] direction).
These results confirm that the nanowires crystallize along the
covalent bonding direction of the [Bisl,], chains, while the
nanosheets form from a side-to-side lateral crystallization of the
[Bisl,], chains along the [100]-vdW bonding direction.

Catalyzed and un-catalyzed growth pathways of Bi,l,
nanostructures

Studying how the morphologies of the nanostructures of Biyl,
varied depending on the precursor ratio, the presence of Au NPs
on the growth substrate, and the diameter of the Au NPs
enabled us to create a scheme for the growth of 1D or g-2D vdW
crystals in the presence of Au NPs. First, we establish that the
precursor ratio plays a critical role in accessing phase pure Biyl,
crystals from the bottom-up. A control reaction identical to the
previously optimized parameters (4:3 Bi:I; Ty = 320 °C/T, =
270 °C) but without Au NPs on the growth substrate produced
widespread, phase pure growth of bulky, needle-like Bi,l,
ribbons and wires, but no quasi-2D sheets (Fig. 4A, S11 and
S127). Unlike the growth reactions in the presence of Au NPs,
Bi, I, nanowires under these conditions grow with decreased
density and uncontrolled sizes either horizontally (parallel to
the substrate surface) or in smaller clusters. These results show
that the growth of phase pure Bi I, via a vapor-solid (VS)>*~°
growth pathway can proceed in the absence of Au NPs if the
equistoichiometric composition of Bi,I, (x = y) is achieved in
the vapor phase (Fig. 4A, top pathway). Otherwise, in conditions
where y > x, the Bil; side phase dominates (Fig. 4A, bottom
pathway). While phase pure Biyl, is achievable, in the absence
of Au NPs, the sizes of the resulting crystals remain uncon-
trollable and lean towards the bulk regime (>300 nm).
Because the presence of Au NPs significantly altered the
crystalline growth of Bi,I, nanostructures, we looked into the
dependence of the nanoscale morphologies on the diameter of
Au NPs (Fig. 4B and C). High-resolution SEM imaging and EDS
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of Au NPs post-reaction show that the deposition of Bi,I, species
from the vapor phase occurs almost exclusively on the Au NPs
(Fig. S41). The post-synthetic compositional information from
EDS of Au NPs that did not have any nanostructure growth
serves as a semi-quantitative guide to understand the Au-NP-
dependency of dimensionalities in Bi,I, nanostructures.’”*®
The resulting Au NP nucleation points showed varying post-
synthetic Bi:I:Au compositions, indicating the Au NP
diameter-dependent solvation of bismuth and iodine in the Au
NPs (Tables S8-S117). A control reaction with only Hgl, showed
that iodine did not dissolve in the Au NPs without the presence
of bismuth. The formation of the ternary Bi:I:Au nucleation
points requires the presence of Bi (Table S12t).”> While
a eutectic mixture of Au and Bi is expected to form at about 240 °©
C.” and the maximum calibrated temperature reached on the
growth substrates is 238 °C, we still observed Au NPs with
solvated Bi and I even at the lower temperature regions of the
substrate. This observation is consistent with a size or
confinement-induced Bi : Au eutectic formation, which has also
been observed for other crystalline systems.*>*

From the results gathered in this study, we found that Bi and
I dissolve in the Au NPs until they reach a critical saturation
point. Originating from these nucleation points, Bi;I; nano-
wires then grow at a protruding angle, sometimes singly, but
frequently in large urchin-like radial growth clusters (Fig. 4B).
Notably, Au NPs were never observed at the tip of the resulting
Bi,I, nanowires post-reaction. Following nucleation, and with
the absence of an Au NP at the nanowire terminus, continued
growth of Bi,l, nanowires is best described by a VS growth
pathway.>*~*¢ Beyond the size control afforded by different Au NP
diameters, we found that the emergence and density of the
nanosheets on the substrate depended on the Au NP diameter.
EDS analysis of the resulting Bi: I ratios in the Au NPs on the
substrate surface from which no Bi,I, nanocrystals grew from
showed that the dissolution of Bi and I in the Au NPs is
generally unequal and often on the Bi-rich side (Fig. 4D and E,
Tables S8-S117). In this scenario, more commonly observed in
reactions with 100 nm, 50 nm, and 5 nm diameter Au NPs, the
growths produced predominantly BisI, nanowires from a VS
pathway. When there are stoichiometrically equivalent Bi and I
in the Au NPs (i.e. log(Bi/I) = 0 and %Bi = %I = 15%; Fig. 4D
and E), as is the case for Au NPs with 20 nm diameters, we
observed the densest growth of quasi-2D Bi,I, nanosheets. Due
to the lower probability that this ideal 1:1 ratio could also be
found in Au NPs of different sizes on the growth substrate
surface, we infrequently observed quasi-2D nanosheets in
syntheses which involved Au NPs with 100 nm and 50 nm
diameters. Hereon, we will refer to Au NPs meeting this
condition (ie. log(Bi/] = 0) as “equistoichiometric” NPs
(depicted as green in Fig. 4B).

attenuated EBSD signals. (L) Low-magnification TEM image of Bisl4 nanosheet with the corresponding crystallographic orientation and crystal
structure. The covalent axis is perpendicular to the long axis of the nanosheet. Scale bar, 2 um. (M) High-magnification HAADF-STEM image of
the Bigly nanosheet in (L). Scale bar, 2 nm. (N) SAED of nanosheet in (L) which is indexable to the [001] zone axis of B-Bisls polytype.
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Fig. 4 Growth pathways involved in the crystallization of Bisl, nanowires and quasi-2D nanosheets. (A) Schematic of the proposed CVD growth
reaction pathway of Bi,l, nanocrystals in the absence of Au NPs. Black regions represent Bi,l, nucleation spots and gray particles represent the
growing nanocrystals. SEM images of Bisls (Bi = I; Scale bar, 5 um) and Bils (Bi < I; scale bar, 50 um) nanocrystals are included beside the
corresponding schematic figure. (B) Schematic of the proposed CVD growth pathway of Bisl4 nanocrystals with Au NPs present on the growth
substrate. A Bi/I/Au color legend for the depicted nanoparticles is added for better visualization. Green nanoparticles highlight Au NPs that are
picked up by growing nanowires. SEM images of nanostructures corresponding to each step are shown below the schematic. Scale bars (from
left to right): 500 nm, 1 um, 10 pm, and 10 um. A high-magnification SEM image of the tip of a flag-like quasi-2D nanosheet is included for
reference. Scale bar, 2 um. (C) Graphical representation of the dashed boxed region in the quasi-2D nanosheet in (B), depicting the VLS growth
along the [100] vdW direction and VS growth along the [001] vdW direction. (D) and (E) Dependence of Bi and | dissolution on the diameters of Au
NPs presented as Bi-to-| ratios plotted in a logarithm scale (D) and atomic percentages of Bi and | (E). Values shown in (D) and (E) were derived
from EDS compositions of on-substrate nanoparticles post-reaction (n = 10 particles per Au NP diameter).

We posit that the greater proportion of on-substrate 20 nm
Au NPs that meet this equistoichiometric condition in
comparison to the other size NPs tested in this study is due to
a nanoscale size-dependent liquidus shift and a subsequent
iodine saturation. It is common knowledge that nanoscale
phase diagrams differ from that of the bulk, and this fact has

© 2024 The Author(s). Published by the Royal Society of Chemistry

been studied extensively in other VLS systems.*® We have shown
in a control reaction that the lower-melting point mixture
formed between the Au NPs and the vapor phase precursors
requires the presence of Bi (Table S127). This is suggestive that
there is an Au NP size-dependent liquidus, with the amount of
Bi required to form the liquid mixture decreasing with the
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decreasing Au NP diameter. Indeed, the average percent
composition of Bi in the Au NPs post reaction is observed to
decrease from 45 + 12% Bi in 100 nm Au NPs to 18 &+ 7% Bi in
50 nm Au NPs to 15 £ 7% Bi in 20 nm Au NPs before drastically
increasing to 97.7 + 0.7% Bi in 5 nm Au NPs (Fig. 4E and Tables
S8-S11%). Once a liquid nanoparticle is formed from the Bi-Au
alloy, I atoms can then saturate the NP as well. The drastic
increase in % Bi observed for the 5 nm Au NPs can be attributed
to the extreme size effect of the 5 nm Au NPs, where the Au NP
fully saturates with bismuth and prevents any iodine from
dissolving. Interestingly, post-reaction EDS analysis shows that
the percent composition of I does not follow a similar trend to
Bi and remains constant at about ~15% I for all nanoparticle
diameters (except for the 5 nm diameter Au NPs) (Fig. 4E and
Tables S8-5S117). Because the average percent composition of I
is 15% for all sizes of Au NPs, the 20 nm Au NPs represent the
catalyst size with the greatest probability of harboring an
equistoichiometric ratio of Bi:I (1:1) as the average percent
composition of Bi is ~15% only for the 20 nm Au NPs.

During the VS growth of Bi,I, nanowires from on-substrate
Au NP nucleation points, the growing nanowire incorporates
an equistoichiometric Au NP on its surface. Post-synthesis, Au
NPs were observed on the surface of Bi,I; nanowires (Fig. 4B
and S13+t). The growth of the nanosheet is then catalyzed by an
Au NP which is assumed to be lifted off the surface of the
nanowire as the nanosheet grows (Fig. 4B). The evidence for this
mechanism, and the hallmark of VLS growth,***" was the
presence of a nanoparticle catalyst observed at the tip of the
nanosheets (Fig. 4B and S6t). Further evidence in strong
support of this mechanism is that no nanosheets were observed
without a nanowire base (Fig. 3H and S4+t). There is a proximity
effect of the on-substrate equistoichiometric Au NP to the
growing Bi,I; nanowire, wherein, a growing BiI, nanowire
incorporates NPs in proximity and directs the crystallization of
nanosheets. To support this proposed growth pathway, we
prepared a control reaction with a tenfold dilution of the solu-
tion used to deposit 20 nm diameter Au NPs on the substrate.
With the significantly decreased density of the catalyst, this
sparse Au NP coverage on the substrate resulted in widely
dispersed growth of BiyI; nanowires. No nanosheets were
observed under these conditions (Fig. S141). We also note that
the Au NP density on the substrate surface is not the sole vari-
able that determines the density and morphology of CVD-grown
BiyI; nanostructures. AFM analysis of Au NPs with different
diameters dropcasted on SiO,/Si substrates reveals that the
densest deposition of Au NPs, which is seen with the 5 nm
diameter Au NPs, squarely corresponds with the least dense
growth of BiyI; nanosheets (Fig. S15 and Table S13t). Alto-
gether, the conditions which involve equistoichiometric Bi:I
ratios (as measured from Au NPs on the substrate) in the Au NPs
that were eventually embedded onto VS-grown nanowires
uniquely directs the growth of quasi-2D nanosheets of Bi,l,.

We rationalize the growth of flag-like triangular Bi,I; quasi-
2D nanosheets based on the presence of Au NPs during the
growth, the highly anisotropic bonding, and the crystalline
structure and habit of the q-1D vdW Bi,l, lattice. Au NPs seated
on the surface of the nanowires could theoretically catalyze the
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growth of quasi-2D sheets along the vdW bonding directions
perpendicular to the covalent axis. The corresponding (100) and
(001) facets normal to these vdW directions both provide
a suitable lattice matched surface with the underlying nanowire
(Fig. 1A). We, however, found that the only growth direction
catalyzed by the Au NPs is along the [100]-direction as
confirmed by complementary EBSD (Fig. 3K), HAADF-STEM
(Fig. 3L-N), and SAED (Fig. S101) experiments. Similar to
other chalcogen-containing vdW solids, this growth pattern
points to the probable role of the coordination geometry of the
internal Bi atoms in the [Bi,l,], chains in promoting the lateral
assembly of chains along the [100]-direction. This is corrobo-
rated by the anisotropic inter-chain Bi-I distances and the 3-
coordinate Bi atoms whose lone pairs are oriented directly at
a proximal I atom on an adjacent chain along the a-axis or [100]-
direction, suggesting the stereochemically active lone pair
promoted growth along this crystallographic direction (ESI;
Fig. S16 and S171). Remarkably, the (001) facet that emerged
from the VLS-catalyzed growth of a quasi-2D nanosheet along
the [100]-direction is one of the sought-after orientations that
could harbor topologically protected hinge states in the low-
temperature a-Bi,I, phase.>**

Continued growth of quasi-2D nanosheets can be described
by both VLS and VS pathways (Fig. 4C). Deposition of Bi,I, vapor
on the Au NPs generally results in faster VLS growth along the
[100]-direction, while deposition of Bi,I, vapor on the other
facets of the quasi-2D sheets results in the slower VS growth.
The crystallization of quasi-2D nanosheets in the form of
a triangular flag-like nanocrystal that are thinner along the [001]
direction hints at the preferred growth along the covalent
direction (b-axis, [010]-direction) compared to the non-catalyzed
vdW direction (c-axis, [001]-direction). These arguments are
consistent with earlier observations from EBSD and HAADF-
STEM, where the resulting morphology of the quasi-2D nano-
sheets could be reconstructed by considering the crystalline
habit of the monoclinic unit cell of Biyl,. The triangular
morphology of the resulting BisI, quasi-2D nanosheets can be
described by a monoclinic crystalline habit with faces bound by
(001), (110), and (100) surfaces (Fig. S18t). As the catalyzed
growth in the [100]-direction occurs more readily than the other
vdW direction ([001]-direction), thin quasi-2D nanosheets were
observed to form with their base bound by the (100) facet
terminating at the surface of the underlying nanowire. Beyond
the structure- and anisotropy-prescribed formation of quasi-2D
nanosheets, we also found that higher I content in precursor
Bi:I ratio promotes the crystallization of elongated quasi-2D
nanosheets (ESI; Fig. 2A under 320 °C and 4:2 Bi-to-I ratio;
Table S147).

Conclusion

In summary, we have demonstrated that the growth of well-
defined Bi,l, nanowires and quasi-2D nanosheets in the pres-
ence of Au NPs occurs based on both VS and VLS pathways. The
directed growth of dimensionally resolved Bi I, nanostructures
is modulated by the degree of dissolution of Bi and I in the Au
NP catalysts which, in turn, dictate the critical Bi:I ratios

© 2024 The Author(s). Published by the Royal Society of Chemistry
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during the synthesis. We established that the VLS pathway
exclusively results in the formation of quasi-2D nanosheets. VLS
growth of Bi,l, quasi-2D nanosheets occurs when there is an
equal amount of Bi and I in the Au NP catalysts on the substrate
surface, which we found was highly dependent on the Au NP
diameter. The resulting BiyI, nanostructures present an ideal
foundation to study size-, composition-, and dimensionality-
dependent emergent physics arising from the topologically
protected and spin-resolved electronic states (surface and edge)
in Bis1, as well as their interfacing with other low-dimensional
vdW materials. Owing to the structural resemblance of the Bi,I,
lattice to other 1D and g-1D vdW crystals, we anticipate that
these findings could guide synthetic efforts towards well-
defined nanostructures in the presence of a catalyst for
a library of 1D and g-1D vdW phases.
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