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crystalline and amorphous Sb2S3
within carbon and boron nitride nanotubes†

Griffin M. Milligan, a Dmitri Leo Mesoza Cordova, a Ze-Fan Yao, b Brian Y. Zhi,a

Lyndsey R. Scammell, c Toshihiro Aoki d and Maxx Arguilla *a

The recent rediscovery of 1D and quasi-1D (q-1D) van der Waals (vdW) crystals has laid foundation for the

realization of emergent electronic, optical, and quantum-confined physical phenomena in both bulk and at

the nanoscale. Of these, the highly anisotropic q-1D vdW crystal structure and the visible-light optical/

optoelectronic properties of antimony trisulfide (Sb2S3) have led to its widespread consideration as

a promising building block for photovoltaic and non-volatile phase change devices. However, while these

applications will greatly benefit from well-defined and sub-nanometer-thick q-1D structures, little has

been known about feasible synthetic routes that can access single covalent chains of Sb2S3. In this work,

we explore how encapsulation in single or multi-walled carbon nanotubes (SWCNTs or MWCNTs) and

visible-range transparent boron nitride nanotubes (BNNTs) influences the growth and phase of Sb2S3
nanostructures. We demonstrate that nanotubes with smaller diameters had a more pronounced effect in

the crystallographic growth direction and orientation of Sb2S3 nanostructures, promoting the crystallization

of the guest structures along the long-axis [010]-direction. As such, we were able to reliably access well-

ordered few to single covalent chains of Sb2S3 when synthesized within defect-free SWCNTs with sub-

2 nm inner diameters. Intriguingly, we found that the degree of crystalline order of Sb2S3 nanostructures

was strongly influenced by the presence of defects and discontinuities along the Sb2S3-nanotube interface.

We show that amorphous nanowire domains of Sb2S3 form around defect sites in larger, multi-walled

nanotubes that manifest inner wall defects and discontinuities, suggesting a means to manipulate the

crystallization dynamics of confined sub-10 nm-thick Sb2S3 nanostructures within nanotubes. Lastly, we

show that ultranarrow amorphous Sb2S3 can impart functionality onto isolable BNNTs with photocurrent

generation in the pA range which, alongside the dispersibility of the Sb2S3@BNNTs, could be leveraged to

easily fabricate photoresistors only a few nm in width. Altogether, our results serve to solidify the

understanding of how q-1D vdW pnictogen chalcogenides crystallize within confined synthetic platforms

and are a step towards realizing functional materials from ensembles of encapsulated heterostructures.
1 Introduction

Recent years have seen a drastic uptick in the synthesis and
characterization of atomically precise low-dimensional crystals
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that approach the single-atom-thick regime. Such studies have
led to the discovery and rediscovery of many useful two-
dimensional (2D),1–3 one-dimensional (1D), and quasi-one-
dimensional (q-1D) van der Waals (vdW)4,5 materials with
region of Sb2S3@MWCNTs, Sb2S3, and MWCNTs showing both Ag peaks
remain visible despite connement effects; (Fig. S7) Raman spectrum of the
high wavenumber region of Sb2S3@MWCNTs, Sb2S3, and MWCNTs; (Fig. S8)
DRS of Sb2S3@MWCNTs, Sb2S3, and MWCNTs showing that, as with
SWCNTs, broadband absorbance of MWCNTs create difficulties when
attempting to measure the optical properties of a guest material; (Fig. S9)
wide region XPS of Sb2S3@BNNTs, Sb2S3@SWCNTs, S2S3, empty BNNTs, and
empty SWCNTs; (Fig. S10) t XPS of Sb 3d and S 2p Sb2S3@BNNTs, Sb2S3@
SWCNTs, S2S3, empty BNNTs, and empty SWCNTs; (Fig. S11) TGA curves of
Sb2S3@BNNTs, Sb2S3@SWCNTs, S2S3, empty BNNTs, and empty SWCNTs;
(Fig. S12) representative HRTEM images of empty BNNTs; (Fig. S13)
conductivity measurements of Sb2S3@BNNT and BNNT pressed pellets; (Table
S1) FWHM values of tted Raman peaks from Fig. S4; and (Table S2) values
of tted XPS peaks from Fig. S10. See DOI: https://doi.org/10.1039/d4sc01477d
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nascent physical properties. The anisotropy inherent in the
structure of these materials has enabled the development of
facile top-down exfoliation6–9 or bottom-up growth10–13 methods
to achieve sub-10 nm nanocrystals with tunable morphologies
such as nanosheets, nanoribbons, and nanowires, and shape-
or dimension-dependent properties. This structural and
chemical tunability has led to discoveries including the transi-
tion from indirect band gap in the bulk to direct band gap in
monolayer MoS2 (ref. 14) and the quantum spin Hall effect in
graphene in 2D.15 Morphological tunability in 1D, on the other
hand, has led to discoveries including an enhanced intrinsic
photovoltaic effect in TaS3,16 high coercivity in CrSbSe3,17 high
breakdown current in TaSe3,18 high-delity transport in
(TaSe4)2I,19 and the approach of an indirect-to-direct band gap
crossover in ultrathin Sb2S3 nanowires.13 The latter material,
antimony trisulde, has been at the forefront of q-1D vdW
materials research not only as a model structural phase but also
due to its unique optoelectronic and structural properties
arising from its anisotropic q-1D structure and visible-light
optical properties. This earth abundant material is found in
nature as the mineral stibnite20,21 and as the amorphous min-
eraloid metastibnite.22 In more recent times, it has gained
signicant interest as a potential thin lm photovoltaic material
with a tunable band gap between 1.6–2.85 eV,23–27 high pre-
dicted power conversion efficiency in tandem cells,28,29 and
a high absorption coefficient (a > 104 cm−1).30 Moreover, it has
been demonstrated that Sb2S3 is also a phase change material
(PCM),25,31 as the crystalline (c-Sb2S3) and amorphous (a-Sb2S3)
phases that can be interconverted thermally or optically, with
broad ranging implications for use in optical switching, tunable
emitters/absorbers, and, in particular, non-volatile data
storage.32,33 This class includes other pnictogen- and tetrel-
based chalcogenide materials oen based on antimony and/or
germanium, including Sb2Se3,31 Ge2Sb2Te5,34 Ge20Sb20S20Se20-
Te20,35 Ge15Sb40,S15Se15Te15,36 and many others.

From a structural standpoint, Sb2S3 is a q-1D vdW material
comprised of sub-nanometer-thick ribbons of [Sb4S6]n that
innitely extend in one direction along the crystallographic b-
axis ([010]-direction) and are held together along the other two
axes (basal plane) by weak vdW forces.20 Yet, these forces are not
equal along various crystallographic axes. The terminal trivalent
Sb atoms along the [Sb4S6]n chain (in contrast to the pentavalent
core Sb atoms) express stereochemically active lone pairs which
interact with the electronegative S atoms terminating the
neighboring ribbon. This results in a binding interaction along
the c-axis ([001]-direction) that is approximately double that of
the interaction along a-axis ([100]-direction).37 The stereo-
chemical activity of this lone pair has been found to stem from
the Sb 5s orbital mixing with S 3p orbitals to express bonding
anisotropy in the anti-bonding state. Beyond its implications to
the optical and electronic properties of Sb2S3, it was also
demonstrated that these anisotropic bonding motifs can be
leveraged to control the nanoscale morphology of Sb2S3 nano-
crystals. Top-down approaches like mechanical and solvent
exfoliation of a bulk stibnite crystal are known to cleave the
crystal predominantly along the weakest a-axis direction and
result in 2D nanosheets and ribbons,38,39 rather than 1D
© 2024 The Author(s). Published by the Royal Society of Chemistry
nanowires as onemight expect from the underlying q-1D lattice.
To some extent, the differing electronic interactions can also be
leveraged in bottom-up growth to direct the crystallization of
Sb2S3 nanostructures by tuning the precursor concentration
and temperature with vapor phase growth, allowing access to
a variety of morphologies such as nanowires, nanoribbons, and
nanosheets from the same [Sb4S6]n chain building blocks but
with differing optical properties and electronic structures.13

Additionally, in single covalent chains of Sb2S3, computational
predictions of a rare indirect-to-direct gap transition in 1D and
q-1D vdW semiconductors, in addition to a tightly bound exci-
tonic state, have been demonstrated.40 Experimentally, nano-
wires display an emission distinct from bulk Sb2S3 at and below
100 nm in diameter.13 Despite the tremendous efforts towards
growing nanoscale structures of Sb2S3,41–43 a reliable method-
ology enabling the isolation of single covalent chains of crys-
talline Sb2S3 by any existing top-down or bottom-up approach—
and one that is not obscured by the anisotropic inter-chain
interactions arising from stereochemically-active lone pairs—
has remained elusive.

Encouragingly, an effective method that directly inuences
the diameter of nanowire growth down to sub-nanometer
thickness is via nanotube encapsulation.44,45 In this method,
pre-grown nanotubes with open ends are used as nanoscale
reaction vessels, into which materials of interest migrate via
capillary action in melt or vapor phase.45 For the purpose of our
report, these materials are denoted as material@NT. In the
spectrum of well-dened nanotube encapsulants, carbon
nanotubes (CNTs) are the best understood, with many funda-
mental studies offering insight into the structure of conned
and metastable materials. For example, many optically-active
semiconducting materials have been encapsulated in ultra-
narrow carbon nanotubes, including single NbSe3 chains,46

narrow direct gap IV–VI materials like SnSe,47 SnTe,48 and
PbTe,49 and more recently lead halide perovskites.50,51 Still,
despite these efforts, material@CNT heterostructures are
generally limited to structural observations due to the metallic/
low band gap52,53 and high absorbance54,55 of the nanotube
meaning conductivity and optical signal of the host material is
completely occluded by the CNT. Alternatively, the visible-range
transparent and electrically insulating nature56–59 of boron
nitride nanotubes (BNNTs)60 facilitates the straightforward
measurement of optoelectronic properties in material@BNNT
heterostructures.61 These heterostructures are less studied and
are, so far, limited to molecular lling with organic dyes62,63 or
nanoparticle/rod lling61,64–69 apart from few studies which
involved Te@BNNT,70 NbSe3@BNNT,46 and KX@BNNT (X = Cl,
Br, I)71 which are the only extended structures encapsulated
within BNNTs to the best of our knowledge. Leveraging the
properties of BNNTs is essential to translate the potential of
nanotube encapsulation to the fundamental understanding of
optical properties of encapsulated materials and to realize
practical application in electronic and photonic devices. More
generally, the utility of diverse nanotubes in terms of structure
(carbon versus boron nitride) and sizes (various diameters and
number of walls) could provide a means to further understand
how the immediate chemical and structural environment
Chem. Sci., 2024, 15, 10464–10476 | 10465
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within nanotubes (e.g. defects) play a role in the structure and
phase of guest materials in materials@NTs.

In this report, we detail the encapsulation of Sb2S3 within
nanotubes of various diameters and chemical compositions
with the goal of understanding the limit of structural conne-
ment of Sb2S3 when encapsulated within NTs and how the
resulting size, structure, and degree of crystallinity inuence
the properties of the resulting Sb2S3@NTs. In smooth, defect-
free single walled CNTs (SWCNTs), we obtained few to single
covalent chains of c-Sb2S3 with a high lling efficiency. Yet,
using other nanotube sources, we found that the degree of
crystallinity of the Sb2S3 is heavily dependent on the surface
roughness of the nanotube it interfaces with, evidenced by high
resolution transmission electron microscopy (HRTEM) and
complemented by Raman spectroscopy. This is most
pronounced in BNNTs, where we primarily observed a-Sb2S3
lling around nanotube defects (pinches, kinks, BN aggregates)
with crystal formation only appearing where the nanotubes
were especially smooth. Likewise, we demonstrate that this is
also the case in MWCNTs with larger diameters which also
contained defects within the inner surface. We generally
observed that the amorphization is driven by the surface
smoothness rather than the host–guest chemistry between
Sb2S3 and the BNNT or MWCNT. Moreover, we found that the
amorphization/defect ratio is dependent on the nanotube
diameter, suggesting that it is driven by the interfacial stability
of the amorphous phase compared to the crystalline Sb2S3
phase. Finally, we observe emergent optical properties of a-
Sb2S3@BNNT, including a visible range absorption at 502 nm/
2.47 eV consistent with the optical signatures of a-Sb2S3 thin
lms and a pronounced photocurrent response demonstrating
that BNNTs can be sensitized by the guest a-Sb2S3 phase.

2 Results and discussion

We achieved the encapsulation of Sb2S3 in single walled carbon
nanotubes (SWCNTs) via a mixed melt growth process using
SWCNTs with opened ends (annealed in air 420 °C 5 hours) and
a large excess of pre-synthesized, phase-pure, Sb2S3 powder
(Fig. S1†) heated above its melting point at 600 °C. In a mixed-
melt growth of this type, it is generally considered that capillary
action drives liquid Sb2S3 melt into the nanotubes. As the
reaction ampoule cools, the encapsulated Sb2S3 crystallizes
within the nanotubes.45 Once synthesized, we used high-
resolution transmission electron microscopy (HRTEM) and
scanning transmission electron microscopy (STEM) to evaluate
the success and resulting quality of the nanotube lling. By our
direct observations in HRTEM, we could readily access Sb2-
S3@SWCNT at a high lling efficiency as all SWCNTs that we
found were lled with the guest phase (Fig. 1A). As expected of
the q-1D vdW structure of Sb2S3, the covalent axis was deter-
mined to align parallel to the long axis of the nanotube, with
a measured d spacing of 1.9 Å which corresponds to the [020]-
direction of the native Sb2S3 structure d(020) = 1.918 Å (Fig. 1A
and C). This indicates that Sb2S3 has a propensity to crystallize
along the long-chain covalent axis direction strongly inuenced
by the direction of the conned 1D nanotube. The consistency
10466 | Chem. Sci., 2024, 15, 10464–10476
of the d-spacing with the native structure also indicates that
minimal distortion was caused by the connement. Energy
dispersive X-ray spectroscopy (EDS) mapping performed with 80
kV annular dark-eld (ADF) STEM also conrmed the identity of
the phase, with an apparent ratio of 2 : 3 Sb/S within the
SWCNTs (Fig. 1B). As we saw previously with our work on
Sb2Se3,72 this method of connement within SWCNTs accessed
ultrathin nanowires of Sb2S3 within nanotubes of fewer than
2 nm, meaning that only 1–2 covalent chains with 1.04 nm
distance between terminal sulfur atoms could occupy a given
nanotube.

We performed Raman spectroscopy to further verify that
minimal structural modulation had occurred as was observed
by HRTEM imaging (Fig. 1D). Firstly, Raman signals from both
c-Sb2S3 and empty SWCNTs are in close agreement with litera-
ture values.24,73 Sb2S3 contained ve well-resolved peaks:
193 cm−1, 246 cm−1, 280 cm−1, 302 cm−1, and 309 cm−1, with
the two Ag signals occurring at 280 and 309 cm−1 being the most
prominent. In the region that we surveyed, the SWCNTs con-
tained only radial breathing mode (RBM) signals.74–76 The most
intense radial breathing mode also occurred at the highest
wavenumber, 181 cm−1, before the signals abruptly ceased at
the higher wavenumber region of the spectra. Raman spec-
troscopy revealed minute, though obvious, differences between
the lled and empty SWCNTs. A broad feature centered around
266 cm−1 that is well above the highest radial breathing mode
intensity emerged with a shoulder intensity around 310 cm−1.
We assign this broad feature to the two Ag modes of Sb2S3 that
are broadened signicantly and red-shied from connement
effects. The highest SWCNT RBM peak, however, remained
centered at approximately 180 cm−1. This is in contrast with our
work on Sb2Se3@SWCNT, where the observable Ag mode of
Sb2Se3 did not shi and is indicative of a more pronounced
connement effect or nanotube-guest interaction. We note that,
while the red-shied Ag mode is low intensity and broad which
makes it highly susceptible to background noise, this observed
peak difference (D = 14 cm−1) is far too considerable to attri-
bute to noise alone. The well-resolved Raman peaks also
enabled us to evaluate the SWCNT graphitic signals. From
these, we found little-to-no difference in the G−-band or G+-
band, which is suggestive that the SWCNT itself was not dis-
torted signicantly (Fig. S4†).

As with other nanotube-encapsulated crystalline phases, the
successful encapsulation of single covalent chains of Sb2S3
within SWCNTs prompted us to investigate the evolution of the
optical properties of bulk Sb2S3 compared to Sb2S3@SWCNT. To
this end, we obtained the Kubelka–Munk absorbance spectrum
(F(RN)) from the diffuse reectance spectrum (DRS) of the
Sb2S3@SWCNT and compared it with bulk Sb2S3 and empty
SWCNTs (Fig. 1E). As expected, SWCNTs displayed broadband
absorbance while bulk Sb2S3 showed a characteristic absor-
bance band edge at 790 nm/1.57 eV, which is close to literature
values.23 We, however, did not observe any apparent difference
between empty and lled SWCNTs in the region we surveyed,
with only broadband CNT absorbance visible. This contrasts
with our work on Sb2Se3@SWCNT, where we saw the onset of
a distinct edge in the heterostructure not present in empty
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Sb2S3 encapsulated within SWCNTs. (A) HRTEM of Sb2S3@SWCNTs. (B) 80 kV Cs-corrected DF-STEM and EDS mapping of Sb2S3@-
SWCNTs. (C) Model structure of a single covalent Sb2S3 ribbon within a (21,0) carbon nanotube. For clarity, the SWCNT is shown as a skeletal
model in the in-plane projection. (D) Raman spectra of Sb2S3@SWCNTs, Sb2S3, and SWCNTs. (E) DRS of Sb2S3@SWCNTs, Sb2S3, and SWCNTs.
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SWCNTs72 and is likely due to the lower absorption coefficient
of Sb2S3 compared to Sb2Se3.31 From these measurements, it
became clear that the observation of conned optical properties
of Sb2S3 down to the single chain regime in encapsulated het-
erostructures requires a transparent nanotube as a host
material.

We then turned to insulating boron nitride nanotubes
(BNNTs) to conne Sb2S3 in an optically transparent and elec-
trically insulating nanotube host. We acquired BNNTs with pre-
opened ends and employed an identical mixed-melt growth
method to synthesize conned Sb2S3 covalent chains within
BNNTs. It is unlikely that the general mechanism of encapsu-
lation is different between CNTs and BNNTs, and we suspect
that the heterostructure formation is still capillary action-driven
for this system. Upon synthesis, we then performed HRTEM to
determine the lling success and degree of crystallinity of the
resulting Sb2S3@BNNT structures (Fig. 2). We observed that the
BNNTs ranged in size, with an average diameter of about 2.9 nm
and a standard deviation of 0.9 nm (n = 71). Several of the
nanotubes surveyed fell outside one standard deviation,
meaning that, at the minimum, a single covalent Sb2S3 chain
could be isolated within the BNNTs used in this study (Fig. 2A).
When crystalline, c-Sb2S3 grew within the BNNT hetero-
structures identically to the SWCNTs, with the [020]-direction of
© 2024 The Author(s). Published by the Royal Society of Chemistry
the covalent chains found to be oriented parallel to the long-axis
of the BNNT and matched the 1.9 Å d-spacing of the (020) Miller
planes of Sb2S3 (Fig. 2A and B).20 Once again, similar to the
SWCNTs, the crystallization was strongly inuenced by the
conned and 1D nature of the BNNTs. We also found that some
nanotubes hosting single covalent chains did not contain
enough periodic motifs in the micrograph to perform a fast
Fourier transform (FFT), although the real space images are
measurable and displayed 0.38 interatomic distances consis-
tent with the lattice spacing of the (010) Miller planes in Sb2S3
(Fig. 2A).

Intriguingly, most of the nanotubes surveyed contained
amorphous material that was encapsulated within (Fig. 2B and
C). We stress that great care was taken to ensure that this was
not caused by electron beam damage upon exposure during the
imaging. We, in fact, observed that areas which were crystalline
did not decompose under the beam for several seconds under
the same imaging conditions. We also note that amorphous
aggregates appeared where the nanotube host harbored defects
in the innermost tube wall or at any point the nanotube walls
were not parallel (Fig. 2C). Generally, we found that the
following features of the nanotubes were observed to cause
defective sites: nanotube walls could slope inward towards one
another (Fig. 2C(I)), nanotube walls could be jagged (Fig. 2C(II)),
Chem. Sci., 2024, 15, 10464–10476 | 10467
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Fig. 2 Electron microscopy of Sb2S3 encapsulated within BNNTs. (A) Representative HRTEM images of crystalline Sb2S3@BNNTs. The corre-
sponding FFT of the topmost micrograph is shown as an inset. (B) Model structures of crystalline and a-Sb2S3@BNNTs. For clarity, the SWCNT is
shown as a skeletal model in the in-plane projection. (C) HRTEM images of a-Sb2S3@BNNTs. The regions corresponding to c-Sb2S3 is outlined in
red while the regions corresponding to a-Sb2S3 is outlined in blue. (D) 200 kV ADF-STEM and EDS maps of Sb2S3@BNNTs showing the intensity
maps of the Sb L- and S K-peaks.
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or the nanotube could be pinched inward at one point
(Fig. 2C(III)). We also observed that a gradual curve, as long as
the nanotube walls remained parallel, would not result in this
amorphous behavior (Fig. 2C(I)). From these surveys and
observations, we reason that defects in the nanotube walls may
be causing this unique behavior that we did not observe in any
of the highly pristine SWCNTs. We do not entirely discount
other scenarios that could cause the guest Sb2S3 phase to form
amorphous domains. For example, the encapsulation of an off-
stoichiometric phase of SbxSy during the mixed-melt process
could result in the failed crystallization of Sb2S3. We, however,
only observed a close to stoichiometric 2 : 3 Sb/S ratio in
amorphous regions using STEM-EDS (Fig. 2D). To probe the
possible inuence of the surface chemistry of the nanotubes
(BNNT versus CNT), understanding whether the formation of
the amorphous phase was a result of a defective interface or was
strictly a result of the chemical identity of the nanotube wall
would require the demonstration of a similar defect-induced
amorphization of Sb2S3 within carbon nanotubes.

We demonstrate that the defect-induced amorphization of
Sb2S3 is nanotube-agnostic using a source of relatively large
diameter multi-walled CNTs (MWCNTs; ∼10 nm inner diam-
eter) which contained defects and structural imperfections
10468 | Chem. Sci., 2024, 15, 10464–10476
along the nanotube walls. For these experiments, we oxidized
the MWCNTs in open air (ambient) for 10 hours at 420 °C to
ensure that the majority of the CNT walls were opened before
lling with Sb2S3 (Fig. 3). Using HRTEM imaging, we observed
both the c-Sb2S3 and a-Sb2S3 lling of the MWCNTs with the
former as the more dominant lling phase (Fig. 3A and B).
These results are corroborated by the Raman spectroscopy of
the Sb2S3@MWCNT samples which displayed two distinct
peaks centered squarely at the Ag modes of Sb2S3 (Fig. S6†)
rather than a single broad feature consistent with literature on
amorphous Sb2S3.31 Unlike both of the previously discussed
samples (Sb2S3@SWCNT and Sb2S3@BNNT), Sb2S3@MWCNT
did not exclusively form Sb2S3 nanostructures that possess [010]
covalent axes that ran perfectly parallel to the long-chain axis of
the MWCNT (Fig. 3A). This was a likely result of the additional
free volume that is afforded by the larger MWCNT host. This
crystallization behavior also appeared to be diameter depen-
dent: nanotubes with larger diameters such as the 13.5 nm-
diameter nanotube crystallized Sb2S3 nanostructures that
possessed [Sb4S6]n chains which had covalent axes oriented off
from the MWCNT nanotube long-axis; while nanotubes with
narrower diameters like in the case of the 7.1 nm-diameter
MWCNT sample crystallized with the covalent axes only
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Sb2S3 encapsulated within MWCNTs. (A) Representative HRTEM of crystalline Sb2S3@MWCNTs. The topmost image contains a model
(left), simulated image (middle), and real image (right). For all three images, the corresponding FFT of the micrographs are located on the top-
right panel. (B) Representative HRTEM of amorphous a-Sb2S3@MWCNTs. The crystalline domains of c-Sb2S3 are highlighted in red for easier
visualization, while the a-Sb2S3 domains are highlighted in blue. (C) EDS map of a c-Sb2S3 nanowire bundle encapsulated within a MWCNT. (D)
EDS map of an amorphous a-Sb2S3 nanowire within a MWCNT.
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slightly tilted from MWCNT nanotube long-axis. Just as we
observed with Sb2S3@BNNTs, smooth, defect-free regions of
MWCNT with well-ordered nanotube walls resulted in the
formation of crystalline c-Sb2S3 guest phase, while regions
around defect sites contained a-Sb2S3 (Fig. 3B). In the topmost
image of Fig. 3B, we also found individual c-Sb2S3 covalent
chains that are spatially localized with the amorphous a-Sb2S3
phase in close proximity.

To further understand this unusual but reproducible
behavior we once again closely examined the possibility that the
amorphization is a product of an off-stoichiometric phase with
the larger region of interest provided by our MWCNT source
(Fig. 3C and D). In a heterostructure where we observe distinct
lattice fringes along the length of the wire via HRTEM imaging
signifying crystalline order, a corresponding EDS map revealed
both Sb and S were present at 35 and 65 atomic percent,
respectively, which is close to the stoichiometric ratio of Sb2S3.
We attribute the small 5% discrepancy from the true 2 : 3 Sb/S
ratio to instrumental error. While there could have been
residual sulfur present on the TEM grid or coating the wires, the
EDS map of the S K intensity is exclusively localized to the inner
diameter of the nanotubes. Likewise, we also observed a ratio of
36 : 64 Sb/S for an amorphous phase within the nanotube that
we mapped subsequently (on the same grid) which, due to the
close agreement of the discrepancy attributable to the
measurement error, we are condent the stoichiometric ratio of
Sb/S is not the cause of the amorphization of Sb2S3@NTs. This
observation further supports the notion that amorphous
formation of Sb2S3 within nanotubes is a direct result of the
physical effect of the defect on the Sb2S3 rather than the specic
chemistry of the host nanotube. We note that nanotubes with
large inner diameters retain crystallinity despite the presence of
© 2024 The Author(s). Published by the Royal Society of Chemistry
defects (Fig. 3A), signifying that this effect, too, has a nanotube
diameter dependence and is likely suppressed by the available
free volume for crystallization in larger nanotubes.

Contrastingly, we also observed many Sb2S3 nanowires that
were amorphous within the BNNTs despite an apparently
smooth nanotube wall making up a majority of the Sb2S3@-
BNNT sample and sought to understand the rationale for this
crystallization behavior (Fig. 4). More specically, the hetero-
structures in question appeared to have no noticeable defects or
discontinuities along the nanotube walls and showed little to no
curvature (Fig. 4A). These nanotubes, for consistency, had
diameters that are close to the previously discussed nanotubes.
Through these samples, we examined how the more
pronounced formation of amorphous domains could be inu-
enced, to some extent, by the difference in interfacial chemistry
between CNTs and BNNTs. Electron donation may occur
between the CNT and the guest Sb2S3, which may be critical to
the stabilization of crystalline c-Sb2S3. DFT analysis of a single
Sb2S3 chain projected two-unit-cells long in a (21,0) SWCNT and
(21,0) single-walled BNNT (SWBNNT) revealed a signicant
difference in the host-to-guest electron donation depending on
the chemical identity of the nanotube (Fig. 4C). Bader analyses
of these simulated structures showed that 0.435 electrons were
transferred from the SWCNT to the two-unit-cell-long Sb2S3 in
Sb2S3@SWCNT(21,0) while the behavior was reversed and insig-
nicant for the BNNT, with a nominal value of 0.046 electrons
transferred from the two-unit-cell-long long Sb2S3 to the BNNT
in Sb2S3@SWBNNT(21,0).

These results are further corroborated by X-ray photoelec-
tron spectroscopy (XPS) of our experimental a-Sb2S3@BNNT
and c-Sb2S3@SWCNT samples (Fig. S10 and Table S2†). As
observed from our DFT calculations, the dominant electron
Chem. Sci., 2024, 15, 10464–10476 | 10469
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Fig. 4 HRTEM of Sb2S3@BNNTs and DFT simulations of Sb2S3@nanotubes. (A) Representative HRTEM image of amorphous a-Sb2S3 domains
within apparently smooth and well-defined BNNTs. (B) Representative HRTEM images of BNNTs before filling with Sb2S3. Highlighted in arrows
are the BN aggregates that are encapsulated inside the nanotubes. (C) DFT and electron density difference map of crystalline Sb2S3 in a (21,0)
SWCNT and (21,0) SWBNNT.
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localization occurs on S rather than Sb in Sb2S3@SWCNT.When
we compare the values of the S 2p peaks between c-Sb2S3@-
SWCNT (2p3/2 = 161.67 eV, 2p1/2 = 162.92 eV, and D = 1.25 eV)
and a-Sb2S3@BNNT (2p3/2 = 161.95 eV, 2p1/2 = 163.20 eV, and D

= 1.25 eV) the carbon nanotube has a 0.28 eV lower value,
indicating a greater degree of electron density. Meanwhile, the
Sb 3d peak values between c-Sb2S3@SWCNT (3d5/2 = 529.95 eV,
3d3/2 = 539.31 eV, and D= 9.36 eV) and a-Sb2S3@BNNT (3d5/2 =
529.97 eV, 3d3/2 = 539.4 eV, and D = 9.43 eV) are much closer in
value and consistent with other Sb2S3 nanowire reports.13 Both
@SWCNT and @BNNT Sb and S values are above those of the
experimentally determined bulk Sb2S3 values (Sb 3d5/2 =

529.72 eV, 3d3/2 = 539.08 eV, and D = 9.36 eV; S 2p3/2 =

161.57 eV, 2p1/2 = 162.81 eV, and D = 1.24 eV). While both
heterostructures are vdW in nature, this electron reorganization
in Sb2S3@SWCNT likely creates a dipole that stabilizes the
interaction between guest and host facilitated by carbon's
conductivity, while the Sb2S3@SWBNNT system more closely
resembles a true vdW interaction. This donation and subse-
quent weak dipole interaction also has an interesting impact on
the thermal stability of the material by thermogravimetric
analysis (TGA) (Fig. S11†). While both @NT structures decom-
pose at lower temperatures than the bulk material (632.1 °C) as
expected of nanomaterials,77 the c-Sb2S3@SWCNT material
(536.6 °C) appears to have a much greater degree of thermal
10470 | Chem. Sci., 2024, 15, 10464–10476
stability compared to the a-Sb2S3@BNNT material (246.9 °C).
The fact that the encapsulated Sb2S3 in BNNT is predominantly
amorphous could also contribute to this lower thermal stability.
Still, despite the appreciable difference in the extent of electron
transfer between the readily donating CNT and the relatively
inert BNNT, both simulated structures yielded energetically
favorable and comparable interactions based on the calculated
binding energies (EB) with a resulting EB = −1.83 eV in Sb2-
S3@SWCNT and EB = −1.52 eV in Sb2S3@BNNT. While the
Sb2S3@SWCNT shows a slightly more negative EB and a more
energetically favorable interaction, the Sb2S3@BNNT is still
energetically favorable, and we nd clear examples of c-Sb2S3
nanowires within the BNNTs. From an experimental stand-
point, Sb2S3 nanowires can also readily crystallize outside of
a nanotube which means that ultrathin Sb2S3 is not a meta-
stable phase.13 As such, based on these arguments, we posit that
as electron donation from the carbon nanotubes stabilizes the
Sb2S3 chain, the lack of donation from BNNTs does not desta-
bilize the chain.

To complement these observations, we also experimentally
evaluated the quality of the empty BNNT precursors that we
used for lling and found obvious aggregates of BN already
inside most of the tubes (Fig. 4B). These aggregates, along with
other inner tube wall defects and discontinuities, are present at
the time of nanotube synthesis and were not removed unlike
© 2024 The Author(s). Published by the Royal Society of Chemistry
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other BN impurities. From our imaging studies, we found that
the aggregates persisted aer calcining the BNNTs at 800 °C in
open air for 5 hours and even aer washing in aqua regia for 5 h
followed by calcination (Fig. S12†). Observations from other
literature reports that utilized the same nanotube source also
observed the same aggregates encapsulated within the nano-
tubes resulting from the aggressive post-synthesis treatment to
open the ends.78 These observations suggest that these aggre-
gates likely act in the same way nanotube wall defects do, dis-
rupting crystal packing and causing the amorphous phase to be
preferred. In line with our prior discussion, we further reason
that this is the likely cause for the formation of amorphous
domains for the large majority of the Sb2S3 within the BNNTs
despite the BNNT walls being predominantly smooth, rather
than the lack of electron donation from the host nanotube to
the guest Sb2S3 structure.

From HRTEM imaging coupled with EDS mapping, we have
corroborated that the degree of crystallinity found in Sb2S3@-
NTs is strongly dependent on the crystalline order and quality of
material it interfaces with. In smooth and continuous nano-
tubes, we consistently observed c-Sb2S3. In contrast, in jagged or
narrowing nanotubes, we found a-Sb2S3 domains especially at
narrow (<10 nm) nanotube diameters. We surmise that this
difference can be rationalized in terms of the interfacial
stability between the Sb2S3 phase and the host nanotube. As
a unique 1D PCM, the literature has established that the energy
difference between the c-Sb2S3 and a-Sb2S3 phases is low.79

Owing to its crystalline and highly anisotropic nature, the
growth of c-Sb2S3 has the geometric propensity to adopt a 1D
nanostructure as imposed by its [Sb4S6]n chain building blocks.
Against an atomically rough or discontinuous nanotube
surface, however, a propagating chain and bundle of c-Sb2S3
will require more free space within the nanotube (and along the
direction of the chain propagation) to consistently crystallize
linearly as 1D crystals and will be limited by the distance of the
furthest extended defect of the nanotube wall. Hence, while the
c-Sb2S3 may be slightly more energetically favorable than the
amorphous phase outside the nanotube, the presence of defects
along the nanotube inner walls could destabilize the favorable
interfacial vdW interaction between the encapsulated Sb2S3
phase and the nanotube host. In contrast, a-Sb2S3 can readily
solidify to occupy any geometric conguration and shape of the
host nanotube. This structural modularity of an amorphous
phase means it can readily ll the irregular void space that
would destabilize the c-Sb2S3 phase, thereby maximizing the
surface stability of the a-Sb2S3@NT heterointerface.

We note that the amorphous phase is not limited to the areas
immediately surrounding the defect and, instead, appears to
saturate a sizable nanotube region several nanometers beyond
the nanotube defect (Fig. 2C and 3B). From these results, we
posit that thermodynamic surface stability of the amorphous
phase at the interface drives the immediate surrounding
nanotube area to favor the formation of amorphous domains,
diminishing the crystalline phase except in very smooth regions
where the c-Sb2S3 phase preferentially forms. Our observation of
the diameter dependence of this effect, wherein defects do not
strictly cause amorphous phases or domains at large diameters
© 2024 The Author(s). Published by the Royal Society of Chemistry
(>10 nm), suggests a competition between Ostwald ripening80

and the recently discovered defect-mediated ripening.81 The
former involves a large crystalline domain within the nanotube
that drives the system toward a crystalline phase regardless of
defects while the latter involves the higher intrinsic interfacial
stability of an amorphous phase within the nanotube that
drives the system towards that the formation of amorphous
domains at the vicinity of defect sites along the nanotube walls.
In terms of growth, this would imply that the liquid Sb2S3 melt
migrates into the nanotubes at high temperatures. Then, as the
reaction cools, the Sb2S3 melt solidies in a way that minimizes
its surface energy: either by directionally crystallizing in small,
defect-free nanotubes in the direction parallel to the long axis of
the nanotube or by condensing as an amorphous solid to
occupy the defective regions. At larger nanotube diameters, we
observe that both mechanisms break down, resulting in
decreased directionality in the crystallization and crystalline
quality regardless of defects as the stability of a “bulk” crystal
becomesmore pronounced than that of the interface. We do not
see any signicant difference between CNTs and BNNTs in this
regard, as even though CNTs have a more stable interface with
c-Sb2S3 based on our calculations, we still nd a-Sb2S3 at CNT
wall defects. Structural selectivity has been reported previously,
in which nanotube diameter dictates the phase of the guest,82,83

though amorphous phases at defects and diameter-dependent
control over covalent direction have not. We note that this
result is not unique to 1D systems but is also consistent with
literature reports in comparable 2D synthetic platforms, in
which the formation of thin lm domains of a-Sb2S3 templated
onto a graphene substrate is greatly facilitated by ozone-
induced defects in the surface.25

Our understanding of the formation of a-Sb2S3 and c-Sb2S3
domains in BNNTs has provided an opportunity to evaluate the
optoelectronic properties of conned amorphous domains of
Sb2S3 encapsulated within an optically transparent (in the
visible range) and electrically insulating BNNTs. These Sb2-
S3@BNNT heterostructures are predominantly comprised of a-
Sb2S3@BNNTs with some c-Sb2S3@BNNTs (Fig. 5). From the
sample under study, the consequences of encapsulation were
immediately obvious from the red-orange appearance (in
contrast with the empty BNNTs that are white) of the a-Sb2-
S3@BNNT ensemble collected from the mixed melt synthesis
product (Fig. 5A). In our efforts to quantify the absorbance of
the a-Sb2S3@BNNT, we found that estimating the Kubelka–
Munk absorbance from DRS was inconsistent, as empty BNNTs
reected more of the incident light than the KBr used for the
sample matrix and the blank measurement. Instead, we used
UV-vis spectroscopy to probe the absorption signatures of a-
Sb2S3@BNNTs suspended in isopropanol (Fig. 5B). The result-
ing spectrum showed an obvious absorption edge that emerged
at∼502 nm/2.47 eV. This is in the high energy end of the typical
1.7–2.8 eV absorption range of a-Sb2S3 as found in the litera-
ture25,27,30 and is a signicant 0.89 eV blue shi from the 790
nm/1.57 eV band gap absorption edge of bulk crystalline Sb2S3.
Meanwhile, the Raman spectrum of a-Sb2S3@BNNT matches
literature reports of a-Sb2S3,31 with only one broad peak
centered around 300 cm−1. This broad peak corresponding to
Chem. Sci., 2024, 15, 10464–10476 | 10471
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Fig. 5 Optoelectronic properties of primarily a-Sb2S3 encapsulatedwithin BNNTs. (A) Optical images of a-Sb2S3@BNNTs (left) and BNNTs (right).
(B) UV-vis spectra of a-Sb2S3@BNNTs and BNNTs overlayed with DRS of crystalline Sb2S3. (C) Raman spectra of a-Sb2S3@BNNTs, crystalline
Sb2S3, and BNNTs. (D) Device schematic of pressed pellet of a-Sb2S3@BNNTs. (E) Photocurrent response of pressed pellet of purified a-Sb2-
S3@BNNTs illuminated with a 13 mW cm−2 light source.
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the amorphous phase does not display a shoulder peak unlike
the Raman peak apparent in our c-Sb2S3@CNTs, corroborating
our observations made by HRTEM that most of the material is a-
Sb2S3 within the BNNTs (Fig. 5C). While amorphous, these
results still demonstrate that BNNTs can be sensitized using an
inorganic guest (amorphous or crystalline) to absorb well within
the visible range.

Finally, we demonstrate that lling BNNTs with mostly a-
Sb2S3 also imparts a degree of electrical conductivity to the
heterostructure when pressed as ensemble pellets (Fig. 5D and
E). To fabricate devices from lled and empty BNNTs, we
pelletized each at 14 MPa then fabricated roughly uniform
rectangular sections from the resulting pellet. Comparative
measurements for both lled and empty BNNTs were made
using identical contacts (indium metal) and device geometry
(two-probe contacts), with dimensions that were measured and
accounted for. The devices were then illuminated by a pulsed
415 nm LED light at 13 mW (Fig. 5D). From the current vs. time
plot, we observed a well-resolved and prominent photocurrent
response for the a-Sb2S3@BNNT device but not for the empty
BNNT device (Fig. 5E). This indicates any measurable photo-
current arises from the a-Sb2S3 nanostructures encapsulated
inside of the nanotubes. We also observed an uptick in
conductivity, from 5.1 nS cm−1 in empty BNNTs to 8.3 nS cm−1

in a-Sb2S3@BNNTs (Fig. S13†). These results suggest that
pronounced alterations in the optical, electrical, and optoelec-
tronic behavior of composite BNNT-encapsulated 1D or quasi-
1D vdW crystals can be realized even with amorphous encap-
sulated domains. From these results, we envision that the dis-
persibility of the Sb2S3@BNNT assembly and the stability of the
ultranarrow heterostructures indicates that signicant
improvements can be made via more optimized device fabri-
cation to improve the active building blocks and create effective
single wire photoresistors of only a few nm in width. The
insulating nature of the BNNTmeans the conduction is strongly
inuenced by the Sb2S3 guest which could potentially serve as
10472 | Chem. Sci., 2024, 15, 10464–10476
ultranarrow semiconductor building blocks for next-generation
transistor platforms.70 Finally, BN-semiconductor hetero-
structures have demonstrated good capability as thermoelectric
devices in 2D,84 and this class of heterostructure could also
serve as a 1D platform for waste heat recovery and thermo-
electric power generation.
3 Conclusion

In this report, we demonstrated that single- and multi-walled
carbon and boron nitride nanotube encapsulation can be
used to control the size, growth direction/orientation, and
degree of crystallinity of Sb2S3, a model quasi-1D vdW crystal,
from nanowire bundles down to the single chain regime. We
establish that using highly uniform SWCNTs facilitates the
formation of continuous few-chain nanowires and single cova-
lent chains, directing growth strictly to the [010]-direction. On
the contrary, we systematically observed that using either
BNNTs or MWCNTs with inner wall defects led to the formation
of a-Sb2S3 domains localized around the defects. We observed
that this effect was nanotube size-/diameter-dependent, with
larger nanotubes crystallizing encapsulated Sb2S3 nano-
structures regardless of defects in the tube wall in addition to
diminished control over the growth orientation. Beyond our
understanding of the possible growth and crystallization path-
ways of Sb2S3, our ability to synthesize ensembles of Sb2S3@-
nanotube heterostructures with a visible light-transparent and
insulating BNNT also enabled us to evaluate the unobscured
optical and electrical properties of ultrathin, predominantly
amorphous, Sb2S3 few-chain nanowire bundles. Altogether, our
study on the synthetic modulation of Sb2S3 nanostructures,
either crystalline or amorphous and at or approaching the
single chain regime, underscores the critical role of the host–
guest interface on the formation of well-dened structural
domains, the spectrum of accessible optical and electronic
states, and the prospects of encapsulated quasi-1D vdW guest
© 2024 The Author(s). Published by the Royal Society of Chemistry
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nanomaterials with applications in energy conversion such as
photovoltaics and thermoelectric generation as well as in
computing and data storage devices.
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