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Flexible Selenium Nanowires with Tuneable Electronic
Bandgaps
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Manipulating semiconductor properties without altering their chemical
composition holds promise for electronic and optical materials. However,
linking atomic positions in nanomaterials to their functional properties
is challenging due to their polydispersity. This study utilizes nano test
tubes to uncover distinct phases of selenium, an elemental semiconductor,
demonstrating a remarkable structural plasticity between 0.4 and 3.0
nm. These structures are correlated with their electronic bandgaps, ranging
from 2.2 to 2.5 eV, using ultra-low-loss electron energy loss spectroscopy and
aberration-corrected scanning transmission electron microscopy for individual
nanowires in boron nitride nanotubes (BNNT). Notably, the variation
in bandgaps diverges from that of bulk selenium and is non-monotonic on the
host-nanotube diameter, indicating that conformational distortions in selenium
chains begin counteracting quantum confinement effects at sub-nm scales. A
1D phase diagram predicting selenium’s atomic structure based on nanotube
diameter, regardless of the chemistry of the host nanotube is developed, which
can be BNNT or carbon nanotubes. Phase changes in selenium nanowires
are imaged in real-time by transmission electron microscopy using BNNT as a
test tube with an adjustable diameter. These nanoscale findings pave the way
for the development of advanced miniature tuneable and flexible electronic
components, including transistors, optical sensors, and photovoltaics.
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1. Introduction

Following its discovery in 1817,[1] the ele-
ment selenium (Se) has found a multitude
of applications across the physical sciences.
Experiments performed on Se in the 1870s
led to the discovery of photoconductivity,[2,3]

the realisation of the photovoltaic effect
in solid semiconductors[4] and its use as
the photoactive component of the first so-
lar cells.[5] Ample research into the pro-
duction and optimisation of Se semicon-
ducting materials of specific allotropes has
been performed in recent years due to its
phase- and dimensionality-dependent elec-
tronic and optical properties.[6–8] When con-
fined to the nanoscale Se can exist in var-
ious form-factors,[9] including nanowires
(NWs),[10] nanorods,[11] nanosheets[12] and
nanoparticles.[13] These nanomaterials have
a wide range of potential applications, in-
cluding components in nanoscale solar
cells[12,14] and energy storage materials.[15]

A highly effective method for controlling
dimensionally, and hence the functional
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Figure 1. Sub-nanometre diameter control and bandgap analysis of individual selenium nanowires through electron microscopy: a) Schematic depicting
the two-step procedure used to encapsulate Se inside BNNTs, the same procedure as used for CNTs and photograph of solid Se@BNNT, b) through
AC-HRTEM imaging the dependence of NT diameter on the structure and bonding of Se NWs is established, allowing for a 1D phase diagram to be
produced, c) Through electron beam irradiation of Se@BNNT the diameter of encapsulated Se NWs can be controlled with sub-nm precision, down to
linear single-atom chains, d) AC-STEM EELS analysis reveals the effect of diameter on the bandgap of individual Se NWs.

properties of materials, is confinement in carbon nanotubes
(CNTs). The cylindrical internal cavity of CNTs allows for the
templated growth of high aspect ratio functional nanomateri-
als, while also allowing for atomic structures of materials to
be studied by transmission electron microscopy (TEM).[16–18]

A wide range of semiconducting materials, including SnSe,[19]

In2Se3
[20] and CsPbBr3

[21] have been nanoconfined in this man-
ner, alongside the elemental chalcogens S,[22] Se[23] and Te.[24]

Se was first encapsulated inside multi-walled carbon nanotubes
(MWCNTs) in 1996,[25] but has since been encapsulated inside
CNTs of a range of diameters.[26,27] Fujimori et al. utilized small-
diameter double-walled carbon nanotubes (DWCNTs) to encap-
sulate single- and double-helix Se chains measuring only 0.7 nm
in diameter.[23] As the diameter of the encapsulating CNT be-
comes larger, other conformations of Se are templated, taking the
form of multiple trigonal Se (t-Se) chains[28] or ‘liquid-like’ t-Se
with a visible meniscus.[26] However, it is not possible to estab-
lish a connection between the structure of semiconducting NWs
and their functional properties in CNTs, as any optical or elec-
tronic measurements are strongly dominated by the electronic
structure of the host nanotube, cloaking the semiconductor wire
within.

A. Patanè
School of Physics
University of Nottingham
Nottingham NG7 2RD, UK

Boron nitride nanotubes (BNNTs) are isostructural to CNTs
but have vastly different properties due to their differences in
elemental composition.[29] While CNTs are highly absorbing
narrow-gap semiconductors ormetals, BNNTs are optically trans-
parent insulators, making the latter ideal hosts for electroni-
cally, optically and magnetically active materials. However, ex-
amples of NW growth within BNNTs are rare[30] and include
graphene nanoribbons,[31,32] Fe NWs,[33] KCl, KBr and KI NWs[34]

and nested single-walled carbon nanotubes (SWCNTs).[35] Recent
studies have shown a clear advantage of BNNTs over CNTs as
effective hosts for extending the fluorescence of organic dyes[36]

and allowing access to the electronic[37] and optical[38] properties
of encapsulated semiconductors.
In this article, we utilize the power of nano test tubes to grow

nanowires of an elementary semiconductor, selenium, at differ-
ent degrees of confinement. We demonstrate that this material
exhibits remarkable structural plasticity, existing in a wide vari-
ety of forms, ranging from linear atomic chains to trigonal he-
lices to nanosized nanowires. The controlled synthesis of these
structures unlocks the full potential of this semiconductor. Our
toolbox includes two types of nano test tubes – one opaque and
conducting and the other transparent and insulating – CNT and
BNNT, respectively, and the electron beam that is utilized in three
ways – to image atomic positions, record spectra at the single-
particle level, and manipulate the nanowires. Our approach un-
covers the intricate relationship between the degree of confine-
ment and the chemistry, structure and bonding of selenium
nanowires, leading to tailorable optical properties.
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2. Results and Discussion

2.1. Growth of Selenium Nanowires Inside Carbon and Boron
Nitride Nanotubes

In this study, five different NTs (technical specifications in
Table S1), one BNNT and four CNTs of a range of diameters
(Figures S1 and S2; Table S2, Supporting Information), are uti-
lized as containers for the growth of Se NWs. A sublimation fill-
ing method was utilized (Methods, Figure 1a) to prepare both Se
inside CNTs (Se@CNT) and Se inside BNNTs (Se@BNNT). The
same experimental conditions for Se NW growth were used for
all varieties of NTs, allowing us to focus on the effect of NT di-
ameter on the structure of the templated NW. Due to differences
in the optical transparency of the nanocontainer, CNTs remain a
black powder, whereas BNNTs turn from white to orange. For all
NTs, Raman spectroscopy was utilized to confirm the nanocon-
finement of Se (Figures S3 and S4; Tables S3 and S4, Supporting
Information).

2.2. The Effect of NT Diameter on the Structure and Bonding of
Encapsulated Selenium

Energy dispersive X-ray (EDX) analysis (Figure S5, Supporting
Information) was used to investigate the four Se@CNT systems,
revealing peaks corresponding to Se (L𝛼). Scanning transmission
electron microscopy-energy dispersive X-ray (STEM-EDX) anal-
ysis confirmed both uniform Se distribution within 20–50 nm
bundles of CNTs (Figure 2a–c) and Se encapsulation by individ-
ual NTs (Figure S6, Supporting Information).
High-resolution TEM (HRTEM) and aberration-correct

HRTEM (AC-HRTEM) imaging, complemented by TEM image
simulations, were utilized to determine the effect of CNT in-
ternal diameter on the structure and bonding of encapsulated
Se NWs. The smallest diameter CNT (Figure 2d), measuring
0.73 nm in diameter, encapsulates a linear atomic chain of Se
(l-Se, structure in Figure 2k). A TEM image simulation of a
l-Se inside a CNT of the same diameter (Figure S7, Supporting
Information) correlates well with experimental images, with
interatomic distances of 0.23 nm in the experimental image
and 0.24 nm in the simulated image. The longest single chain
of l-Se imaged by TEM measures at least 28 nm (Figure S8,
Supporting Information). While the formation of l-Se chains
inside cancrinite nanochannels has been confirmed previously
by Raman analysis,[39] their existence has not been proven
directly by imaging. The structure we observed for l-Se in very
narrow nanotubes is consistent with other chalcogens, as both
Te[24] and S[22] have also been shown to adopt linear atomic chain
conformations under the effects of extreme confinement.
Increasing the diameter of the CNT to 0.88 nm (Figure 2e)

gives rise to high translational and rotational mobility of encap-
sulated Se chains (Figure S9, Supporting Information), which
can cause difficulty in obtaining atomically resolved TEM images
of the encapsulated species. To counteract this, encapsulated Se
found near defective areas of CNTs (green arrow in Figure S10a,
Supporting Information) were imaged. These defective regions
reduced the translational mobility of Se, allowing for atomic reso-
lution during AC-HRTEM imaging. However, the rotational free-
dom of Se NWs remains on the timescale of image capture (≈ 1

fps), which allows us to inspect different orientations of the same
NW. A simulated rotational tableau was compared to experimen-
tal images of a suspected single-chain Se conformation, enabling
the determination of the atomic structure as a single chain of t-Se
(Figure 2e; Figures S11 and S12, Supporting Information).[40]

When the diameter of the CNT is increased further, to 1.10
nm, encapsulated Se assumes a conformation of two co-linear
l-Se chains (Figure 2f). The distance between the two chains was
experimentally measured as 0.38 nm, which corresponds to dou-
ble the van der Waals radius of Se (0.19 nm).[41] Additionally, Se
atomic spacings along a chain are measured as 0.23 nm in both
experimental and simulated images (Figure S13, Supporting In-
formation). As highlighted by the yellow square in Figure S13c
(Supporting Information), the two co-linear Se atomic chains ap-
pear to have a staggered conformation, likely driven by the opti-
misation of van der Waals interactions. In some cases, the two
co-linear l-Se chains were observed to twist along the axis of
the CNT (Figure S14, Supporting Information), leading to varied
interchain separation distances in projection. Co-linear atomic
chains of Te inside CNTs have previously been reported by Qin
et al., requiring encapsulation by a CNT of 1.2 nm in diameter.[42]

These co-linear atomic chains of Se may have a similar appear-
ance when inmotion to the double helices previously reported by
Fujimori et al.[23] These authors showed that the fast motion of
Se chains prevented detailed atomic imaging of their structures.
In this work, we have focussed our investigation on stationary
structures, which allows for an exact determination of Se atomic
positions.
Once the diameter of the CNT becomes larger than 1.32 nm,

encapsulation of two chains of t-Se (Figure 2l) becomes possi-
ble. Due to van der Waals constraints, two chains of t-Se is the
largest diameter Se-based structure that can be encapsulated in
a CNT of this size. The internal diameter of the host CNT deter-
mines the spacing between the two chains of t-Se (Figure 2g,h;
Figure S15, Supporting Information), due to favorable interac-
tions between the Se chains and the CNT walls,[43] increasing the
average inter-chain separation as CNT diameter increases. Sim-
ilar to the aforementioned co-linear chains of l-Se, in some in-
stances, two chains of t-Se were observed to twist along the axis
of the CNT, resulting in varied interchain separation distances
in projection (Figure S16, Supporting Information). Further in-
creases in CNT diameter allow for the encapsulation of multiple
t-Se chains (Figure 2i), identified by comparing the inter-chain
spacing in simulated and experimental images (Figure S17, Sup-
porting Information). When CNTs of this diameter encapsulate
Se NWs, they still possess high translational and rotational mo-
bility (Figure S18, Supporting Information). As soon as the di-
ameter of a CNT becomes large enough to allow for two chains
of l-Se or t-Se to be encapsulated, the encapsulated species be-
comes significantly less crystalline and more similar to that of
amorphous selenium.[44] The high mobility (Figure S9, Support-
ing Information) and irregular twist axes (Figure S14, Support-
ing Information) of these encapsulated nanowires result in long-
range disorder; however, short-range order is observed in in-
teratomic (Figure S13, Supporting Information) and interchain
(Figure S15, Supporting Information) spacings, which are simi-
lar to literature values for crystalline structures. This is analogous
to the assessment of amorphous selenium made by Laude and
Fitton,[45] who describe the aforementioned material as some-
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Figure 2. TEM Analysis of the Selenium NWs inside CNTs: a) 120 kV bright-field (BF) STEM image of Se@SWCNT bundles, b,c) carbon and selenium
EDX maps of the region shown in a), respectively, d–j) composite images containing experimental AC-TEM image (left), simulated TEM image (centre
left), side-on molecular model (centre right) and end-on molecular model (right) of various diameter Se@CNT systems, k,l) space-filling molecular
model a l-Se chain and of two t-Se chains, respectively, Se atoms in orange, m) graphical representation of the linear relationship between measured
CNT internal diameter and simulated Se vdW diameter (Adj. R2 = 0.9998), n) 1D phase diagram showing the effect of CNT diameter on the conformation
of encapsulated Se. Coloured squares correspond to conformations seen experimentally, coloured regions correspond to the dimensions of CNT that the
specified conformations are expected to exist in and black dotted lines designate the minimum CNT internal diameters that can accommodate particular
phases of Se, detailed further in Table S6 (Supporting Information).

thingmore similar to a disordered crystal than a truly amorphous
solid.[46]

TEM analysis of Se@CNT systems where the CNT internal di-
ameter measures above 3 nm (Figure 2j) revealed encapsulated
Se with menisci, as previously seen by Dutta et al.[26] In two
MWCNTswith different internal diameters, both convex and con-
cave menisci are seen (Figure S19, Supporting Information), in-
dicating that effective wetting of the internal surface of the larger
diameter CNTs with Se, and thus the surface tension of Se is
highly dependent on the diameter of the CNTs.[47] Unlike when

encapsulated by smaller diameter CNTs, no atomic contrast cor-
responding to t-Se was observed in CNTs of this size. TEM sim-
ulations of large bundles of t-Se (Figure S21, Supporting Infor-
mation) show that a loss of defined contrast is seen when the
structures are rotated around the CNT axis. Furthermore, these
wide Se NWs exhibited translational motion, moving within the
internal cavity of the CNTs during imaging (Figure S20, Support-
ing Information). These two factors explain the lack of spacing
corresponding to t-Se seen in the experimental images in CNTs
of this diameter.

Adv. Mater. 2025, 2501821 2501821 (4 of 11) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 3. Nanoscale Characterisation of Se@BNNT a) 60 kV HAADF image and STEM-EELS maps of Se@BNNT showing the encapsulation of Se,
b,c) 200 kV TEM images of a single BNNT filled with Se and a bundle of Se-filled BNNTs, respectively.

Our imaging data shows a clear linear relationship between
CNT internal diameter and the diameter of the encapsulated Se
NW (Figure 2m, data used shown in Table S5, Supporting In-
formation), revealing that Se inside CNT fills all available space
regardless of CNT internal diameter. The structural flexibility of
Se chains allows them to switch between linear and trigonal ge-
ometries, maximising interaction with the CNT due to the na-
ture of the Se─Se bond angles, which can be easily distorted.
This is different to typical ionic and covalent materials encap-
sulated in CNTs, where the bond angles and stoichiometry con-
strain structural flexibility in confinement. Figure 2n presents a
1D phase diagram for Se, enabling the prediction and thus con-
trol of the nanoconfined Se conformation based on the dimen-
sions of the host NT (data used are shown in Table S6, Supporting
Information).

2.3. Real-Time Phase Change Dynamics in Se NW Driven by In
Situ Control of Nanotube Diameter

Electron microscopy of Se@BNNT revealed that the procedure
detailed in Figure 1a clearly results in the successful encapsu-
lation of Se by BNNTs. High-angle annular dark-field (HAADF)
AC-STEM imaging of a single BNNT filled with Se (Figure 3a),
alongside B (K), N (K) and Se (M4,5) edge EELS maps highlights
the presence of Se inside the internal cavity of the BNNT.HRTEM
imaging (Figure 3b,c) and EDX analysis (Figure S22, Supporting
Information) of bundles of Se@BNNT also confirmed the pres-
ence of encapsulated Se. Similar to the results seen in TEM anal-
ysis of Se@CNT, encapsulated Se was found to be highly mobile
inside BNNTs (Figure S23, Supporting Information), with larger
diameter BNNTs showing little evidence of inter-chain spacings
corresponding to t-Se. However, following continued 200 kV elec-
tron beam irradiation of Se@BNNT during TEM imaging, lines
of contrast with a similar spacing to that of the interchain spacing
of bulk t-Se emerged (Figure S24, Supporting Information).
To further understand the electron-beam-induced reaction

(Figure S24, Supporting Information), Se@BNNT was imaged
under controlled irradiation with an 80 kV electron beam using
AC-HRTEM. A single BNNT filled with Se under a flux of 1.2 ×
108 e−nm−2 s−1 (Video S1; Figure S25, Supporting Information)
showed the formation of defects in the sidewall of the BNNT, in-

dicated by the green arrow in Figure 4a. Following further irra-
diation, these defects, caused by direct knock-on (DKO) damage,
grow. As shown previously (albeit using empty BNNTs) by Celik-
Aktas et al.[48] and Cheng et al.[49] the removal of B atoms in this
manner can also lead to the elimination of N, resulting in the
irradiated BNNT losing mass. This process is known to occur
much more quickly for the inner BNNT of a multiwall BNNT,
due to its higher curvature and, therefore, strain.[48,49] Our imag-
ing under these conditions over 400 s shows the formation of
lines of contrast corresponding to chains of Se, which are ini-
tially found in areas adjacent to defects in the BNNT sidewall
(Figure 4a). The formation of these lines is reversible (Video S1,
Supporting Information), so it is attributed to a temporary reduc-
tion in the translational and rotational motion of the encapsu-
lated t-Se chains rather than a phase change to a fully crystalline
species (a process that would be irreversible under our condi-
tions). Importantly, we observed the vacancy defects in BNNT
not only propagate but also re-arrange under the electron beam,
causing the BNNT’s diameter to contract. This is consistent with
studies by Celik-Aktas et al. and Cheng et al., where defects in the
BNNT sidewalls were able to anneal in the presence of an elec-
tron beam, reorganising into a smaller diameter structure.[48,49]

The same process here causes the phase change (t-Se to l-Se) of
encapsulated Se due to the gradual reduction in BNNT diameter.
A similar electron-beam-induced extrusion process has been pre-
viously reported for carbon nanotubes in Fe@MWCNTs, which
required simultaneous in situ heating to 600 °C during electron
beam irradiation.[50] As the diameter of host BNNT decreased,
we observed the formation of increasingly narrow Se NWs with
more pronounced atomic spacings of t-Se interchain separation,
matching those seen previously in narrow CNTs. Further irradia-
tion ultimately led to a linear Se chain (Figure 4c,f, inner diameter
of BNNT0.8 nm), agreeingwith the prediction of the 1Dphase di-
agramderived fromCNThosts (Figure 2m). Linear atomic chains
of l-Se (Figure 4c), seven t-Se chains (Figure 4b) and smeared
atomic contrast in larger NTs (Figure 4h) inside BNNTs mirror
the observations in CNT (Figure 2d,i,j). While the interactions
of Se with the host nanotube are predicted to be stronger in the
case of BNNTs,[43] they are not strong enough to prevent trans-
lational movement of the encapsulated nanowires (Figure S23,
Supporting Information). We expect the BNNTs with narrowing
diameter produced during electron beam irradiation to be stable,
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Figure 4. Controlling the diameter of Se NWs in-situ by electron beam irradiation a), b) and c) composited images containing 80 kV AC-TEM images
(left) side on molecular models (centre) and end on molecular models (right) of the same section of Se@BNNT during continued e-beam irradiation
(see Video S1, Supporting Information), d,e,f) line profile analysis of the red boxes shown in a), b) and c), respectively, g) and h) 200 kV TEM images of
Se@BNNT before and after an electron fluence of 25 × 108 e−nm−2 has been administered, i) demonstration of the percentage change in internal NT
diameter during continued e-beam irradiation for Se@BNNT, Se@MWCNT and an empty BNNT, j) change in the measured diameter of the internally
encapsulated Se NW shown in g) and h) during continued e-beam irradiation, k) schematic showing the process that causes shrinkage of BNNTs and
extrusion of Se following e-beam irradiation.

as discussed by Celik-Aktas et al.[48] and Cheng et al.[49] and thus
Se nanowires templated in real time under these conditions also
to be stable as they appear to replicate nanowires that exist within
CNTs under ambient conditions.
To probe this reaction further, the internal diameters of an

empty BNNT, a Se-filled BNNT and a Se-filled CNT (all possess-
ing initial diameters of≈ 3.5 nm) were measured as a function of
increasing electron dose at 200 kV. After administering a dose of
25 × 108 e−nm−2, the internal diameter of the Se-filled BNNT
decreased by roughly 50% (Figure 4g–j; Video S2, Supporting
Information). In contrast, the empty BNNT and Se-filled CNT
(Figure 4i; Figure S26, Supporting Information) saw an overall

diameter reduction of less than 10%. Quantitative STEM-EDX
and local probe core–shell EELS analysis confirmed that electron
beam irradiation of bundles of Se@BNNT caused a decrease in
the amount B, N and Se, and minimal change in the structure
of the B and N K-edges, respectively (Figure S27, Supporting In-
formation). Because of this, we expect very little change to the
valence states of B and N atoms during irradiation. Furthermore,
the interwall spacing of the BNNT remains consistent through-
out the electron beam irradiation and the shrinkage of the BNNT
(Figure 4a–c). This indicates that selenium atoms are not inte-
grated into the hexagonal BN lattice, which continuously recon-
structs itself under the electron beam.

Adv. Mater. 2025, 2501821 2501821 (6 of 11) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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The impact of Se on the contraction of BNNT in the electron
beam is likely to relate to an effective bonding between Se and B
or N dangling bonds in vacancies created by the electron beam
(Figure S28, Supporting Information). This is supported by the
appearance of defined contrast corresponding to t-Se chains adja-
cent to newly formed defects (Figure 4a; Figure S24, Supporting
Information). Such Se-N or Se-B bonding with defects causes the
stabilisation of the latter, therefore reducing the barrier for defect
formation in BNNT according to the Bell-Evans-Polanyi princi-
ple (Figure S29, Supporting Information).[51] Unlike in BNNT,
the presence of Se does not facilitate defect formation in CNTs,
which may be related to the carbon lattice’s ability to readily form
five-membered rings and redistribute the strain of the vacancies
through Stone-Wales rearrangement that slows down diameter
constriction in CNT under the electron beam (Figure S30, Sup-
porting Information).[52]

2.4. The Relationship Between Se NW Diameter and Bandgap

Ultra-low-loss EELSmeasurements can be used to determine the
size and nature of optical bandgaps of nanoscale materials. Com-
bining highly monochromated EELS with aberration-corrected
STEM (AC-STEM) allows for the experimental determination
of optical bandgaps with an extremely high energy and spa-
tial resolution, uncovering structure-property relationships at the
nanoscale.[53] This has been successfully performed on a range of
nanomaterials, including CsPbBr3 nanosheets,

[54] ZnSe@ZnTe
NWs[55] and empty CNTs[56] and BNNTs.[57]

The metallic or small-gap semiconductor characteristics of
CNTs result in a variety of electronic transitions, correspond-
ing to van Hove singularities and 𝜋 plasmons, which ob-
scure the encapsulated semiconductors.[56] However, consider-
ing that BNNTs have a bandgap of ≈ 5.5 eV, much wider than
any of the forms of selenium,[58,59] optical transitions of semi-
conducting species encapsulated in BNNTs should be directly
observable.
We developed a robust method for acquiring and process-

ing the EELS data for individual Se NWs (Methods section, raw
data in Figure S31, Supporting Information). High-angle annu-
lar dark-field (HAADF) AC-STEM imaging (Figure 5a,c,e,g) and
subsequent AC-STEM-EELS analysis (Figure 5b,d,f,h) was per-
formed at 60 kV, to prevent knock-on damage and subsequent
changes to Se@BNNT diameter during data acquisition. Addi-
tionally, the filled BNNTs analysed by STEM-EELS were all above
1.4 nm in internal diameter, which, according to the 1D phase
diagram (Figure 2n), will template the growth of NWs with dif-
ferent diameters but consisting of t-Se chains of same disordered
crystalline phase.
Our EELS measurements revealed that all Se NWs have a

direct optical bandgap (Figure 5b,d,f,h). Systematic investiga-
tion showed that the relationship between the diameter of t-
Se NWs and their optical bandgap energy is non-monotonic
(Figure 5i; Table S7, Supporting Information) and consistently
higher than that of bulk t-Se reported by Gates et al.[10] No-
tably, the bandgap reaches a maximum value of 2.45 eV for a
1.8 nm diameter BNNT, when the t-Se NW consists of ≈20 he-
lixes of t-Se (Figure 5c,i, inset). This effect is attributed to quan-
tum confinement.[10,60] However, as the BNNT internal diame-

ter decreases from 1.8 to 0.8 nm, the energy of the bandgap de-
creases, reaching 2.24 eV at 0.8 nm, which corresponds to 4 he-
lixes of t-Se (Figure 5g,i inset). In the context of quantum con-
finement effects, the observed reduction in the bandgap in the
sub-nanometre regime is surprising. This phenomenon may be
linked to the unique structural flexibility of Se chains. Previ-
ous studies have shown that the decrease in the bandgap of t-
Se chains confined within zeolites is associated with pressure-
induced distortions in Se─Se bond angles.[61] Furthermore, the-
oretical studies of t-Se chains under high pressure have pre-
dicted the same effect, with the pressure-induced distortion of
t-Se bond angles causing a rapid decrease in the bandgap.[62]

This phenomenon of pressure-induced bandgap decrease has
also been reported in perovskites, attributed once again to bond
distortion.[63,64] Our TEM imaging showed that bond angle distor-
tions easily occur in individual selenium nanowires (Figures 2
and 4) when the internal diameter of the host nanotube ap-
proaches 1 nm, ultimately leading to the straightening of the heli-
cal t-Se chain into a linear form, l-Se. This transformation is likely
related to theoretically predicted interactions of Se with nanotube
walls.[43] A key characteristic of ourmaterial systems is that when
the diameter of the host nanotube decreases below 1.8 nm, the
majority of the encapsulated t-Se helixes come into direct con-
tact with the walls of the host nanotube. This contact results in a
greater distortion of the Se─Se bond angles, which may explain
why the bandgap energy reaches its maximum at 1.8 nm. Below
this diameter, any conformational changes tend to counteract the
increase in the bandgap that is typically expected due to quantum
confinement, thereby explaining the non-monotonic correlation,
which peaks at 1.8 nm (Figure 5i). Interestingly, single-NW EELS
measurements show bandgap values that are consistent with the
orange colour of the Se@BNNT macroscopic material (powder;
Figure 1a; Figure S32, Supporting Information) and resonance
Raman analysis of Se@CNT (Figures S33–S36, Supporting In-
formation).

3. Conclusion

We demonstrated a templated growth of selenium nanowires (Se
NWs) with diameters ranging from a few nanometers to sub-
nanometer. The host carbon nanotubes provided an excellent
platform for imaging the atomic structures of encapsulated Se.
This allowed us to correlate the diameter of the nanotubes with
the atomic structures of the NWs, leading to a 1D phase diagram
that predicts the structure and bonding in Se NWs as a function
of the internal diameter of the host nanotube. Furthermore, we
imaged the dynamics of Se NW phase transitions, in real time
and direct space, by applying a carefully controlled flux of an 80
kV electron beam to the host nanotube. This process involved
the gradual reduction of the nanotube’s diameter, resulting in
the extrusion of a 2 nm NW down to a sub-nm single linear Se
chain – a process we imaged step-by-step. Using ultra-low-loss
AC-STEM-EELS, we analysed the optical bandgap of individual
Se NWs. We found that while the bandgap of NWs is consis-
tently higher than that of bulk Se due to quantum confinement
effects, conformational distortions of the t-Se chains caused by
interactions with the walls of the host nanotube become signif-
icant at diameters below 1.8 nm. These distortions lead to a de-
crease in the bandgap in NWs with diameters approaching 1 nm,
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Figure 5. STEM-EELS Bandgap Analysis of Se NWs Inside BNNTs a) 60 kV HAADF STEM image of Se@BNNT (top), false colour AC-STEM-EELS map
illustrating semiconducting (pink) and insulating (cyan) regions, respectively, of the area shown above (middle) and a side on and end on molecular
model of the Se@BNNT shown above, b) curve fitting of the ultra-low-loss EEL spectrum corresponding to the encapsulated Se shown in a), c) and d),
e) and f) and g) and h) show the same as a) and b) but for Se NWs of different diameters, i) shows a summary of the bandgap energies of t-Se NWs as
their diameter is reduced, fitted to an exponential growth-decay curve to guide the eye.
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thereby counteracting the effects of quantum confinement. Over-
all, the rich structural complexity of the single-element semi-
conductor Se, achieved solely through nanoscale confinement,
demonstrates the excellent tunability of this material’s structure
and properties, which can be precisely controlled by altering the
diameter of the host nanotube. This can be achieved either by
choosing host-nanotubes of a specific diameter or by adjusting
the nanotube diameter in situ using an electron beam as a tun-
ing tool.
Qin et al.[42] and Milligan et al.,[38] have shown that semicon-

ductors encapsulated in boron nitride nanotubes (BNNTs) can be
effectively integrated into nanoscale field-effect transistors and
optoelectronic devices. While these devices have many attractive
properties, such as an ideal form factor, high performance and
high chemical stability, understanding and controlling the fun-
damental properties of the encapsulated semiconductors is vital
if they are to find wider applications. Our study demonstrates
that the dimensions, atomic structures and bandgap of semicon-
ducting nanowires can be precisely adjusted within boron nitride
nanotubes. This ability to tune fundamental properties presents
exciting opportunities for creating and characterising electronic
devices with customized functionalities. Our research shows that
these adjustments can be achieved using only an electron beam,
which serves as a three-in-one tool for imaging, spectroscopy, and
nano-fabrication.

4. Experimental Section
Materials: CNTs were acquired from Nanointegris (HiPCO SWCNT),

Carbon Solutions (P2 SWCNT), Nanocyl (Nanocyl 2100s) and NANOLAB
(PD30 MWCNT). BNNTs (BNNT LLC) were used as received. Selenium
and all solvents were purchased from Sigma-Aldrich. TEM grids were pur-
chased from Agar Scientific.

Synthesis: In order to prepare CNTs for filling with Se, they must first
be opened by removing their end-caps. This procedure involves either ther-
mal annealing or acid washing of the pristine CNTs, the latter of which
has the added benefit of removing residual metal catalyst present from
the synthesis of the CNTs. TGA analysis (Figure S37; Table S8, Support-
ing Information) was utilized to confirm the removal of reactive end caps
and reduction in residual metal catalyst. Unlike CNTs, the BNNTs used in
this study possessed neither residual catalyst from their synthesis, or end
caps, meaning they could be utilized as a container for Se NWs in their
pristine state.

Opening of HiPCO SWCNTs: HiPCO SWCNTs (30 mg) were refluxed
in concentrated nitric acid (10 mL, 83 °C, 3 h). The reaction mixture was
then diluted with water (1 L) and filtered to give opened HiPCO SWCNTs
(23 mg) as a black powder.

Opening of P2 SWCNTs: P2 SWCNTs (250 mg) were heated in air
(600 °C, 17 mins) and then sonicated in concentrated hydrochloric acid
(250 mL, 1 h). The reaction mixture was then diluted with water (2 L) and
filtered. The resulting solid was washed with acetone (1 L), to give opened
P2 SWCNTs (106 mg) as a black powder.

Opening of Nanocyl 2100s: Nanocyl 2100s (60 mg) were refluxed in
concentrated nitric acid (20 mL, 83 °C, 3 h). The reaction mixture was
then diluted with water (1 L) and filtered to give opened Nanocyl 2100s
(48 mg) as a black powder.

Opening of PD30 MWCNTs: PD30 MWCNTs (60 mg) were refluxed in
concentrated nitric acid (20 mL, 83 °C, 3 h). The reaction mixture was then
diluted with water (1 L) and filtered to give opened PD30MWCNTs (51mg)
as a black powder.

Encapsulation of Se into NTs: A sublimation fillingmethod was utilized
to synthesize both Se@CNT and Se@BNNT. Experimental conditions of
heating to 550 °C at a pressure of 10−5 mbar for 70h were used, derived

from previously reported conditions.[28] A CS2 washing step was utilized
after filling to remove any externally bound Se.

Opened CNTs or pristine BNNTs (10 mg) and Se (10 mg) powder were
sealed under vacuum (10−5 mbar) in a Pyrex ampoule and heated to 550 °C
for 70 h. The resultant material was then washed with CS2 (100 mL, stir-
ring, 45 min), giving Se@NTs.

Transmission ElectronMicroscopy: Samples were suspended in propan-
2-ol and drop-cast onto lacey-carbon-coated copper TEM grids. TEM imag-
ing was conducted using a JEOL 2100F FEG-TEMmicroscope operated at
200 kV at the Nanoscale and Microscale Research Centre (nmRC), Uni-
versity of Nottingham. AC-HRTEM was performed using a chromatic (CC)
and spherical (CS) aberration-corrected SALVE TEMmicroscope operated
at 60 kV at Ulm University. Electron fluence calculations were performed
by measuring pixel counts per unit area using GMS 3.52.

Transmission Electron Microscopy Simulations: Structural models of
filled nanotubes were created using the Discovery Studio Viewer software
as well as coordinate files from existing structures published in the litera-
ture, found through the ICSD. NTs were constructed using VMD software.
TEM image simulations were carried out using QSTEM, a multislice pro-
gram which uses the Dirac–Fock scattering potential of Rez et al.[65,66]

A fixed number of 20 slices per nanotube was chosen, and images were
calculated with a sampling set to match experimental conditions. The de-
focus and aberration parameters were set according to the values used in
experimental imaging. The effect of limited electron dose was emulated by
applying noise to the produced simulated images using a custom-made
Monte-Carlo program exploiting the Poisson statistics of electrons. The
structural coordinates of t-Se were taken from Cherin et al., and the van
Der Waals radius of Se used to create co-linear l-Se structures were taken
from Cherin et al.[40] and Bondi,[41] respectively.

Scanning Transmission Electron Microscopy-Energy Dispersive X-ray Anal-
ysis: Local EDX spectra were acquired for samples mounted on lacey-
carbon-coated copper TEM grids using an Oxford Instruments XMax 80
X-ray microanalysis system. STEM-EDX mapping together with HAADF
imaging was performed on a Thermo Fisher Talos 200X operated at 120
kV equipped with a windowless four-segment SuperX EDX detector.

Raman Spectroscopy: Micro Raman spectroscopy was performed us-
ing either a HORIBA LabRAMHR Raman or HORIBA LabRAMHR Evomi-
croscope. Spectra were acquired using one or more of four different laser
wavelengths: 325, 532, 633 and 785 nm. Spectra acquired at 1% (10% at
325 nm) power, a 100× objective (or 40x at 325 nm) and a 200 μm con-
focal pinhole. To simultaneously scan a range of Raman shifts, a rotat-
able diffraction grating (300 lines mm−1 at 785 nm, 600 lines mm−1 at
532 and 633 nm and 1200 lines mm−1 at 325 nm) along a path length
of 800 mm was employed. Spectra were detected using a Synapse CCD
detector (1024 pixels) thermoelectrically cooled to −60 °C. Spectra were
taken from at least three random locations and averaged. Before spectra
collection, the instrument was calibrated using the zero-order line and a
standard Si(100) reference band at 520.7 cm−1. The spectral resolution is
better than 2.5 (325 nm/1200 lines mm−1), 1.8 (532 nm/600 lines mm−1),
0.8 (633 nm/600 lines mm−1) and 1.7 cm−1 (785 nm/300 lines mm−1) in
these configurations.

Scanning Transmission Electron Microscopy-Energy Electron Loss Spec-
troscopy and Local Energy Electron Loss Spectroscopy: Scanning transmis-
sion electronmicroscopy (STEM)measurements and STEM-EELS analysis
were performed at 60 kV acceleration voltage on aNionUltraSTEM100MC
’HERMES’ at the SuperSTEM laboratory, Daresbury, UK. The microscope
has a cold FEG emitter that has a native energy spread of 0.3 eV and it
is equipped with a monochromator able to reach <10 meV energy resolu-
tion, while also possessing a C5 Nion QO corrector, with direct correction
up to C5,6 for high spatial resolution (< 0.8 Å at 100 kV). EELS data was
denoised using principal component analysis, as implemented in Gatan
Microscopy Suite 3.5 (GMS3.5), with residuals carefully inspected to avoid
the introduction of artefacts.

After AC-STEM image acquisition, AC-STEM-EELS was utilized to ac-
quire ultra-low-loss EELS maps of the respective nanocomposite materi-
als. Two regions of interest (ROIs) of identical size were selected, pro-
ducing two EEL spectra of the Se NW inside the BNNT and a reference
area of BNNT sidewall. Next, the BNNT sidewall reference spectrum is
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subtracted from the SeNW spectrum (except in the case of the Se@BNNT
material shown in Figure 5g, where an adjacent empty BNNT is used as
a reference due to the encapsuling BNNT possessing fewer sidewalls),
coined by L. M. Brown as the ’Difference Method’.[67,68] The noise in the
resulting difference spectra was reduced by a Savitzky-Golay smoothing fil-
ter (second order, 61 points, conditions used previously by Keller et al.).[69]

Finally, an automated fixed endpoint fitting method, published previously
by Granerød et al.,[70] was utilized to determine the onset of indirect opti-
cal bandgap transition for encapsulated Se. The endpoint was determined
as the highest intensity point of the optical bandgap transition. An R2 re-
duction of 0.02 was chosen to indicate the uncertainty in the onset deter-
mination, the same as in work by Granerød et al.[70]

Local EELS analysis was performed using a Gatan Enfinium SE spec-
trometer at the nmRC, University of Nottingham, on a JEOL 2100 plus
microscope at 200 kV.

Thermogravimetric Analysis: A TA Q500 Thermogravimetric Analyser
was used for the thermogravimetric analysis. All samples were analysed
using a platinum pan and in the presence of air. Experimental parameters
were as follows: 10 min isothermal hold at room temperature, ramp from
room temperature to 1000 °C at 10 °C min−1, followed by a final 10 min
isothermal hold at 1000 °C.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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