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ABSTRACT: Nanoconfinement of low-dimensional materials opens up a new
territory for tailoring material hybridization to produce novel geometric structures
for applications in electronics, catalysis, and photonics. Despite the progress made in
the encapsulation of 2D materials, exploration of their definite crystal structures into
lower-dimensional nanomaterials is still largely unexplored. Herein, one-dimensional
black phosphorus (BP) nanowires with an aspect ratio of over 100 produced by
confining BP into the CNT (conf-BP@CNT) are reported. Notably, the unique
structure and dimensions of BP were determined by confinement within the CNT and
were accurately characterized by crystallography. During the spatially confined growth,
the defects and capillarity effect of the CNT promote nucleation and growth of BP
within the CNT. conf-BP@CNT shows surface charge localization of conf-BP and
protection rendered by the CNT shell, giving rise to more efficient and stable
photocatalytic rhodamine B (RhB) degradation than the bare exfoliated BP

nanosheets. These results demonstrate the effectiveness of nanoconfinement in producing nanomaterials with controllable

dimensions, precise spatial arrangement, and unique structures.
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B INTRODUCTION

Shaping the precise geometry of two-dimensional (2D)
materials on the nanoscale is crucial to expand their
physicochemical properties. The dimension of nanomaterials
dictates the properties and applications' > because changes in
the dimension can alter the symmetry of the state density,
charge accumulation, polariton transmission, and exciton
states." ® Low-dimensional materials prepared by dimensional
transformation including two-dimensional (2D) graphene7
exfoliated from graphite and molybdenum sulfide (MoS,)
nanoribbons® etched from flakes have been proven to have
large potential in microelectronics, catalysis, photonics, and
other applications.” Limited by the large specific surface area
and in-plane mechanical strength of 2D materials, the main
effort of current research has still been for intrinsic 2D
geometric modulation.'”'" Complementary to 2D geometry,
further exploring the transformation of 2D materials to lower-
dimensional geometry, such as one-dimensional (1D) nano-
tubes'> and nanowires,'”'* is indispensable because such
dimensional transformation predicted in theoretical calculation
enables new opportunities for obtaining novel material
properties and investigating interface reactions.”””'" In
particular, the assembly of 2D materials to form emerging
1D nanoscrolls'® and high-order superlattices'”*" yielded
unique electronic and photonic properties, which have recently
attracted considerable interest of researchers. However, the
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investigations of these 1D topological structures are stronlgly
dependent on large available size and chemical inertness,”"**
ie, transition metal dichalcogenides (TMDs) and boron
nitride (BN). Indeed, 2D materials with chemical activity and
uncontrollable morphology, such as black phosphorus (BP),
seem to be impossible to accomplish in terms of dimensional
transformation in general.

Among the various dimension-transformation techniques,
spatially confined growth is an effective strategy in which the
arrangement of atoms and molecules on the proper templates
or substrates can be tailored to produce specific structures.””**
In addition, materials prepared by spatial confinement can
circumvent the limitations of traditional crystallography,”>*®
and more importantly, the interfacial interactions between the
templates and confined structures can lead to new properties
and functions.”” ™' Considering that the edge states of most
2D materials have attractive properties’ " and direct air
exposure of BP leads to extensive oxidization,”’ spatially
confined growth may be an ideal way to expand the functions
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Figure 1. (a) Schematic diagram of spatially confined growth of 1D conf-BP@CNT. (b) Raman scattering spectra of conf-BP@CNT and bulk BP.
(c) EELS spectra of conf-BP@CNT and free BP nanosheet. (d) P K-edge EELS spectrum of conf-BP@CNT. (e) HAADF-STEM image of conf-
BP@CNT. (f) P L, ;-edge (132.6 V) and C K-edge (286.5 eV) of EELS mapping of (e).

of BP. For example, by confining BP into nanotubes, the
conventional 2D BP would be transformed into a 1D coaxial
nanowire, and the shell protects the inner BP, giving rise to
new physicochemical effects. Although some phosphorus
molecular chains have been embedded in carbon nanotubes,
confined growth of BP with a complete crystal structure is still
very challenging.”*~*’

Herein, a chemical vapor-phase transport (CVT) method is
designed and demonstrated to selectively confine 2D BP (conf-
BP) in multiwalled carbon nanotubes (CNTs). In this way, BP
is converted into a continuous 1D multicrystalline nanowire
(conf-BP@CNT) with an aspect ratio of 100, and the
stabilized 1D BP with orientation priority and precise lateral
dimensions can be encapsulated in CNTs. In addition, the
selective spatially confined growth mechanism and nucleation
kinetics of conf-BP are proposed. Due to the nanochannel
support of the CNT, BP only grows inside the CNT instead of
outside the wall. Owing to the unique confined interaction,
efficient and stable rhodamine B (RhB) degradation perform-
ance is achieved from 1D conf-BP@CNT.

B RESULTS AND DISCUSSION

In the synthetic process (Figure la), red phosphorus, tin,
iodine, and CNTs are mixed and sealed in a vacuum quartz
tube that is placed horizontally in a muffle furnace. The furnace
is heated to 650 °C for 2 h, and after slow cooling to room
temperature, conf-BP@CNT is obtained at the low-temper-
ature end. The 1D conf-BP@CNT is characterized by
transmission electron microscopy (TEM), and as shown in
Figure S1, the 1D coaxial nanowires of conf-BP@CNT have
lengths of several micrometers and diameters of about ten
nanometers. The energy-dispersive X-ray spectroscopy (EDS)
maps reveal similar distributions of carbon and phosphorus
(Figure S2). The average aspect ratio of conf-BP@CNT is

about 100, which would be difficult to accomplish by
conventional mechanical liquid exfoliation or ion intercala-
tion."” The aspect ratio of the BP nanowire is related to the
inner diameter of the CNT template. The typical conf-BP
wires with aspect ratios as large as 100 are shown in Figures S1,
SS, and S17. Raman scattering can distinguish BP from other
phosphorus (P) allotropes. As shown in Figure 1b, except for
the D and G bands of the CNT, both conf-BP@CNT and bulk
BP exhibit three characteristic bands assigned to the Agl, Byg
and Ag2 vibration modes. Upon excitation with the same
power, the Raman intensity of BP in conf-BP@CNT is much
smaller than that in bulk BP, suggesting that the outer CNT
blocks some of the signals. Furthermore, electron energy loss
spectroscopy (EELS) is an effective method to identify
different atoms and analyze the coordination states. The
carbon K-edge EELS signal at 286.5 eV (Figure 1c) arises from
the outer CNT shell, and the P K-edge peak at 2100.4 eV
(Figure 1d) indicates elementary P instead of phosphide or
phosphate. Similar to the freestanding mechanically exfoliated
BP nanosheets (Figure S3), the P L,;-edge and P L;-edge
peaks of conf-BP@CNT are found at 132.6 and 189.9 eV,
respectively, and the core-loss peak locations are different from
those of other P allotropes.**™>° The distinctive signal
distributions in the high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) image
(Figure le) and EELS maps (Figures 1f and S4) provide
evidence about the uniformity and purity of conf-BP in the
single CNT. Additionally, the absence of the P,O, peak in the
EELS spectrum of conf-BP@CNT implies that the outer CNT
protects conf-BP from the external environment, especially
against oxidation. These results provide unequivocal evidence
enabling determination via crystallography that conf-BP is
confined within CNTs.
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Figure 2. (a) Schematic of BP and crystal axes (x, , z). (b) Simulated Gibbs energies of formation for the three different configurations of conf-
BP@CNT. Left: conf-BP@CNT-y, middle: conf-BP@CNT-x, and right: conf-BP@CNT-z. (c) TEM images of a single blank CNT and conf-BP@
CNT. (d) Lattice fringes of the area demarcated by the orange dotted line in (c). (e) The fast Fourier transform pattern of the area marked by the
yellow dotted line in (d). (f) Statistical distribution of conf-BP growth at different angles. (g) Correlation between the inner diameter of the CNT
and maximum conf-BP growth angles. (h) TEM images of conf-BP grown in CNTs with inner diameters of 7.3 nm.

The reproducibility of the spatial confinement growth
strategy is investigated by several independent experiments
(Figure SS) using CNTs with different inner diameters. As
shown in Figure S6, the statistics obtained from 128 conf-BP@
CNT samples demonstrate that BP can be confined in CNTs
with inner diameters ranging from 7 to 37 nm, and the filling
efficiency is 40—60%. Besides, we have attempted to grow BP
into CNTs with fewer walls. No matter whether it is the
double-walled CNT with an inner diameter of less than 1 nm
or the 10-layer wall of CNT with an inner diameter of less than
4 nm, BP is rarely observed (Figure S7). In this case, the lateral
dimension of conf-BP could be precisely controlled by the
inner diameter size of the CNT due to the complete filling.
The CNT inevitably influences the atomic arrangement of
conf-BP due to the interfacial interaction; therefore, the
structure of conf-BP is further studied.

The arrangement of the conf-BP lattice is an important
factor that is directly related to its growth orientation and the
exposed interface. x, y, and z are used to stipulate the BP

orientation (Figure 2a), and three configurations are assessed
theoretically by filling BP into the narrow CNT (diameter 4
nm) using different growth orientation models (conf-BP@
CNT-x, conf-BP@CNT-y, conf-BP@CNT-z), as shown by the
BP crystal axis parallel to the CNT inner wall (structures
before relaxation in Figure S8a—c and structures after
relaxation in Figure S8e—j). Among the three configurations,
conf-BP@CNT-y shows the lowest formation energy of —2.45
eV, much less than the formation energies of conf-BP@CNT-x
(—1.78 eV) and conf-BP@CNT-z (—1.98 eV, Figure 2b).
However, the BP lattice in conf-BP@CNT-y presents the most
drastic distortions among the three configurations after full
relaxation (Figure S8f). The nonrational distortions suggest
that conf-BP@CNT-y is an unstable configuration in a narrow
CNT; thus, conf-BP@CNT-z is the most probable config-
uration in a narrow CNT due to its lower formation energy
than that of conf-BP@CNT-x. Conf-BP with mixed
orientations is further considered for the 6 nm wide CNT
(conf-BP@CNT-mix, Figure S8d,h), and the tolerance of the
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Figure 3. (a) Formation energies of the three different BP fragments loaded on the inner or outer wall (Type I, the basal plane attached to the
CNT, Type II, the armchair edge connected to the CNT, and Type III, the zigzag edge connected to the CNT. (b) Energy profiles of P, Sn, and I
elements incorporated with the CNT. Point defect was taken as simplified model structures of the inner wall of CNT defect.

growth orientation is higher for the wide CNT than that for
the narrow CNT. These theoretical simulation results remind
us that the growth orientation of conf-BP would be affected by
the interaction of the CNT and depended on the inner
diameter size of the CNT.

Figure 2c¢ compares the pristine CNT and conf-BP@CNT,
disclosing a bigger contrast in the central region of conf-BP@
CNT indicative of the spatially confined growth of 1D BP. The
high-resolution TEM (HR-TEM) image (Figure 2d) shows
that the lattice fringes are related to the interlayer spacing of
0.337 nm of CNT, and the (020) spacing of 0.52 nm
corresponds to BP. The fast Fourier transform pattern of the
inner area corroborates the (020) facet of BP (Figure 2e). The
(020) facet of conf-BP and the axial direction of the CNT
would form particular angles; therefore, the growth angle
defined as that between the (020) facet of conf-BP and the
axial direction of the CNT is evaluated (Figures 2f—h and S9).
As shown in Figure 2f, the statistical growth angle ranges from
13 to 78°. The relationship between the CNT inner diameter
and the maximum angle for the CNT with a specific diameter
is investigated by a linear correlation (Figure 2g), which shows
that the growth orientation of conf-BP in the CNT depends on
the inner diameter of the CNT. The TEM images of conf-BP
grown in CNT's with different inner diameters are depicted in
Figures 2h and S9. The BP atomic layer tends to grow along
the axial direction of the tube in the narrow CNT (Figure 2h),
but the BP orientation is more random in wider CNT's with a
diameter of more than 10 nm (Figure S9). Such a
configuration of conf-BP is in agreement with our results of
theoretical investigation that the wide CNT inner wall does
not have strong interactions with the crystal face of BP;
otherwise, the orientation of conf-BP is more consistent in
narrow CNTs.

In the spatially confined growth of conf-BP in CNTs, an
important precondition is that the BP fragments are more
thermodynamically stable on the inner wall than the outer wall
of the CNT, and therefore, density functional theory (DFT)
calculation is performed. In the simulation models, the BP
fragments are incorporated into the CNT on three different
surfaces, namely, basal planes, armchair edges, and zigzag
edges. As shown in Figures 3a and S10, all of the
configurations with BP fragments loaded in CNTs have
lower formation energies than those loaded outside the CNTs.
The results suggest that the BP fragments prefer to grow in
CNTs thermodynamically. On the other hand, the nucleation
kinetics also is investigated through DFT calculation. As shown
in Figure 3b, the P, Sn, and I atoms are incorporated with the

inner or outer walls of CNTSs. Because of the anomalously
stable hybrid structure of sp? carbon, all three atoms show
similar positive adsorption energies on the perfect CNT
structure. Besides the perfect sp® structure, diverse defects
usually exist in the CNTs. The X-ray photoelectron spectros-
copy (XPS) measurement of CNTs is carried out to verify the
existence of defects (Figure S11). The high-resolution C 1s
spectrum of CNTs shows three peaks corresponding to sp’
C=C bonds (284.4 eV), sp*-hybridized C—C bonds (285.0
V), and the C—O group (288.7 eV). These results indicate
the existence of functional groups and defect sites in the CNT.
The defect model used in this work is a point vacancy defect
constructed by a 12-carbon atomic ring (Figure S12).
Compared with the outer wall point defect of the CNT, the
formation energy of the inner wall point defect is much lower
(about 0.4 eV), indicating a higher possibility of the formation
of an inner defect on the CNT. Therefore, the inner wall point
defect model is employed to reveal the defect impact on
species absorption and nucleation, showing that the adsorption
energy of P, Sn, and I atoms on inner defect sites is
significantly lower than that of atoms loaded on the perfect
structure. Hence, the unsaturated coordination defect sites
tend to preferentially combine the atoms with rich valent
electrons. Meanwhile, the point defect on the outer wall can
also reduce the absorption energy of atoms (Figure S13),
which suggests that the defect sites of the CNT would enhance
the absorption of the evaporated species on the CNT surface
kinetically and further assist in nucleation. Considering the
experimental phenomena of the selectively confined growth in
CNTs, the whole selective growth reaction is dominantly
controlled by the thermodynamical process. The defect has
assisted the initial absorption step. Moreover, similar to
previous reports, the nanochannel of CNTs offers a capillarity
force and enables a strong space restriction.”' > When the as-
prepared conf-BP@CNT is treated at a high temperature of
700 °C, the phosphorus wires are still filled in CNTs despite
the destroyed lattice (Figure S14). Therefore, the capillarity
force and the spatial confinement are regarded as important
factors for selective growth.

Furthermore, to systemically investigate the selectively
confined nucleation process of 1D BP into the CNT, the
CVT reaction was carried out, and the samples were cooled at
different temperatures rapidly to investigate the intermediate
products. Benefiting from the spatial confinement effect of the
CNT, the different intermediate stages can be captured under
rapid quenching. In the initial heating stage, red phosphorus
and iodine are converted into gas, and the tin reacts with the
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Figure 4. Spatial confinement process of the BP wire within the CNT. (a) TEM image of the CNT containing the amorphous filling in the early
growth stage. (b) EDS spectrum of the inner area in (a). (c) TEM image of conf-BP@CNT for the intermediate state. (d) EDS spectrum of the
marked area in (c). (e) TEM image of the nucleation interface of conf-BP. (f) EDS spectrum of the marked area in (e). (g) Schematic diagram

showing the growth of conf-BP@CNT.

phosphorus and iodine vapor. After long-time transport, the
vapor would diffuse into the CNT. When the reaction is
quenched in the early growth stage at 550 °C (the product is
named quenched sample I), the CNT terminal is filled with
amorphous materials, which are identified by EDS to be the
Sn—I—P compound (Figure 4a). The atomic concentrations of
Sn, I, and P are 16.7, 15.2, and 68.1%, respectively (Figure 4b).
If the reaction is quenched at 475 °C (the product is named
quenched sample II), then the CNT is filled with both
crystalline and amorphous materials (Figure 4c). Apart from
crystalline BP with clear lattice fringes, the amorphous
components consist of Sn, I, and P (Figure 4d). It should be
noted that the atomic concentrations of quenched sample II are
different from those of quenched sample I. P content changes
from 68.1 to 35.0%, demonstrating that the prefilled
amorphous high phosphorus-containing Sn—I—P(o4) in the
CNT has decomposed into low-phosphorus-containing
amorphous Sn—I—P(,;s) and crystalline BP. When growth is
completed, the nucleation interface transforms completely into
the two crystalline phases (Figure 4¢). The lattice fringes in the
STEM image and elemental distributions obtained by EDS
(Figure 4f) show that the product consists of BP and Sn—I
compounds. Both the line scan (Figure S15) and the area
elemental distribution (Figure S16) agree with the EDS

spectrum and further demonstrate the nucleation interface and
two different phases. The wide area TEM images (Figure S$17)
show that Sn—I compounds and the longer conf-BP nanowires
are randomly distributed throughout the CNTs. The results
demonstrate that as soon as the raw vapor has sufficiently
diffused and absorbed in the CNT, the nucleation of BP in the
CNT is mainly impacted by the temperature-controlled phase
separation and element redistribution.

Based on the aforementioned results, a spatially confined
growth mechanism is proposed, as shown in Figure 4g. As the
sealed bottle is heated to a temperature (higher than 550 °C)
that exceeds the boiling point of red phosphorus and iodine, it
is vaporized to fill the inner space of the CNT. Meanwhile, tin
reacts with iodine to form gaseous Snl, and Snl,, which flow
into the CNT with P gas and P—I gas. Because the inner wall
defects have a better absorption ability of the vapor species
than the perfect carbon structure, the concentrations of Sn, I,
and P are higher in the CNT than on the outside. Therefore,
the amorphous Sn—I—P bond is observed in quenched sample
I As the result of the combination of temperature decline and
the enriched phosphorus in raw materials, the Sn—I-P
compound decomposes and reacts with gaseous P to generate
conf-BP. Since the BP fragments have lower formation energies
on the inner wall of the CNT than the outer wall, growth takes
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Figure S. (a) Photocatalytic characteristics of conf-BP@CNT, BP, and CNT in RhB degradation. (b) Cycling stability of conf-BP@CNT and BP in
the RhB degradation experiment. (c, d) The charge difference distribution of conf-BP@CNT-x (c) and conf-BP@CNT-mix (d), where the charge
accumulation in the interface was represented by yellow and green isosurfaces, respectively.

place mainly inside the CNT, and the prefilled P in the CNT is
finally converted into a 1D BP wire.

The contact between different materials can alter the
interfacial charge transfer and material hybridization proper-
ties. RhB degradation experiments are performed to investigate
the photocatalytic performance of the 1D core—shell conf-
BP@CNT nanowires. As shown in Figure S18, the absorption
peak of RhB at 554 nm decreases gradually as the irradiation
time prolongs. The RhB-maintained concentration ratios in
Figure Sa demonstrate that conf-BP@CNT delivers much
better photocatalytic performance than bare BP and CNT.
RhB is completely decomposed by conf-BP@CNT in 75 min,
while only 20% of RhB is decomposed by bare BP. The
photocatalysis of individual BP is limited by the fast electron—
hole recombination after incident light absorption, leading to
ineffective photocatalytic activity. Besides, the increase of
oxidation risk in an aqueous environment is attributed to the
unpaired lone electrons of BP, resulting in the photocatalytic
activity failure of BP. Using CNTs as the protection layer to
avoid direct contact with the surroundings is an effective
method to stabilize BP. The repeatabilities of samples are
further determined by repeating the degradation experiments
six times (Figure Sb). The photocatalytic performance of conf-
BP@CNT is similar in the six trials. However, the photo-
catalytic performance of bare BP declines rapidly, indicating
better stability than BP.

As shown in the charge density patterns (Figure Sc,d), when
1D BP is confined in the CNT, charges are depleted on conf-
BP and accumulate on the inner wall of the CNT regardless of

the BP arrangement in the CNT. In particular, if the edges of
BP contact the inner wall of the CNT with a diameter of 4 nm
(Figure Sc), charge redistribution occurs between the edge
dangling bonds of BP and the CNT. If BP is in contact with
the CNT with an inner wall diameter of 6 nm (Figure 5d),
charges are evenly redistributed between the two adjacent
surfaces. Considering that the phosphorus atomic coordination
number of the edge dangling bond is smaller than that of the
basal plane, it is supposed that charge transfer arises mainly
from the unpaired lone electrons of BP, and consequently,
interfacial electron localization would reduce the electron—
hole pair coupling risk of BP. More importantly, the
conducting CNT acts as the electron acceptor to inhibit
charge recombination of the photogenerated carriers in BP and
transfer charge to dye molecules. Moreover, the inner wall
defect can accelerate the charge transfer between BP and the
CNT, and the outer wall defects would act as catalysis sites.
Attributing to the above interface interactions in conf-BP@
CNT, the photocatalytic efficiency and stability of BP are
greatly improved.

B CONCLUSIONS

In conclusion, 1D BP nanowires are synthesized by a spatially
confined strategy; simultaneously, the precise nanoscale
control over the lateral dimensions of conf-BP is achieved by
the inner diameter of CNTs. The aspect ratio of the conf-BP
wire is about 100. Confinement within different-inner-diameter
CNTs defines the orientation arrangement of conf-BP.
Notably, capillarity and the thermodynamic priority caused
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by the nanochannel of CNTs have dominated the selective
spatially confined growth of BP. Moreover, benefiting from the
capsule-like effect of CNTs, intermediates and the possible
underlying growth mechanism of the BP wire are revealed.
Because of efficient charge separation on conf-BP@CNT and
protection by the CNT shell, the photocatalytic activity and
stability properties are observed from the conf-BP@CNT
boding well for the application of 1D confined BP to
nanocatalysis. The results reveal a novel spatial confinement
strategy and have great potential to extend to produce other
types of low-dimension nanoconfined structures.

B EXPERIMENTAL SECTION

Synthesis of conf-BP@CNT. conf-BP was prepared by CVT.
Commercial CNTs (Timesnano) were degassed for 8 h, and then red
phosphorus (Western Elements, 99.999%), tin particles (Aldrich,
99.9%), and iodine (Aldrich, 99.99%) were put into a quartz tube.
The degassed commercial CNTs were placed in the quartz tube and
separated from the raw materials by silica wool. The quartz tube was
evacuated and sealed. Because of the silica wool separation, the CNT's
and raw materials were at the two ends of the tube. The sealed quartz
tube was then placed in a muffle furnace horizontally with the raw
materials close to the heating wire, while the CNTs were close to the
furnace door. The temperature was raised from room temperature to
650 °C, and after keeping at 650 °C for 120 min, the temperature was
slowly reduced to 380 °C in 1200 min. Finally, the product was
cooled slowly to room temperature for 240 min, and the sealed quartz
tube was transferred to a glovebox to take out the conf-BP@CNT
powder.

Preparation of Bare BP Nanosheets. The liquid-exfoliated BP
nanosheets were analyzed by EELS. In brief, the bulk BP (15 mg) was
ground with ethanol (20 mL) with an agate mortar for 30 min; 30 mL
of ethanol was added and sonicated in a water bath at 40 kHz for 36
h, and the BP nanosheets were laid on a copper mesh to conduct
EELS.

Reaction Interruption Experiments. Owing to the capsule-like
effect of CNTs, the intermediate state of conf-BP could be displayed
on the nanoscale via TEM measurement. Therefore, a series of
controlled interrupt experiments were conducted to investigate the
process of nucleation and growth of conf-BP. To avoid a continuous
reaction between the intermediate product and the gaseous substance,
the high-temperature end of the ampule was rapidly cooled so that the
gaseous compound in the ampule was rapidly condensed in this area.
In the first stage, the reactants were heated to 650 °C; meanwhile, the
gaseous compounds were produced. Following, the gaseous
compounds flowed into the CNT and generated the CNT containing
high-temperature products as the temperature declined. Then, the
nucleation process of conf-BP occurred at a lower temperature. In the
end, the final product of conf-BP was obtained at room temperature.
Thus, at the specified temperature, we interrupted the reaction to
measure these intermediate states. To avoid contamination, the CNT
containing intermediate products was taken out from a glovebox full
of nitrogen.

Photocatalytic Experiments on RhB Degradation. 3.0 mg of
the photocatalyst was suspended in 12 mL of the RhB aqueous
solution (5.0 mg-L™!). The suspension was stirred in the dark for 30
min to achieve the adsorption—desorption equilibrium of RhB before
light-emitting diode (LED) irradiation. Utilizing flowing water, the
temperature of the photocatalytic system was kept at room
temperature. The amount of RhB was determined by UV—vis
spectrophotometry (Hitachi U-3900) and Lambert—Bill law. Besides,
based on the decreased amount of RhB, the photocatalytic
performance of the samples was calculated.

Material Characterization. The TEM images, high-resolution
TEM images, HAADF images, and EDS spectra were acquired on a
Tecnai G2 F20 S-Twin at an acceleration voltage of 300 kV. The
aberration-corrected TEM (AC-TEM) images, HAADF-STEM
image, and EELS spectra were obtained on an FEI Themis G2 at
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60 kV. Raman scattering was carried out on a Jobin Yvon Horiba HR
(France) confocal Raman microscope with a 633 nm laser. XPS was
performed with a Thermo Fisher Escalab 250Xi instrument using
monochromatic Al kg radiation.

DFT Calculation. An armchair CNT (30, 30) with a diameter of
~4 nm and an armchair CNT (4S5, 45) with a diameter of ~6 nm
were used in the model. The periodic boundary conditions were along
the tube axis. DFT simulations were carried out using the freely
available CP2K/Quickstep package and density functional theory
(DFT) based on the hybrid Gaussian plane wave (GPW) scheme36."’
The 2s and 2p electrons of C and P were treated as valence electrons,
and the rest of the core electrons were rezpresented by Goedecker—
Teter—Hutter (GTH) pseudopotentials.***> The Perdew—Burke—
Ernzerhof (PBE) functional™ with Grimme’s dispersion correction
was employed.*® The Gaussian basic sets were double-¢ with one set
of polarization functions (DZVP),*® and the plane wave cutoff for the
electron density was 400 Ry. In the static calculation, the geometry
was optimized by the Broyden—Fletcher—Goldfarb—Shanno (BFGS)
minimizer. Because of the large size of the supercells, only the I"-point
was used in the calculation.
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Figure S1. The low- magnification TEM image of conf-BP@CNT.
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Figure S2. HAADF-TEM image and EDS maps of conf-BP@CNT.

In the as-prepared conf-BP@CNT, the BP nanowires appear in the central part of CNTs.
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Figure S3. TEM characterization of the BP nanosheet. a) TEM image of the bare BP nanosheet;
b) The selected area in the green box is chosen from the BP nanosheet to obtain the EELS

spectrum of bare BP; ¢) The SAED pattern of the BP nanosheet.

In order to investigate the electron energy loss spectroscopy (EELS) spectra of conf-BP
and bare BP. The BP nanosheet (Figure S3a) was ultrasonic-exfoliation from bulk BP crystal
in ethanol, the bulk BP crystal was growth by chemical vapor transfer (CVT) method." 2 The
EELS spectrum of the liquid exfoliated BP nanosheet was detected from the selected green
region in Figure S3b. The selected area electron diffraction (SAED) pattern confirms the BP

nanosheet is single crystal (Figure S3c).3 4
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Figure S4. a) HAADF-STEM image of conf-BP@CNT; b) EELS spectra obtained from the six

different positions in (a).

The EELS spectra (Figure S4b) obtained from the six areas in Figure S4a show the same carbon
k-edge profile. The EELS spectra of the phosphorus L, ;-edge and L;-edge>¢ are only acquired

from the central regions. The results verify the spatially confined distribution of BP.
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Figure S5. (a—c) TEM images of the samples obtained from three individual experiments.

The conf-BP@CNT nanowires obtained from three individual experiments are investigated by

TEM and the images show reliable reproducibility.
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Figure S6. Statistical inner diameter distributions of conf-BP@CNT samples.
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Figure S7. (a) The TEM image of double-walled CNT after confined growth. (b) The TEM

image of CNT with less than ten layers after confined growth.
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Figure S8. Theoretical analysis of the growth orientation of conf-BP in CNT. (a—d) Structures
before relaxation: (a) conf-BP@CNT-x, (b) conf-BP@CNT-y, (c) conf-BP@CNT-Z, (d) conf-
BP@CNT-mix; (e—h) Structures after relaxation: (e) conf-BP@CNT-x, (f) conf-BP@CNT-y,

(g) conf-BP@CNT-Z, (h) conf-BP@CNT-mix.

The structures before relaxation are shown in Figure S8a—d and no lattice distortion is observed
from BP. In the structures after full relaxation, the edges of BP show obvious edge shrinkage
and distortion close to the CNT inner wall (Figure S8e—h). Conf-BP@CNT-y shows the largest

distortion (Figure S8f).
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Figure S9. (a-d) The TEM images show that in the CNTs with different inner diameters of 12.4,
22.9, 28.4, and 35.5 nm, conf-BP grows at different angles of 21.2°, 36.4°, 58.5°, and 66.4°,

respectively.
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Figure S10. Three simulated configurations of BP fragments composed of the CNT and
corresponding formation energy difference between the inner wall loading model and outer wall
loading model. In Type I, the basal plane of the BP fragment is attached to the CNT. In Type
I, the armchair edge of the BP fragment is connected to the CNT. In Type III, the zigzag edge
of the BP fragment is connected to the CNT. All configurations consider BP fragments

deposited on the inner wall or outer wall of CNT.
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Figure S11. The XPS Cls spectra analysis of CNT.
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Figure S12. The formation energy of defects at inner/outer of CNT.
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Figure S13. The energy profiles of P, Sn, I elements incorporated with of at inner/outer defects

of CNT.
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Figure S14. (a) The TEM image of high-temperature treated conf-BP@CNT in which the filling
filled substance is not removed; (b) The HRTEM of conf-BP@CNT obtained from (a), in which

the BP lattice is mismatch.
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Figure S15. (a) TEM image of conf-BP@CNT; (b) Profile EDS mapping of conf-BP@CNT

from dotted white line in (a).
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Figure S16. HRTEM image and EDS mapping of growth interface in conf-BP@CNT.
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Figure S17. Nucleation sites of conf-BP in CNT. (a, b) TEM images of conf-BP@CNT in which
the nucleation site is close to the end of CNT; (c) TEM image of conf-BP@CNT in which the

two nucleation sites are near the end of CNT.
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Figure S18 UV-vis absorption spectra of RhB for conf-BP@CNT at different irradiation time.
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