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Abstract: A phosphorus allotrope that has not been observed
so far, ring-shaped phosphorus consisting of alternate Pg and
P, structural units, has been assembled inside multi-walled
carbon nanotube nanoreactors with inner diameters of 5-8 nm
by a chemical vapor transport and reaction of red phosphorus
at 500°C. The ring-shaped nanostructures with surrounding
graphene walls are stable under ambient conditions. The
nanostructures were characterized by high-resolution trans-
mission electron microscopy, scanning transmission electron
microscopy, energy-dispersive X-ray spectroscopy, Raman
scattering, attenuated total reflectance Fourier transform infra-
red spectroscopy, and X-ray photoelectron spectroscopy.

Two—dimensional (2D) black phosphorus, phosphorene, has
attracted lots of attention owing to its intrinsic electronic
properties.l™ However, phosphorene has been found to
degrade under ambient conditions® and needs to be pro-
tected by an inert atmosphere®® or specific molecules®]
owing to its reactivity caused by lone electron pairs. Several
other interesting phosphorus allotropes have also been
theoretically predicted.* 'l Experimentally well-established
is the white phosphorus allotrope, a molecular solid consisting
of P, molecules. Other established allotropes that have been
produced experimentally, include Hittorf phosphorus (violet
phosphorus),'? fibrous phosphorus,™® blue phosphorus,™
and black phosphorus,®!>l as well as amorphous red
phosphorus!'”! (RP). Published theoretical predictions include
a stable ring-shaped phosphorus (7-P) allotrope consisting of
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alternating Pg and P, structural units with minimum stability
reached for Py, and coil structures.'!! Carbon nanotubes
are effective as nanoreactors to synthesize and contain
nanostructures."®?”! Carbon nanotubes also serve as narrow
and stable one-dimensional cages that protect the enclosed
products from degradation under ambient conditions.

Herein, we report experimental evidence for the forma-
tion of r-P nanostructures, self-assembled inside a multi-
walled carbon nanotube (MWCNT). The r-P nanostructures
inside MWCNTs (r-P@MWCNTs) are stable under ambient
conditions. The nanostructures have been characterized by
high-resolution transmission electron microscopy (HRTEM),
scanning transmission electron microscopy (STEM), STEM
energy-dispersive X-ray spectroscopy (EDS), Raman scatter-
ing, attenuated total reflectance Fourier transform infrared
spectroscopy (ATR-FTIR), and X-ray photoelectron spec-
troscopy (XPS).

MWCNTs functioning as nanoreactors were prepared by
a CVD method to have less than 0.9 % catalyst®! and purified
according to a reported method.”” The ~P@MWCNTs were
prepared by a vapor-phase transportation and reaction
method™23%31 at 500°C using RP as precursor. At 500°C,
RP was sublimed and likely decomposed into different
phosphorus clusters (PCs), which subsequently diffused into
evacuated inner space of MWCNTs and self-assembled to
form r-P nanostructures to give an encapsulation yield around
60%.

The encapsulation of phosphorus into MWCNTs was
confirmed by STEM and EDS analysis. As shown in Fig-
ure 1a, the brighter image contrast in a high-angle annular
dark-field (HAADF) image of the encapsulated molecules
than the surrounding MWCNT suggests that heavier elements
than carbon were encapsulated inside MWCNTs. The encap-
sulated molecules in MWCNTs were confirmed to be
phosphorus by elemental maps of P and C (Figure 1b-d).
Two parallel CNTs are included in the image of Figure 1,
which provides evidence for distinguishing a filled CNT by P
(top CNT) from an empty one (bottom CNT).

The structure of the encapsulated phosphorus in CNT was
investigated by the negative spherical aberration imaging
(NCSI) technique.’*® In comparison with conventional
bright-field HRTEM imaging under the conditions of under-
focus combined with positive spherical aberration, where the
atoms would appear black, the NCSI technique results in
a higher contrast of image and higher signal intensity at atom
positions. The high contrast and signal intensity show great
advantage against the disturbance of noise and for measure-
ment of atom positions at picometer precision. Figure 2a
shows a NCSI image recorded at 80 kV. In the image, atoms
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Figure 1. a) A representative high-angle annular dark-field (HAADF)
image of -P@MWCNTs. b)—d) The corresponding elemental maps of
C, P and C+P of r-P@MWCNTs. Scale bar=200 nm. FEI Titan G2 80—
200 ChemiSTEM microscope, accelerating voltage: 80 kV.

and atomic planes (rings) appear bright against a dark
background. Whereas the structure of the enclosing
MWCNT is well-resolved and understood, the structure of
elemental phosphorus filling the wide space inside may be
significantly more complex than atomic arrangements pre-
viously observed in much narrower nanotubes.***! The
details of the image contrast in the region adjacent to the
innermost wall appear consistent with an r-P structure with
sp® hybridization inside the MWCNT, shown in Figure 2b,c.
The minimum stable ring is P, being —13.3 kI mol™' per atom
more stable than the P, in terms of total energy. The ring
structures become increasingly more stable until P,,.['"] A
related theoretical study characterized the properties of
a related structure consisting of helical coils (rather than
stacked rings) with the same local atomic arrangement.!"!! The
shape and size of the P subunits can also be recognized,
which fit to a Py structure as shown by a projected Py structure
model superimposed on the NCSI image (Figure 2a, inset).
Image simulation was performed on the basis of r-
P@MWCNT models shown in Figure 2b using a single layer
ring of r-P, with the space inside the rings assumed to be
vacant. The simulation result is consistent with the exper-
imental image (left part of the image). We notice that in the
right part of the image, the feature of 7-P can be recognized in
the lower part only, while in the upper part this feature
disappears. This can be understood as the result of half rings
or damage from electron irradiation. Figure 2b shows the
model of the ~P@MWCNT in atomic detail. The phosphorus
ring is comprised of 230 atoms (Figure 2c¢) and has a diameter
of 5.30 nm with inter-ring distance of 6.4 A inside a MWCNT
with inner diameter of 5.90 nm. Furthermore, multilayer r-P
in MWCNTSs was also observed in our experiments (Support-
ing Information, Figure S1).
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Figure 2. a) NCSI image of a r-P@MWCNT. Insets: simulation of the r-
P@MWCNT (in black box) based on the structural model in (b) and
structural model of Py (orange). Scale bar =1 nm. FEI Titan® 60-300
(PICO) microscope equipped with a spherical-chromatic aberration
corrector, accelerating voltage: 80 kV. b) Structural model of r-
P@MWCNTs, c) side view of r-P (inset shows the repeating units).

The r-P nanostructures were observed inside MWCNTSs
with inner diameters between 5nm to 8 nm (Supporting
Information, Figure S1). The HRTEM images of self-assem-
bled -P nanostructures in MWCNTs are distinguishable from
recently reported phosphorus nanorods®! and fibrous RP,**
which have been observed by HRTEM as black lines in bulk
structures. The two phosphorus nanorod structures of —[—
[Ps]P,—]— and —[—[P;,]P,—]— were observed by HRTEM to be
parallel lines with diameter of 3.3 A (line distance of 5.0 A,)
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and 4.7 A (line distance of 5.4 A).”) On the other hand,
parallel strands with distance of 3.2 A were observed from
fibrous RP."

The self-assembled 7-P nanostructures inside MWCNTs
are stable in air, since the lone pair electrons of phosphorus
are passivated by the intact walls of carbon nanotubes
(Supporting Information, Figure S1). The ends of self-assem-
bled r-P nanostructures at the opening of MWCNTs are
passivated by either an atomically thin layer of amorphous
carbon, or by phosphorus or phosphorus oxides (Supporting
Information, Figure S2). The space restriction imposed by
MWCNTs limits volume expansion needed for further
oxidation and oxygen diffusion when exposed to air. The
HRTEM investigations further confirmed that carbon nano-
tubes are efficient Faraday tubes for phosphorus nanostruc-
tures.

The structures of ~P@MWCNTs were also characterized
by ATR-FTIR, Raman scattering (Figure 3), and XPS. The
as-decomposed PCs were not only assembled into the
evacuated capsules of MWCNTs to form r-P nanostructures,
but also condensed outside the MWCNTs as amorphous and
crystalline RP during vapor-phase reactions (Supporting
Information, Figure S3a). The amorphous phosphorus struc-
tures, formed on the external surfaces of MWCNTs, were
oxidized immediately into phosphorus oxides when exposed
to air. P—O vibrations at 1004 cm™' and 1150 cm™, corre-
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Figure 3. a) ATR-FTIR and b) Raman spectra of MWCNTs and r-
P@MWCNTs at different stages under ambient conditions.
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sponding to phosphorus oxides,”” are present in the ATR-
FTIR spectra recorded under ambient conditions from an as-
made -rP@MWCNT sample (Figure 3 a, blue dotted line), and
disappeared after washing with ethanol or CS, (Figure 3 a, red
dashed line) or gradient temperature cooling treatment
(Figure 3a, black solid line). However, the crystalline RP on
the external surfaces of MWCNTs is relatively stable, and still
detectable by HRTEM (Supporting Information, Figure S3b)
and Raman (Figure 3b, red dashed line) after washing with
ethanol or CS,, which was not observed from pristine
MWCNTs (Figure 3b, green dotted line). The Raman fea-
tures of phosphorus (300-600 cm ') are very weak compared
to the G-band of MWCNTs under ambient conditions
(Supporting Information, Figure S4a), which is hardly
observed from quartz containers filled with Ar with both
excitation wavelengths of 514 and 633 nm (Supporting
Information, Figure S4b). The Raman features of phosphorus
from -P@MWCNTs are strongest with excitation laser power
around 1 mW (633 nm) (Supporting Information, Figure S5,
black). They can barely be observed at low or high power due
to the low penetration and sublimation of phosphorus,
respectively.

A gradient temperature cooling method was used to
remove external phosphorus and obtain TGC-r-
P@MWCNTs. Most of the external phosphorus has been
removed from the rP@MWCNTs to keep the encapsulation
yield of more than 30% (Supporting Information, Fig-
ure S3c). However, no Raman features of phosphorus were
detected from the TGC--P@MWCNTs sample using excita-
tion lasers at either 514 or 633 nm (Supporting Information,
Figure S6) with different laser powers. The G-band had
sharpened after encapsulation of phosphorus (Figure 3b),
indicating charge doping of the carbon nanotubes.*® A blue-
shift (+4cm™) of the G-band was observed in r-
P@MWCNTs with both external and internal phosphorus
(Figure 3b, red dashed line) owing to hole doping®™’ caused
by external phosphorus oxides. However, a small red-shift
(=2cm™') of the G-band was observed from TGC-r-
P@MWCNTs (Figure 3b, black solid line) in comparison to
pristine MWCNTs (Figure 3b, green dotted line) owing to
electron doping™” of the lone electron pairs from phosphorus.
This shift further confirmed the passivation effect of carbon
walls on lone pair electrons of phosphorus. No P—P vibrations
in the r-P nanostructures and small amount of external
phosphorus were detected in the rP@MWCNT sheets after
gradient temperature treatment even when the scanning time
was extended to 500 s and laser power increased to 7 mW.

XPS was also performed to understand the chemical
bonding of the r-P structures (Figure 4). Argon ion beam
etching (3 kV, 2.8 As™!) was used to obtain a depth profile of
P 2p spectra of rP@MWCNT sample, since crystalline RP
structures outside the nanotubes cannot be totally eliminated
and the XPS is surface sensitive. No phosphorus oxides were
detected by ATR-FTIR even with 4000 scans after washing by
ethanol or CS, (Figure 3a, red dashed line), but could easily
be detected in XPS. The XPS spectrum of ~P@MWCNT
sample before etching (Figure 4, -P@MWCNTs 0s) was
dominated by the surface oxides and external RP outside
MWCNTs. The P 2p core-level binding energies are very
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Figure 4. XPS depth profile of -P@MWCNTs sample at various Ar’
etching time (etching rate=2.8 As™).

close to those of the RP precursor (Figure 4, crystalline RP).
Phosphorus oxides were then gradually removed with
increasing etching depth and became nearly undetectable
after etching for 60s (16.8 nm). The XPS spectrum then
became dominated by the r-P structures inside carbon
nanotubes instead of the crystalline RP outside MWCNTs.
The P 2p core-level binding energies of r-P inside MWCNTs
are smaller than those in bulk RP or external RP owing to the
different structure and strain caused by the surrounding
MWCNTs, analogous to the observation of sulfur inside
carbon nanotubes.* Independent calculations!"!! suggest the
ring-like phosphorus structures to be direct-gap semiconduc-
tors with the gap exceeding 1.8 eV.

In summary, a previously unobserved phosphorus allo-
trope nanostructure has been self-assembled inside the
evacuated MWCNTs. HRTEM image and structural simu-
lation suggested that the observed nanostructure is 7-P, which
has been theoretically predicted to be stable but never
experimentally observed. The r-P consists of alternate P; and
P, structural units with variable ring diameters, observed
inside the MWCNTs with inner diameters of 5-8 nm. A ring
with a diameter of 5.30 nm, consisting of 23 Py and 23 P, units
with a total of 230P atoms, was observed inside a MWCNT
with an inner diameter of 5.90 nm. The distance between
neighboring rings is 6.4 A. The surrounding graphitic walls of
MWCNTs establish a nanoreactor for 7P structure formation
and its protection against oxidation in air. A blue-shift of the
G-band was observed from the sample containing both
external and internal phosphorus, whereas a small red-shift
was observed after removing most of the external phosphorus.
The depth profile of P 2p XPS spectra of ~-P@MWCNT shows
that phosphorus oxides were distributed on the surfaces of the
sample and could be etched away with an Ar ion beam.
Observed P 2p core-level binding energies of 7-P inside
MWCNTs are smaller than external phosphorus.

Experimental Section

Degassed MWCNTs were sealed with extra red phosphorus
(Aladdin, 99.999 % metals basis) under a vacuum of 10~° Pa, heated
at 500°C for 48 h, and then cooled down in oven or under a temper-
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ature gradient condition (one end about 50-100°C lower than the
other end where the MWCNTSs were present). XPS measurements
were performed using a monochromatized Al Ko X-ray source
(Thermo Scientific K-Alpha) at a base pressure of 10’ Torr. The X-
ray beam size was 400 pum x 600 um and the argon ion etch crater was
about 4 mm x 2 mm for depth profiles. The etching voltage was 3 kV
with a etching rate of 2.8 As~'. High-resolution transmission electron
microscopy investigations were carried out at an acceleration voltage
of 80 kV on an FEI Titan® 60-300 (PICO) microscope equipped with
a high-brightness field emission gun, a monochromator, and a Cs-C¢
(spherical-chromatic aberration) achro-aplanat image corrector for
the objective lens, providing an attainable resolution of 80 pm!*!l and
at 300 kV on an FEI Titan G2 microscope. Scanning transmission
electron microscopy combined with energy dispersive X-ray (EDX)
spectrum imaging was conducted at 80 kV on an FEI Titan G2 80-200
ChemiSTEM microscope equipped with a high-brightness Schottky
field emission electron gun, a probe Cs corrector, and a Super-X EDX
system, and also on a JEM-ARM?200F microscope!*! with a probe Cg
corrector. A nonlinear filtering algorithm was used for denoising of
the elemental maps.*’)
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