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An efficient method has been developed for the synthesis of
single crystalline fibrous phosphorus submicron materials.
Via the chemical vapor deposition (CVD) technique, fibrous
phosphorus fibers with diameters from ~150 nm to 2 um were
prepared directly from amorphous red phosphorus. The as-
prepared fibrous phosphorus exhibited interesting
photocatalytic properties.

Phosphorus chemistry has drawn enormous attention since the
discovery of elemental phosphorus in 1660s.! Elemental phosphorus
can exist in several forms including the white (P,), black and red
allotropes. Red phosphorus is the most abundant and easily
available.? It is stable in ambient conditions and eco-friendly due to
its nontoxicity.® As a result, the applications of red phosphorus have
been widespread in our daily life and industry,® such as
igniters,’® flame retardant,** smoke signal®® and chemical analysis*.
Recently, downsizing of phosphorus to submicron or nanoregime
has shown numerous fascinating properties in semiconductors,®
rechargeable batteries®™® and photocatalysts®*®. For example, red
phosphorus/carbon electrode showed a 92 % utilization of
phosphorus (equal to 2413 mA.h.g™) with high columbic efficiencies
and cycling stability.>® However, the development of red phosphorus
functional materials is still intrinsically limited by the elusive
structures of the amorphous red phosphorus.® The fabrication of
crystalline red phosphorus, particularly in the form of submicron or
nanostructures, is needed to shed light on the definitive correlation
of atomic structures with its properties. This may also bring us
pleasant surprises for further applications.

It is a hot topic in phosphorus chemistry to resolve the crystalline
phase and atomic structures of red phosphorus allotropes.®® 7
Previous works have offered understanding of three kinds of
crystalline red phosphorus allotropes. They are type Il (hexagonal),
type 111 (unstable) and type V (Hittorf’s type).? "¢ Recently, a new
member named “fibrous phosphorus (type V1)” has excited the study
of phosphorus chemistry and offered a novel kind of potential
functional material® ™8 However, there has been no report on its
submicron or nanostructured materials. Moreover, the study of its
applications was also in blank. Therefore, it would be interesting to
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develop the fibrous phosphorus submicron or nanostructured
materials and search their possible applications. Unfortunately, the
fabrication of crystalline red phosphorus submicron or
nanostructures has been difficult and only type Il phosphorus
materials have been reported. The synthesis generally required
complicated procedures with metallic halides or bismuth as catalysts.
Besides that, some toxic reagents were often involved such as
potassium cyanide (KCN) or white phosphorus.”® & Hence, a safe,
economic and controllable preparation method for crystalline red
phosphorus submicron or nanomaterials is also necessary.

Herein, we present a “capsule” CVD method for low-cost and
controllable synthesis of single crystalline fibrous phosphorus
submicron materials. With this method, micron-sized fibrous
phosphorus fibers (diameters: 150 nm~2 um) were obtained.
Mechanism analysis showed that the lattice matching between the
substrates and products played critical roles for getting the fibrous
phosphorus submicron fibers. Moreover, by changing reaction
parameters, type Il phosphorus submicron rods and Hittorf’s
phosphorus nanosheets could also be produced. So far, the structure-
property relationship of phosphorus materials has only been studied
theoretically due to lack of well-defined samples.® Our new method
could prepare sufficient amounts of samples easily for investigations.
Recently, metal free photocatalysts such as C3zNy, sulfur and boron
etc. have attracted wide interest.)’ This inspired us to study the
photocatatlytic activity of crystalline phosphorus fibers in this work.

In a typical synthesis, commercial red phosphorus was used as a
safe starting material. It was placed in a quartz capsule together with
an appropriate substrate (e.g. raw silicon /silicon nanowires wafers,
Fig. S1). A vacuum (-0.03~-0.09 Mpa) was maintained before
temperature elevation to overcome the Kinetic problem of red
phosphorus  sublimation.”” After gradually cooling to room
temperature, fibrous phosphorus submicron materials were obtained
on the substrate as confirmed by scanning electron microscopy
(SEM) (Fig. 1, Fig. S2).

As shown in Fig. 1 a-c, urchin-like assemblies of submicron fibers
were grown on the p-Si (100) nanowires wafers from 100 mg of red
phosphorus under an initial pressure of -0.06 Mpa. The submicron
fibers were 20-30 um in length with diameters of 400-600 nm (Fig.
1b, c). Its X-ray diffraction (XRD) pattern (Fig. 1d, Fig. S3) showed
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that the reflections were indexed based on space group P-1(no. 2)
and consistent with the simulated pattern of triclinic fibrous
phosphorus (atomic structure see Fig. le, based on crystallographic
data CSD 391323).”" The transmission electron microscopy (TEM)
analysis was then performed to further resolve its microstructure
(Fig. 1f-h, a representative EDX spectrum in Fig. S4). Its high
resolution transmission electron microscopy (HRTEM) image (Fig.
1g) displayed clear parallel lattice fringes of (001) facets with a d-
spacing of 5.81 A and (400) facets with a d-spacing of 2.78 A, which
was typical for fibrous phosphorus.”” The selected area electron
diffraction (SAED) analysis confirmed its single crystalline nature
(Fig. 1h). Although the above analysis demonstrated that the
products were mainly single crystalline fibrous phosphorus, we
could not fully exclude some unknown impurities grown on the
wafer during the complex CVD process. Notably, there were two
symmetric groups of spots (highlighted by dot circle) located very
close to each other in the SAED pattern. It might be resulted from
the stacking atomic layers perpendicular to the incident of electrons,
and suggested a layered structure inside. This hypothesis was proved
by TEM analysis of broken fibers, which revealed that the layers
aligned along the long axis of the fibers (Fig. S5). The HRTEM
image further displayed the layers had a d-spacing of 5.67 A (Fig. S6
inset), which was coincided with the small angle XRD reflection at
2theta=7.8 ° (twice d-spacing of 11.34 A, Fig. S6). Based on the X-
ray crystallographic analysis, fibrous phosphorus was proposed to
have a layered structure stacking by P,; pentagonal tubes atomic
layers.”" Herein, we characterized this layered structure in detail and
confined it into submicron regime.
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Fig. 1 (a-c) Representative SEM images, (d) XRD patterns, the blue
curve was the simulated pattern based on the crystallographic data,
(e) Atomic structure and (f-h) TEM, HRTEM and SAED analysis of
fibrous phosphorus submicron fibers obtained at -0.06 Mpa, 100 mg
red phosphorus and 550 °C.
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Moreover, by optimizing the reaction parameters, fibrous
phosphorus fibers with variable assembly patterns or diameters could
be facially produced (Fig. 2, their XRD patterns in Fig. S7). With the
quantity of 100mg red phosphorus and the initial pressure of -0.03
Mpa, the submicron fibers tightly assembled into the dense urchin-
like structures but kept similar diameter to ones obtained at -0.06
Mpa (Fig. 2a). When the initial pressure decreased to -0.09 Mpa, the
dense assemblies became very few, and dispersed submicron fibers
dominated the final products (Fig. 2b). A mechanism (Scheme S1)
was proposed to explain this pressure controlled growth. When the
quantity of red phosphorus was reduced to 50 mg, the diameter of
submicron fibers was greatly decreased to ~150 nm, which was only
25 % of that obtained with 100 mg precursor (Fig. 2c). While using
150 mg red phosphorus, the diameter of products was enlarged to ~2
um and shuttle like microfibers were produced (Fig. 2d). These
fibrous phosphorus fibers were found to contain the same layered
structure (Fig. S8a-d).

Fig. 2 Representative SEM images of fibrous phosphorus submicron
and microfibers obtained at (a)-0.03 Mpa, 100mg red phosphorus, (b)
-0.09 Mpa, 100 mg red phosphorus, (c) -0.06 Mpa, 50 mg red
phosphorus and (d) -0.06 Mpa, 150 mg red phosphorus, the scale bar
is 500 nm in the inset picture of (c). The reaction temperature is
550 °C.

To illustrate the formation mechanism of fibrous phosphorus
submicron fibers, the lattice matching effect between fibrous
phosphorus and substrates was demonstrated here as the potential
key factor for its controllable growth. As shown in Fig. 3a, the p-Si
(100) wafer (Fd-3m (227)) displayed a lattice fringe constant of 5.43
A for (001) and (010) facets. Hence, it well matched with the
interlayer spacing of 5.67 A for fibrous phosphorus submicron fibers,
and thus induced an energetically favorable growth along the long
axis of fibers (Fig. S5). ™' Besides that, a crucial step of lattice
matching growth (or epitaxial growth) in CVD is the stress
relaxation in crystals. %€ Fibrous phosphorus is a kind of molecular
crystal connected by weak van der Waals forces, which might be
also beneficial for its stress relaxation during the crystal growth. To
further verify the lattice matching effect, other substrates were also
studied here. When using p-Si (111) nanowires wafer, which showed
no obvious lattice match relationship with red phosphorus allotropes.
Only a mixture of fibrous phosphorus submicron fibers and type Il
phosphorus submicron rods & was obtained on the substrate. It
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suggested an uncontrolled crystal growth and further proved the role
of lattice matching effect (Fig. 3b, ¢ and XRD pattern in Fig. S9a).
Additionally, similar fibrous phosphorus submicron fibers were
produced on n-Si (100) nanowires wafer and plain p-Si (100) wafer.
(Fig. 3d, e and XRD patterns in Fig. S9b, c). However, their
assembly patterns on the plain Si wafer were not as obvious as those
on the Si nanowires wafer. This might be due to the influence of a
rough surface on the nucleation process. A dynamic growth process
for the fibrous phosphorus is proposed in Scheme S2.

Besides the fibrous phosphorus, other red phosphorus allotropes
could also be obtained via this mehtod. When using o-Ti wafer as
the growing substrate (100 mg red phosphorus, -0.06 Mpa), type 1l
phosphorus submicron rods with length of 3-5 um and diameter of
300-400 nm were produced (Fig. S10a, b and Fig. S11a).® In the
previous study, type Il phosphorus was defined as a crystalline
allotrope of red phosphorus by TGA analysis (stable in the range of
460-520 °C).% Recently, Winchester et al. have shown the only
example of type Il phosphorus nanostructures prepared with white
phosphorus as the starting material.® Herein, our method offered a
safe way to get type Il phosphorus submicron rods. While on the p-
Si (100) nanowires wafer, Hittorf’s phosphorus nanosheets could be
obtained under the reaction temperature of 450 °C (Fig. S10c, d and
Fig. S11b). These examples showed that our method was a general
protocol for obtaining crystalline red phosphorus allotropes
submicron and nanostructures.

A5 (100) face  d(001)=5.43 A

/\‘/;I d(010)
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Fig. 3 (a) The illustration of lattice matching effect of fibrous
phosphorus submicron fibers vs. p-Si (100) nanowires wafer. Red
phosphorus submicron materials obtained on (b, ¢) p-Si (111)
nanowires wafer, (d) n-Si (100) nanowires wafer and (e) bare p-Si
(100) wafer at -0.06 Mpa, 100 mg red phosphorus and 550 °C.
Picture (c) was the highlighted zone in (b). “P”: phosphorus.
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The as-prepared fibrous phosphorus submicron fibers displayed
interesting visible light driven photocatalytic activity, in addition, the
photocatalytic property of type Il phosphorus submicron rods was
also studied here for comparison (Fig. 4). Photocurrent response
under visible light irradiation (A > 420 nm) was firstly test, and their
obvious on-off photocurrents verified that electrons and holes could
be generated over red phosphorus allotropes (Fig. S12). Thereafter,
degradation of Rhodamine B (RhB) under visible light (A > 420 nm)
was performed as the model experiment. As shown in Fig. 4a, the
RhB degradation efficiencies over fibrous phosphorus submicron
fibers (sample see Fig. 1a-c) and type Il phosphorus submicron rods
(sample see Fig. S10a, b) were 46.4 % and 28.8 % (23.2 %/ mg of
catalyst and 14.4%/ mg of catalyst), respectively, under visible light
irradiation for 6 h (c.a. 2 mg catalyst/ 20 mL solution; silicon
nanowires wafer showed no photocatalytic activity, Fig. S13).
Fibrous phosphorus submicron fibers showed a ~1.6 times of
apparent reaction rate (normalized with the area of wafers) than type
11 phosphorus submicron rods. Considering the larger size of former
one, fibrous phosphorus should have higher intrinsic photocatalytic
activity than type 11 phosphorus. This difference could be understood
from two aspects. For one thing, fibrous phosphorus submicron
fibers had a wider visible light absorption of ~100 nm than type Il
phosphorus submicron rods (Fig. 4b), which originated from their
different crystalline phase and thus electronic structure. For another,
the layered structure of fibrous phosphorus was favorable for the
separation of photo-generated electrons and holes. Anisotropic
transport behaviors of photo-generated electrons and holes in the
layered photocatalysts have been evidenced in other systems.?
While the small angle XRD analysis showed that there was no
layered structure in type Il phosphorus (Fig. S8e). The stability of
fibrous phosphorus as the photocatalyst was also evaluated here, and
its activity was virtually unchanged after three cycles (Fig.
S14).Their OH radical detections were also performed, and the
increasing fluorescence intensities confirmed the involvement of OH
radicals in the photocatalytic pathway (Fig. 4 c, d).
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Fig. 4 (a) Photocatalytic performance of fibrous phosphorus
submicron fibers vs. type Il phosphorus submicron rods, via the
degradation of RhB under visible light irradiation. (b) Their UV-vis
diffuse reflectance spectra, the spectrum of amorphous red
phosphorus was used as the reference.(c, d) Their time dependent
fluorescence spectra of the terephthalic acid solution (4x107* M),
each fluorescence spectrum was recorded every 1 hour of visible
light illumination.
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Moreover, colorless 2, 3, 6-trichlorophenol was also degraded
over the fibrous phosphorus submicron fibers, and showed a
reduction of 41.9 % after 6 h irradiation of VL (Fig. S15). In
addition, amorphous red phosphorus nanoparticle was used to
degrade the RhB under VL irradiation and compared with fibrous
phosphorus fibers powder. It is shown that (Fig. S16, 2 mg catalyst),
after 4 h irradiation, the degradation efficiency of RhB over red P
nanoparticle and fibrous phosphorus fibers was 54.5 % and 86.3 %,
respectively. These results suggested that the crystalline structure of
fibrous phosphorus might be beneficial for its activity due to some
possible advantages e.g. fast charge separation.

Conclusions

In summary, single crystalline fibrous phosphorus submicron
fibers/microfibers have been realized via a “capsule” CVD
method. The lattice matching effect between the substrate and
phosphorus was found critical for obtaining desired product.
Moreover, type Il phosphorus submicron rods and Hittrof’s
phosphorus nanosheets could also be fabricated using this
method. Our method does not require catalysts or mineralizers,
and it is relatively low cost. The facile control of morphology
and crystalline phase make this method a general protocol for
red phosphorus and other potential sublimating elements such
as sulfur and arsenic. Moreover, photocatalytic activity of
fibrous phosphorus and type Il phosphorus was evaluated here
and showed obvious phase-dependent behavior, which would
provide inspirations for their further applications in many other
fields e.g. battery electrodes or supercapacitors.
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