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Abstract: Semiconductive property of elementary substance is
an interesting and attractive phenomenon. We obtain a break-
through that fibrous phase red phosphorus, a recent discovered
modification of red phosphorus by Ruck et al., can work as
a semiconductor photocatalyst for visible-light-driven hydro-
gen (H,) evolution. Small sized fibrous phosphorus is obtained
by 1) loading it on photoinactive SiO, fibers or by 2) smashing
it ultrasonically. They display the steady hydrogen evolution
rates of 633 umolh™'g™' and 684 umolh™'g!, respectively.
These values are much higher than previous amorphous P
(0.6 umolh™'g™') and Hittorf P (1.6 umolh™'g™!). Moreover,
they are the highest records in the family of elemental
photocatalysts to date. This discovery is helpful for further
understanding the semiconductive property of elementary
substance. It is also favorable for the development of elemental
photocatalysts.

P hosphorus (P) is one of the most widespread elements, and
there is approximately 100 billion tons of phosphorus on the
earth.! This element is of great significance in the field of
chemistry, physics, biology and ecology etc.'l Since its
discovery in 1660s,” modifications of different kinds of P
allotropes have received extensive attention.** Up to date, at
least five kinds of P allotropes have been identified, including
white, black, amorphous, violet (Hittorf) and fibrous P.[*"
Besides, many P allotropes have been theoretically predicted
by Hiser et al.*“9in 2004, two of them have been successfully
isolated from copper halide matrix by Pfitzner et al.l”

White P is the most active one among the allotropes of P,
and has been widely used in organic chemistry.!) However, its
high toxicity greatly limits its wider applications. By contrast,
orthorhombic black P is considered to be thermodynamically
stable.! It has a layered structure. The synthesis of black P
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often requires high pressure until Nilges etal. provide
a method to easy access black Pl Very recently, the semi-
conducive property of exfoliated black P nanosheet is
discovered,”™! and has become one of the hottest topics in
material science, for example as field effect transistor, photo-
detector, and sensor.["#

Compared with white and black allotropes, red P is more
commonly used, inexpensive, and low-toxic. These advan-
tages render red P a promising candidate in material physics
and chemistry.>? According to literatures, the amorphous
and crystalline modifications of red P are based on tubular
units of five- and six-membered rings.”**! In the early
literatures, the various red modifications were named as I-V
types as their structures were not fully known.*) Among
them, the structure of type V violet Hittorf P (monoclinic)
was characterized in 1969 by Thurn and Krebs.'” In the past
decade, Pfitzner etal.”! and Ruck etal.® have prepared
further tubular P allotropes. In 2005, fibrous P crystals
(triclinic) are obtained via a CVD method from amorphous
red P by Ruck et al.*! It is composed of the same tubes that
existing in Hittorf P but arranged as parallel sets of covalently
linked rods instead of layers of orthogonally linked rods.*!!
This modification is then recognized as type IV of red
modifications based on XRD patterns. Pfitzner et al. have
prepared two novel solid red-brown P allotropes nanorods!’
from the adducts (Cul)sP,,""” and (Cul);P,,."") Another kind
of P nanorod is found in (Cul),P,,.'Y

Although great progress has been achieved in preparation
of red P modifications, the applications of the red P is still
limited. In the past centuries, the red P was mainly used to
prepare igniters, gunpowder and flame retardant.”’ Unlike
highly active white P, it can only be used as P source in
chemical reactions under some special condition like high-
pressure UV light irradiation™ or ionic liquid activation.™
Recently, in the field of rechargeable battery, red P has shown
high capacitance via reversible reactions with lithium ions or
sodium ions.!'"? Also, unlike black P, the semiconductive
property and related application of red P (amorphous,
Hittorf, and fibrous) is rarely reported. Recently, our group
has preliminarily discussed the probability of using red P as
a semiconductor for photocatalytic water splitting. But the
low activity of previously-reported amorphous and Hittorf
red P greatly restrict the practical applications of red P.

In our viewpoint, the potential of red P as a semiconductor
has not been fully realized. First, according to the general rule
of “structure-property” relationship, it is quite meaningful
and attractive to further study other red P modifications as
the semiconductive photocatalyst. Second, prior reports
mainly focused on amorphous, large-grain and poor-distrib-
uted red P particles, which tend to cause serious charge
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recombination. Therefore, it is highly desirable to prepare
a small-sized and uniformly distributed product.

Herein, we for the first time use fibrous phase red P,
a recent discovered modification by Ruck et al.,*! as a semi-
conductor for photocatalytic hydrogen evolution. Small sized
fibrous P is obtained by two methods: 1) We uniformly
distributed submicron-sized fibrous red P on photoinactive
SiO, fibers via a CVD process (Scheme 1 left part, donated as

Ultrasonically

smashed

(
H,0

SiO, fiber

Bulk Fibrous phase
T phosphorus
~~ phosphorus

Microfibrous Phosphorus/SiO, Smashed-Fibrous Phosphorus

Scheme 1. The diagram of photoactive micro-fibrous P/SiO, (left) and
smashed-fibrous P based on fibrous phase red P (Right).

“micro-fibrous P/SiO,”). 2) Also, we prepared bulk single-
phase fibrous P according to literature,® and smashed them
into microstructures (Scheme 1 right part, donated as
“smashed-fibrous P”). The estimated activity of phosphorus
in the micro-fibrous P/SiO, in photocatalytic hydrogen
evolution reaches 633 umolh'g™'. While the activity of
smashed-fibrous P reaches 684 umolh'g™'. These values
increase by about 1055/1138 and 396/427 times compared to
those previous reported bulk amorphous and Hittorf P,
respectively."! Moreover, these values are the highest records
in the family of elemental photocatalysts including silicon
(Si),! boron (B),*" carbon (C),?" sulfur (S)*! and selenium
(Se)™! (a recent record of steady hydrogen evolution rate is
about 400 umolh~'g™! for mesoporous elemental Si under
full-spectrum illumination)'”) Besides, the red P is more
stable than Si in water under irradiation, because Si will be
deactivated by the surface oxidation reaction.

Micro-fibrous P/SiO, is prepared from amorphous red P
and SiO, fibers wool via a CVD method (see Scheme S1 of
the Experimental Section in the Supporting Information).
SiO, is chosen as a support, because it is photoinactive
(Section S1, Figure S1) that the activity in photocatalytic
hydrogen evolution can be ascribed to the red P. Also, it is
highly-dispersed and thermally stable, which is helpful for the
distribution and deposition of red P.

Compared with bare SiO, fibers (Figure S2a), some one-
dimensional (1D) microstructures can be seen on the surface
of the micro-fibrous P/SiO, (Figure S2b). The corresponding
EDX spectrum shows strong signals of P, Si and O (Figure S3,
Table S1), which is consistent with its chemical composition.
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Some short submicron rods with the size of c.a. 500 nm ~ 1 um
can be observed in the enlarged SEM image (Figure 1a). Its
HRTEM image shows a crystal facet with the d-spacing of
5.81 A, which is the characteristic of (001) facets of fibrous-
phase red P (Figure S2c).*!

Smashed-Fibrous P
Bulk-Fibrous P
Standard Fibrous red P

. ———— Micro-Fibrous PISIO;
\V?B Standard Fibrous red P|
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Figure 1. SEM images of a) micro-fibrous P/SiO,, b) smashed-fibrous
P, and XRD patterns of c) micro-fibrous P/SiO, and d) smashed-
fibrous P, bulk-fibrous P. The standard XRD patterns of fibrous red P
are placed in (c) and (d) as the references.

For smashed-fibrous P, the single phase bulk fibrous P is
prepared according to literature,*¢ and are smashed into sub-
micron particles (see experimental section). As shown in
Figure 1b, its size is as small as 300 nm—1 um.

To study the chemical structure of these two samples,
XRD, Raman and FT-IR analysis are performed (Figure 1c,d,
Section S2, Table S2, Figure S4-Figure S10). The XRD pat-
terns of micro-fibrous P/SiO, and smashed-fibrous P (Fig-
ure 1c,d, Table S2) are well indexed into the simulated
pattern of triclinic fibrous-phase red P (CSD. 391323).
However, the pattern of micro-fibrous P/ SiO, shows the
relative low crystallinity (Figure 1c, Table S2). It is known
that some P allotropes have similar crystalline characteristic
with fibrous P, for example, the Hittrof P, [P8]P4(4)],
[P10]P2[, and [P12(4)]P2[. Comparison of their XRD patterns
shows that 1) phosphorus in micro-fibrous P/SiO, should be
mainly composed of fibrous P; 2) it cannot fully exclude the
presence of other P allotropes, especially [P10]P2[ and
[P12(4)]P2[ (details see Section S2, Table S2, Figure S4-Fig-
ure S8). As shown in Figure S9, the Raman spectra of the two
samples resemble to each other. They both exhibit the peaks
of fibrous-phase P, and are quite different from those of other
phosphorus allotropes®! and SiO,. This result is consistent
with the XRD analysis, and further confirms their chemical
structures of fibrous P.

The band structure of fibrous P is important for under-
standing its photocatalytic activity. It is known that the fibrous
P is composed of [P,;] polyphosphide tubes as the basic
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structure of fibrous P was first investigated by Ruck et al.

[41]

On the base of his crystal structure, we carry out the
theoretical calculation to study the band structure of fibrous
P. Van der Waals correction (Grimme d2) is introduced in the
calculations.® (Figure 2a,b). The calculated band structure
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Figure 2. a) Theoretical calculation of the band structure of fibrous P.
b) Atomic structure of fibrous P simulated in the theoretical calcula-
tion. c) Absorption spectrum of the micro-fibrous P/SiO,, smashed-
fibrous P and SiO, fibers. d) Kubelka—Munk plots converted from the
absorption spectrum of micro-fibrous P/SiO, (up) and smashed-
fibrous P (down).

of slab exposing (0 1 0) surface are shown in Figure 2a.The
fibrous P clearly exhibits a band gap of 1.5 eV according to the
projector-augmented-wave method with Perdew-Burke-Ern-
zerhof GGA functional. It is the typical characteristic of
a semiconductor. This value is in well agreement with the
absorption spectra of micro-fibrous P/SiO, and smashed-
fibrous P (Figure 2¢,d). This result also indicates that the
fibrous P is a direct band gap semiconductor. Thus, it
compares favorably with Si (indirect band gap) that has
energy loss during excitation. Importantly, it has a very high
conduction band minimum of —0.9 V vs. NHE. This is higher
than the theoretical potential of hydrogen evolution (0 V vs.
NHE). Also, this is much higher than previously reported
Hittorf red P (—0.25eV) and Si (—0.2-—0.35 V)15
indicating the fibrous P is more energetically favorable for
water reduction."”?) The larger energy gap between the
conduction band edge and the H*/H, potential for fibrous red
P is remarkably beneficial for water reduction, which should
be one of the reason for higher photocatalytic activity of
fibrous-phase red P (Figure 3).

The yield of hydrogen from photocatalytic water splitting
was evaluated by using methanol as a sacrificial reagent and
Pt as a cocatalyst. Hydrogen generation over time was
evacuated at interval of 1h under visible light irradiation
(A>420 nm). The yield of hydrogen for micro-fibrous P/SiO,
is about 196 umolh™'g™' (Figure 3a). Moreover, in the
recycling experiment, its hydrogen yield is very steady
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Figure 3. Time course of the hydrogen evolution on a) micro-fibrous
P/SiO, and b) smashed-fibrous P. c¢) Comparison of activity of photo-
catalytic hydrogen evolution on different elemental photocatalysts."®%!
The light source used or referred here are all visible light, except the
mesoporous crystalline Si (full spectrum).

(Figure S11). Regarding that the fibrous P accounts for
31 wt% in the composite (EDX results, Table S1) and that
the SiO, fiber is photoinactive (Section S1, Figure S1), the
activity of fibrous P in mcirofibrous P/SiO, is estimated to be
633 umolh™'g™!. A similar value of 684 umolh~'g™" is
obtained for the smashed-fibrous P (Figure 3b). These are
the highest values among elemental photocatalysts for visible-
light-driven hydrogen evolution from water (Figure 3c, right
part). These are almost 1.5times as high as that of the
mesoporous crystalline Si (full spectrum),™ while other
elemental photocataysts are rarely reported to be able to
produce hydrogen photocatalytically.”">*! These are also
much higher than previous reported elemental P including
amorphous red P! Hittorf P/"*! and amorphous P/YPO,
(Figure 3¢, left part).'® Besides, these values are about
a quarter of the activity of TiO, (P25, 2500 umolh~'g™", full-
spectrum illumination) and CdS (2200 umolh™'g™!, visible
light illumination) when using the same testing instrument. In
the control experiments in the dark, no obvious hydrogen
generation are observed for both of micro-fibrous P/SiO, and
smashed-fibrous P, indicating the chemical stability of fibrous
P in water. It is also reported that only trace levels of
phosphate (PO,*) and hydrogen phosphate (HPO,*") ions
are detected after long-term photocatalytic reaction of red

Angew. Chem. Int. Ed. 2016, 55, 95809585
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P28 Moreover, the P 2p fine XPS spectra also indicate that
the chemical states of fibrous P is stable after the photo-
catalytic reaction (Figure S12 and the explanation). This
further confirms the chemical stability of fibrous P in
photocatalysis.

The reason for the high activity of micro-fibrous P/SiO,
and smashed-fibrous P is then discussed here. First, as
mentioned before, high conduction band minimum (—0.9 eV
vs. NHE) of fibrous-phase P contributes to their superior
activity. Moreover, the microstructure of fibrous P in micro-
fibrous P/SiO, and smashed-fibrous P are extensively in
contact with water, achieving a high activity of photocatalytic
hydrogen evolution. The microstructure is very helpful to
obtain higher charge transfer efficiency. To study in detail,
micro-fibrous P/SiO, is chosen as the example and compared
with bulk fibrous P (denoted as “bulk-fibrous P”). They were
fabricated into electrodes by depositing them on bare FTO
conducting glasses. Both of them can produce repeatable
cathodic photocurrent upon visible illumination at 0.2 V vs.
RHE (Figure 4a,b), indicating the generation of photoexcited
charge carriers and the semiconductor nature of fibrous P.
This also confirms the p-type property of fibrous P,** which is
consistent with the previous report.!"!
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Figure 4. Photocurrent density of micro-fibrous P/SiO, and a control
sample of bulk-fibrous P under simulated sunlight in 0.1 M Na,SO,
electrolyte a) with and b) without 0.001 M methylviologen dichloride
(MVCl,). ) Voltammograms of micro-fibrous P/SiO, and bulk-fibrous
P under chopped simulated sunlight in 0.1 M Na,SO, electrolyte with
0.001 M MVCl,. d) IPCE curve of micro-fibrous P/SiO, and bulk-fibrous
P.

The surface charge transfer efficiency 7., is measured by
adding a fast electrons scavenger methylviologen dichloride
(MVCl,) to the electrolyte.”” According to literature, the
photocurrent can be expressed as Equation (1),

JHZ() = ‘]maxnabs”sepntmns (1)

where Jy,o and J,, is the measured and the theoretical
maximum photocurrent in the absence of electrons scavenger,
respectively; 77, is the light absorption efficiency; 7, is the
charge separation efficiency inside the photoanode; and 7,
surface charge transfer efficiency of the photoanode.
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In the presence of electron scavenger MV?*', the surface
charge transfer is very fast and 7,,,,~100%. The photo-
current can be expressed as Equation (2).

]MVH = Jmaxnahsnscp (2)

Since the addition of MV?*" did not change the light
absorption, pH and 7. Jyax 7ans and 7, are unaltered for
both Jy,o and Jyy. . Therefore, the surface transfer efficiency
can be calculated by comparing the photocurrent from water
and MV?* reduction [Eq. (3)].F"

Nirans = ]HZO/JMVZ* (3)

With the addition of MV?', the photocurrent density of
bulk-fibrous P increases from 0.35 pAcm™ to 5.5 pAcm™,
while that of micro-fibrous P/SiO, increases from 2.4 uA cm >
t0 9.9 wA cm 2 This increment is ascribed to easier reduction
of MV?*' than water molecules. The 1,,,,, of bulk-fibrous P is
calculated to be 6.36% and #,,, of micro-fibrous P/SiO,
increases by a factor of 3.8 to 24.2%. This suggests the
submicron sized fibrous P in micro-fibrous P/SiO, shows
much faster charge transfer efficiency than its bulk counter-
part. This should be due to the smaller particle size and
shorter carrier diffusion distance, which enables faster
electron injection into the redox couple in the liquid phase.

In addition, we further investigate the density of charge
carriers, an important parameter to evaluate a photocatalyst.
In the presence of fast electron acceptor, it is reported that the
photocurrent onset potential in a voltammograms reflects the
quasi Fermi level of majority carriers.’! Since there is hardly
any overpotential for the reduction of fast electron acceptor
MV?*, charge carrier can migrate to the external circuit for
photocurrent generation once the applied bias reaches the
quasi Fermi level.®!! As shown in the insert in Figure 4c, the
potential of micro-fibrous P/SiO, (—0.454 V vs. RHE) is
0.05 V positive than the bulk-fibrous P (0.504 V vs. RHE). In
the quasi Fermi level, the carrier density difference between
micro-fibrous P/SiO, and its bulk counterpart can be calcu-
lated according to the Nernst equation [Eq. (4)],F

Ey—Ep = kTIn(Ny /Np)/e 4)

where E; and N is the quasi Fermi level and the carrier
density at the Fermi level of sample 1, E;, and N, is the
corresponding values of sample 2, k the Boltzmann’s Con-
stant, 7 the temperature and e the the elementary charge.

Then, the 0.05V shift corresponds to 7.0 times higher
carrier density in the micro-fibrous P/SiO,, which is greatly
beneficial to photocatalytic water splitting.

The incident photon-to-current efficiency (IPCE) meas-
urements were carried out according to the following
Equation (5),*

IPCE = (1240 x 1) /(2 X Jygn,) (5)
where [ is the photocurrent density (mA cm~2), A the incident
light wavelength (nm), and Jy,, the power density of

monochromatic light at a specific wavelength (mW cm ™).
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Results show that the micro-fibrous P/SiO, exhibits
a higher IPCE than the bulk-fibrous P between 360-650 nm
(Figure 4d). Besides, they show identical low-energy thresh-
old of 650 nm, confirming the unaltered light absorption and
band gap of the micro-fibrous P/SiO,. Therefore, in the
visible-light-driven hydrogen evolution, the submicron sized
fibrous P in micro-fibrous P/SiO, displays c.a. 30 times activity
than that of bulk-fibrous P (21 umolg 'h~!, Figure 3¢ left
part).

In summary, an elemental photocatalyst of fibrous phase
red phosphorus has been developed here. The phosphorus in
micro-fibrous P exhibits the record high visible-light-driven
hydrogen evolution rates of 633 umol. h™'g™!. Despite the
small uncertainty in phase composition, the sample is
beneficial to practical application due to its convenient
preparation and easy recycling. The smashed-fibrous P
exhibits the hydrogen evolution rates of 684 pmol. h™'g'.
These values are much higher than previous amorphous P
(0.6 pmolh~'g™") and Hittorf P (1.6 umolh~'g™"). Moreover,
these values are the highest ones among the elemental
photocatalysts. The semiconductor property of the fibrous red
P is confirmed by theoretical calculation and photocurrent
generation. The high activity is ascribed to higher charge
transfer efficiency and higher carrier density of the fibrous P
microstructures. This discovery is helpful for further under-
standing the semiconductive property of red P. It is also
favorable for the development of elemental photocatalysts.
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