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Phosphorus-based metal-free semiconductors are promising with their non-toxicity and low cost of raw mate-
rials. In this work, we synthesized a near-infrared (NIR) activated photocatalyst based on elemental phosphorus
(P) by chemical vapor deposition. This photocatalyst consists of black P and another potentially novel red P
allotrope which is the major contributor to NIR absorption and photocatalytic activity. The P allotropes of
twenty known space groups have been ruled out. The work injects new vitality into the synthesis of P-based
photocatalyst and provides a case for synthesis of black P without catalyst at a low pressure. Also, the metal-free

photocatalyst with a broad spectral response will be the powerful candidate for further solar-light utility and

environmental remediation.

1. Introduction

Since the breakthrough of graphic carbon nitride (g-C3Ny4) as the
first metal free photocatalyst in 2010, metal-free photocatalysts has
being attracted enhanced attention [1]. Many other simple photo-
catalysts have been developed, such as elemental photocatalysts
(phosphorus, sulfur and boron) with their composites, and even poly-
mers [2-7]. Those photocatalysts based on elemental phosphorus (P)
has been studied more widely due to the widespread distribution of P
element on the earth. Elemental P, exists in three basic allotropes:
white, red, and black. White P is limited to organic chemistry appli-
cations due to its low ignition point and high toxicity [8]. The ther-
modynamically stable but expensive black P had been demonstrated to
own semiconductor properties in 2014 and has attracted widespread
attention [9-11]. In contrast, red P (RP) is more commonly used be-
cause of its low cost, non-toxicity, stability and environmental protec-
tion under environmental conditions [12]. RP has been widely used in
daily life and industry, such as igniters and chemical analysis [13,14].
Due to the highest theoretical specific capacity among known anode
materials for sodium ion batteries [15], RP also has excellent
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application prospects in the battery field. In 2012, amorphous and
Hittorf RP were first discovered to be photocatalytic and used for H,
evolution [3]. Then RP has been widely studied as a photocatalyst, but
its low activity limits its practical application greatly. After that, the
small-sized and uniformly distributed fibrous RP showed excellent
photocatalytic performance, and the H, evolution activity was the
highest record in the family of elemental photocatalyst, which greatly
stimulated the research on RP [2]. Then in 2017, by introducing fibrous
RP in g-C3Ny, the hybrid exhibited the highest activity of H, evolution
among all P-containing g-C3N,4 [4]. Meanwhile, RP as a visible light
photocatalyst has great potential in environmental remediation, such as
bacterial disinfection, removal of organic pollutants and harmful ions
[16,17]. In addition, RP is involved in the synthesis of other P-based
photocatalysts, such as NiP [18]. Recently, the research on amorphous
RP is also on the rise [19,20]. A series of studies have shown that RP is a
hotspot in energy and environmental aspect, especially photocatalytic
H, evolution. According to the previous researches, the modified RP
exhibited slightly different absorption edge from "680 nm to “720 nm,
corresponding to the colors from bright red (amorphous) to dark red
(fibrous type) [12]. However, the known optical absorption property
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Fig. 1. (a) The synthesis process of the RP film. (b) Optical photograph of various materials before and after deposition of the RP film.

around visible light limits the more efficient utilization of RP to sunlight
(visible light only accounts for about 48% of sunlight). Also, the pe-
netration of visible light limit the further application of RP in other
fields such as biology. Based on the complex and numerous molecular
structures of P allotropes [21,22], we believe that the potential of P as a
semiconductor has not been fully realized.

Herein, we present a simple method of chemical vapor deposition
(CVD) (Fig. 1a), which could uniformly form a black film on the surface
of various materials (Fig. 1b). Furtherly, we have studied the properties
of deposited black film in detail using the film grown on the surface of
titanium plates (Ti-RP). It is found that Ti-RP not only has strong ab-
sorption in NIR (accounts for about 44% of sunlight), but also exhibits
good photocatalytic activity (the photocatalytic production of super-
oxide anion and singlet oxygen).

2. Experimental section
2.1. Preparation of RP film

Firstly, 6.0 g commercial RP is hydrothermally reacted for 12h at
200 °C to removed the oxides on the surface. Then the RP is pulverized
and kept in Ar atmosphere for future use. Next, 0.6 g amorphous RP is
placed in a porcelain crucible owned a porcelain lid (separate, not one-
piece and sealed) together with appropriate substrates (e.g. Ti). As for
powders (e.g. TiOy), it is mixed with the amorphous RP uniformly in
advance. A vacuum is maintained before temperature elevation. The
high temperature of 750 °C is maintained for 1h and then 280 °C is
maintained for 12h. After the device gradually decreasing to environ-
ment temperature, the black RP film is obtained.

2.2. Characterization

Scanning Electron Microscope (SEM) images are obtained from
Field-emission SEM (Zeiss sigma 500, Germany). The transmission
electron microscopy (TEM) and high-resolution TEM images are ac-
quired on ZEISS Libra 200 FE TEM. Raman spectra are recorded by a

confocal Raman microspectroscope (Renishaw, UK). X-ray diffraction
(XRD) patterns are obtained by an X-ray diffraction spectrometer
(D8A25, Bruker, Germany) with the metal target is Cu (A
=1.540598 A) and a step size of 0.02°. X-ray photoelectron spectra
(XPS) are acquired on an ESCALAB 250Xi instrument (Thermo Fisher
Scientific, USA). The UV-vis-NIR absorption spectra are transformed
from the diffuse reflectance spectra (DRS), which are investigated by a
UV-vis-NIR spectrophometer (UV-vis-NIR, UV-3600, Shimadu, Japan)
with an integrating sphere attachment which BaSO, is as reflectance
standard. The ultraviolet photoelectron spectroscopy (UPS) is measured
on an ESCALAB 250Xi instrument with a monochromatic He I light
source (21.22eV). The ESR measurement irradiated for 60 min under
ice water bath is performed by JES-FA200 spectrometer (JEOL, Tokyo,
Japan) at room temperature.

2.3. Photoelectrochemical (PEC) measurement

A three-electrode system, equipped with a Pt electrode as counter
electrode and Ag/AgCl electrode as a reference electrode, is used in all
the PEC experiments with 0.5M Na,SO, aqueous solution as electro-
lyte. The samples are served as working electrode using an electro-
chemical analyzer (CHI-660E, Shanghai Chenhua) with a light source
(808 nm, LOS-BLD-0808). The scan rate of LSV is 10 mV/s. The Mott-
Schotty plot is conducted under a frequency of 1000 Hz.

2.4. Photocatalytic experiments

All the measurements are conducted under ice water bath to mini-
mize the influence of temperature under irradiation. A 808 nm light
(LOS-BLD-0808) is served as light source. All the absorption spectra are
measured on a microplate reader (SpectraMax I3MD USA).
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2.4.1. NBT (nitro blue tetrazolium) method for detection of O, *

NBT dimethyl sulfoxide (DMSO) solution (2.5 X 10~° mol/L) is
used with 808 nm light (0.45 W/cm?). The amount of Oy- is indirectly
obtained by detecting the absorption spectra of generated MF. Before
illumination, all groups are oscillated for 15 min to mix evenly. After
illumination, the solution is oscillated for 5 min to mix evenly, and then
300 ul solution is taken to test the absorption spectra.

2.4.2. Detection of 105 by 1, 3-Diphenylisobenzofuran (DPBF)

DPBF DMSO solution (10 pug/mL) is employed with 808 nm light
(0.45W/cm?). The DPBF is acted as the trapping agent of 'O,. Before
illumination, all groups are oscillated for 10 min to mix evenly. After
illumination, the solution is oscillated for 3 min to mix evenly, and then
300 pl solution is taken to test the absorption spectra.

3. Results and discussion

In a typical synthesis, the amorphous RP (Fig. S1) is used as starting
material, which is obtained from commercial RP by hydrothermal re-
action at 200 °C for 12 h to remove oxides and pulverization to acquire
fine powders. It is placed in a porcelain crucible owned lid together
with appropriate substrates (e.g. Ti). As for powders (e.g. TiO,), it is
mixed with the amorphous RP uniformly in advance. A vacuum is
maintained before temperature elevation. After the device gradually
decreases to environment temperature, black films are obtained on
various materials. Since the film is converted from amorphous RP, it is
named RP film. In the following process, we explore the RP film de-
posited on the surface of Ti in detail.

Fig. 2a shows that a film of substantially uniform density and spatial
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MF, absorption maximum at 530 nm

distribution is grown on Ti. The inset image reveals that the structure
unit shows irregularly pyramidal shape. Besides, the cross-sectional
view exhibits that the film is composed of a plurality of pyramids and
the film thickness is about 0.89 um (Fig. 2b). Based on the above
morphology, we consider the film as an array of irregular pyramids.
Besides, the higher aspect ratio surface structure along with the higher
roughness may be beneficial to the light absorption [23]. In order to
further study the microstructure of the film, the film from the substrate
were removed by rubbing with a blade for the TEM study. The Fig. 2c
shows that the morphology unit contains many small nanoparticles
even quantum dots. To identify these whether structures are not un-
ique, another larger nanosheet (Fig. S2) shows wide and homogeneous
distribution of nanoparticles. Due to the TEM sample was dispersed by
ultrasound in preparation, the fine particles around the large size
sample may be the ultrasonically detached nanoparticles, according to
their similar size. Besides, the HRTEM image (Fig. 2d) displays clear
lattice fringes with d-spacing of 0.52nm and 0.264 nm, corresponding
to the (002) and (004) plane for BP (identified from PDF#09-0020),
while it also shows a d-spacing of 0.218 nm for another component. In
this way, the RP film on Ti is more likely to be a mixture, in which BP is
one of the components. Furthermore, since the components in the RP
film are formed at the same time under the same condition, it is unlikely
for the components to own an obvious distribution range and boundary,
like the semiconductor composites with a sequential synthesis process.
Instead, they are more likely to be randomly and evenly distributed,
which is appeared on the HRTEM image.

In order to further study the chemical structure of the RP film, XPS,
Raman spectra and XRD of the Ti-RP are performed. As shown in
Fig. 3a, both P 2p and P 2s peaks can be identified from the survey
spectrum, indicating the growth of RP film on the surface of Ti [24].

0.218 nm

0.218 nm

Fig. 2. (a) SEM image and (b) cross-view image of Ti-RP. (c¢) TEM and (d) high-resolution TEM image of the RP film.
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Fig. 3. (a) XPS survey spectra of Ti-RP. (b) Raman spectra of Ti and Ti-RP at the excitation light of 532 nm and 633 nm. The gray lines represent the smooth fitting
performed using the Savitzky-Golay algorithm at the level of 1%. (c) XRD of Ti and Ti-RP. The peaks of standard Ti is obtained from PDF standard card (65-9622).
The red squares are the crystalline peaks of the RP film. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article).
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Fig. 5. (a) Photocurrent responses of Ti-RP under a 808 nm light. (b) Negative sweep and (c) positive sweep of linear sweep voltammetry (LSV) of Ti and Ti-RP. The
irradiation is provided by a 808 nm laser. The optical density (OD) remained constant during the tests.

Raman spectra are acquired on the samples of Ti and Ti-RP at the ex-
citation of 532 nm (Fig. 3b). The Raman spectrum of Ti-RP at the ex-
citation of 633 nm is also exhibited. Because the original lineshape
noise is relatively large, to be more intuitive, we utilize the Savitzky-
Golay algorithm to perform a smooth fitting at the level of 1%, which is
shown by the gray curve. The Raman spectra along with the curves
fitted to individual peaks are shown in Fig. S3a and S3b. It can be seen
that whether the excitation light is 532 nm or 633 nm, the lineshape can
be perfectly fitted to the 8 peaks, and the positions are very similar. A
few differences would be due to the necessary smoothing and baseline
subtraction process in the fitting. The similarity of the Raman spectra
with the two excitation lights with different penetration depths in-
dicates the uniformity of the film. Besides, the lineshapes of Ti-RP are
completely changed with respect to Ti, indicating that Ti has been
covered by a dense RP film. They also show that intensity exists over
the region of 50-700 cm™?, and no pronounced gap is observed. The

primary Raman signals appear at 50-200 cm ', whereas less-intense
bands appear at 210-700 cm ™~ '. The Raman peaks in the frequency
range up to 140 cm ™! correspond to vibrations of the structural cluster
against each other (very large mass) and the weak restoring forces (van
der Waals forces provide some of the bonding between the clusters),
which are expected at low frequency [25]. The strong peaks at the low
frequency in Ti-RP indicate that the presence of structural clusters and
the high long range order correlation between the clusters, and further
reveal the existence of crystalline state of the RP film [25]. Bands
around 200 cm ~! may be contributed by the vibrations related to bond
angle distortions, while frequencies above 340 cm ™! would be the vi-
brations of bond bending and bond stretching nature in cluster [25-28].
According to previous reports [2,29,30], the main peaks of the Raman
spectra of various P allotropes are known in Fig. S3c. Although the
whole lineshape and the relative intensity of Ti-RP are very different
from the one of the P allotropes, in order to be more scientific, the
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possibility of the presence of the allotropes cannot be simply ruled out
due to the broad band of 300-500 cm ™. According to Fasol et al. [26]
and Olego et al. [27], we judge the absence of pentagonal cages and
further the absence of Hittorf and fibrous P in our sample (Section S1).

XRD is used to further analyze the structure of RP film (Fig. 3c).
According to the peaks, it can be confirmed that the synthesized RP film
is crystallized, which is consistent with the results of HRTEM and
Raman spectra before. After excluding the peaks of Ti, the crystallized P
can be identified at least 17 peaks (marked with red squares). In this
work, if all the major strong peaks of a P allotrope can correspond to the
positions of the crystallized P one-to-one, it can be speculated that this
P allotrope exists in RP film. The standard XRD patterns of various P
allotropes for comparison are given in Fig. S4-S7. From the detailed
comparison in Section S2, it can be confirmed that the RP film has black
P (Bmab) and does not belong to any RP allotropes of type I-V. Also,
other P allotropes of the 15 different space groups mentioned are also
excluded out of our sample. Base on the XRD analysis and the different
Raman spectra (intensity persists over a broad range, strong peaks exist
in the low frequency region), we boldly guess that at least 8 other
unknown peaks after excluding the peaks of black P are likely to belong
a new RP allotrope (due to the transition from amorphous RP).

In order to provide more evidences, we test the optical properties of
the samples and find a very strong absorption in NIR region. The ab-
sorption lineshape is very different from that of black P, but somewhat
similar to Cu,(OH)PO, (Fig. 4a) [31]. The absorption observed beyond

2000 nm would be attributed to the lattice stretching modes [31]. In
addition, the NIR absorption of Ti-RP can fitted into with three Gaus-
sian peaks centered at 412, 980 and 1800 nm (at 3.01, 1.26 and
0.69 eV, respectively; Fig. S8a). And the absorption is strongest in NIR
centered at 980 nm. However, regardless of bulk BP or BP quantum
dots, the high absorbance is mainly concentrated in visible light region
[32-34]. To be more scientific, the diffuse reflectance spectra of Ti-RP,
which were obtained from three measurements, are also provided (Fig.
S8b). The same absorption trend can be observed, which reveals the
absorption intensity of Ti-RP in visible range increases along with the
wavelength, rather than decreases like black P. The significant differ-
ence from the black P indicates that the absorption in NIR region is
mainly attributed to the RP allotrope rather than black P. In order to
support this conclusion more strongly, we deposited the RP film on the
surface of anatase TiO, powder as the same process. The corresponding
XRD is very similar with Ti-RP without the typical peaks of black P (Fig.
S9a). The corresponding absorption spectrum reveals that in addition to
the absorption of typical anatase TiOs, there is significant absorption in
NIR region (Fig. S9b), which should be attributed to the RP allotrope
instead of the impurity level in TiO, [35,36]. Moreover, the differences
of XRD (Fig. S10), DRS, and photocatalytic activity (that of Ti-RP is
studied below) between the RP film and TiP, has ruled out the presence
of the composition directly formed by Ti and P, ie., TiP [37,38]. In
summary, we synthesize a RP film strongly absorbed in NIR region, and
the composition is very likely of a mixture of black P and another RP
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allotrope. The growth mechanism of black P on the surface of Ti, the
specific atomic structure of the RP allotrope, and the respective pur-
ification methods will be further investigated in the future.

To obtain the bandgap of the RP film, Tauc plots are converted from
the UV-vis-NIR diffuse reflectance spectra (DRS; Fig. 4b and Fig. S11).
The calculated bandgap of the RP film would be identified as about
0.85 eV (Section 3), which is close to that of 2-3 layers of black P [39].
In order to further explore the band structure of the RP film, ultraviolet
photoelectron spectroscopy (UPS) is employed to estimate the valence-
band maximum (VB) (Fig. 4c). According to Han et al. [40], the cal-
culated work function (®) is 4.71 eV (® =21.22eV-16.51 eV), while
the energy difference between VB and @ is 0.18 eV. In this way, the VB
is about -4.89 eV vs. vacuum. As such, the VB and conduction-band
minimum (CB) are about 0.39 and -0.46 V (vs. NHE), respectively. The
CB provides a sufficient overpotential for the production of superoxide
anion (O3 ¢) [41]. To investigate whether the RP film responses to
photo energy of NIR, the photoelectrochemical tests are conducted. As a
typical NIR monochromatic light (IR: A > 760 nm) [42,43], 808 nm

light is selected as the light source due to its representativeness in NIR
and wide use in various biological applications. Under non-bias and
sacrificial agents, Ti-RP exhibits a significantly increased transient
photocurrent compared to Ti, indicating that the RP film can effectively
generate free photogenerated charge carriers under irradiation, which
provides possibility for photocatalytic reactions (Fig. 5a). Fig. 5b and ¢
are the negative sweep and positive sweep of linear sweep voltammetry
(LSV) curves, respectively. Compared to the one in the dark, there is a
significant increase in photocurrent under irradiation, while Ti has little
difference, indicating the effective separation of electron-hole pairs in
RP film. In a word, photoelectrochemical measurements show that RP
film can produce photogenerated electrons under NIR irradiation for
the potential of photocatalysis.

To verify that Ti-RP does have photocatalytic activity under NIR
irradiation, Nitro Blue Tetrazolium (NBT) method is used to specially
detect O, + [44], which NBT can react with O, * to produce mono-
formazan (MF) that exhibits a maximum absorbance at 530 nm [45].
Hence, comparing the absorbance of MF, we could evaluate the
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concentration of O, " ». As shown in Fig. 6a and b, NTB solution does not
generate MF by itself, and light has no effect on MF production. Even
after the group of light and the group of Ti-RP + light that have been
irradiated for 60 min were left overnight, the absorption spectra have
no change, which reveals that no MF is generated (Fig. 6¢). The above
results demonstrate that light or Ti-RP alone has no effect on the for-
mation of MF. However, when the NBT solution containing Ti-RP was
illuminated, MF production showed an increasing trend with time
(Fig. 6d). The optical images of solution in groups of light and Ti-
RP + light after 60 min irradiation further confirm the generation of
MF (Fig. S12) Besides, the rate of MF production is significantly in-
creased when 1% TEOA (v/v) that reacts more easily with holes to
inhibit electron-hole pairs recombination is added (Fig. 6e). To be more
intuitive, the absorption spectra of these groups are correspondingly
quantified as shown in Fig. 6f. The results indicates that O, "+ is formed
from Ti-RP with irradiation, and is closely related with the photo-
generated electrons. Therefore, we conclude that the RP film has pho-
tocatalytic activity under NIR and its conduction band position is higher
than or equivalent to the potential for redox couple O,/ O, + (-0.33V
vs.NHE, pH = 7). It is consistent with the previous conclusion of UPS
and the calculated bandgap. Also, the electrochemical flat-band po-
tential is gained from the Mott-Schotty plot is about -0.9 V vs. Ag/AgCl,
ie., -0.7 V vs. NHE (electrolyte : 0.5 M Na,SO,4, pH = 6), which is also
higher than the potential for redox couple O,/ O, * and revealed that
the RP film can produce O, (Fig. S13) [41].

To investigate whether the RP film can produce other reactive
oxygen species (ROS), the photodegradation of 1, 3-diphenylisobenzo-
furan (DPBF) and electron spin resonance (ESR) spectrum are con-
ducted to detect singlet oxygen (*O,). The decline of absorption peak
around 415 nm represents the generation of 10,, which DPBF reacts
with 0, through Diels-Alder 1, 4-cycloaddition [46]. As shown in
Fig. 7a and b, the groups of dark and light both show negligible de-
crease of DPBF, while the group of Ti-RP + light show significant de-
cline (Fig. 7c). The result illustrates the photodegradation of DPBF,
which further reveals the generation of 10, by Ti-RP. Besides, ESR, the
most common evidence for identifying 0,, is also provided. Trapping
agent is 2,2,6,6-tetramethylpiperidine (TEMP). As shown in Fig. 7d, the
relative intensities of the signals in the group of Ti-RP after irradiation
are greatly enhanced, which also indicates the production of 'O,
[47,48]. Based on above tests, we conclude that the RP film own
photocatalytic activity at 808 nm, i.e., in NIR.

The generation of O, + and 'O, has been confirmed above.
According to Nosaka et al., the generation of 'O, is associated not only
with electrons but also with holes (O + e- = 057+, 0, "+ + h™ — 10,)
[49]. Besides, both nanosheet and bulk BP can produce 'O, efficiently,
which indicates the bandgap has little effect on whether 'O, can be
produced (the bandgap of BP varies with the number of layers) [46].
The BP in RP films may partly contribute to the formation of '0,, but
the production of O, * must be entirely owed to the potentially new RP
allotrope, which the detectable ROS generated by pure BP in NIR can
only be 10, [46,48]. This also indirectly verified the existence of a
novel RP allotrope with NIR photocatalytic properties, which supports
the previous guess. Combined with the potentials for various redox
couple, a band structure of the RP film is given in Fig. 8. And it can be
seen that the RP film not only can generate ROS under NIR, but also
would have potential in hydrogen production. To investigate if the
photocatalytic activity is limited to Ti-RP, the test about NBT method is
also conducted on Fe-RP as a instance. As shown in Fig. S14, the peak at
530 nm reveals the generation of MF, which further indicates the pro-
duction of O, +, that is, the RP film on Fe also owns photocatalytic
activity. The result illustrates the possibility of photocatalytic activity
on other substrates. Also, the morphology of the RP film on Fe is also
investigated (Fig. S15). Although many protuberances are shown on the
film, large difference is with the RP film on Ti. We speculate that not
only does the smoothness of the substrate affect the structure of the RP
film, but the substrate itself does.
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4. Conclusion

In summary, we demonstrate a simple method which can deposit a
black film uniformly on the surface of various materials. The film on Ti
is in the morphology of an irregular pyramid array, which has strong
absorption and photocatalytic activity in the NIR. Besides, the film
consists of black phosphorus (Bmab) and another potentially novel P
allotrope, which is major contributor to NIR absorption and photo-
catalytic activity. This work not only provides a way for metal-free NIR
photocatalysts, but also a case for low-pressure catalyst-free synthesis of
black P. Moreover, the higher conduction band position endows the
photocatalyst the capacity for ROS generation and the possibility in
hydrogen production, which supply an option for more efficient solar-
energy utility in fields of environmental remediation and energy re-
generation.
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