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ABSTRACT: Black phosphorus (BP) has recently attracted intense research interest due to its unique thickness-dependent and
anisotropic electronic and photonic properties, and has shown promising potential in nanophotonic, nanoelectronics and energy
storage applications. However, the application of BP in practical devices is hindered by its high commercial cost. To further reduce
the cost and accelerate the development of BP, a highly efficient preparation strategy for low-cost BP must be found. Herein, we
report such a method via a modified chemical vapor transport (CVT) method by replacing high-purity red phosphorus (RP) with a
low-purity precursor counterpart. We show that this method can drastically reduce the cost of manufacturing by several orders of
magnitude. Furthermore, the BP produced using low-cost RP shows nearly the same crystal quality, high purity, local chemical
structure, and electronic properties, compared with those of the high-cost BP prepared by the traditional CVT method. Most
importantly, exfoliated phosphorene nanosheets prepared from the low-cost BP exhibit promising hydrogen evolution reaction
(HER) activity. Owing to the high quality and high conversion efficiency, the low-cost BP holds promising potential in future
scientific research and industrial applications.

KEYWORDS: low-cost black phosphorus, red phosphorus, CVT, exfoliation, HER

1. INTRODUCTION devices, such as a hydrogen evolution reaction (HER) and
Black phosphorus (BP) was first prepared in 1914 by Percy W. an oxygen evolution reaction (OER).”'"”'® However, the
Bridgman and has recently been rediscovered as a novel two- application of BP in practical devices is hindered by two
dimensional (2D) layered material that can be exfoliated into factors: the fast degradation of phosphorene upon exposure to
single-layer/few-layer sheets, denoted as “phosphorene”.'”” air and the extremely high cost of commercially available BP
The revival of BP lies in its unique properties, especially the single crystals.”"®

thickness-dependent and anisotropic characteristics. Different In the case of the degradation behavior of BP, several groups
from other 2D materials (e.g, graphene, transition metal have studied the degradation mechanism and provided several
dichalcogenides (TMDs), and hexagonal boron nitride protection strategies (e.g., passivation layers and doping with
(hBN)), BP exhibits a thickness-dependent electronic band heteroatoms) for bulk BP and phosphorene.'”~>* To address
structure with a tunable direct bandgap (from ~0.3 eV in a the high cost, significant efforts have been put forward to find

bulk structure to ~2.0 €V in a monolayer structure) and a
charge-carrier mobility (up to 1000 cm* V™' s™" for a thickness
of ~10 nm).»* Furthermore, BP displays exciting advantages
over graphene, TMDs, and hBN owing to its strong in-plane
anisotropic electrical, thermal, optical, and phonon properties,
resulting from the lower symmetry of the puckered layer
structure.°”” These unique physical properties provide
promising opportunities for its wide applications in nano-
photonics, nanoelectronics, optoelectronics, and energy

suitable methods to synthesize large-scale and low-cost BP.
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Figure 1. (A) Schematic illustration of the modified CVT process used to grow low-cost BP. (B) Digital photographs of the sealed silica ampule
with low-purity RP as the precursor before and after the CVT growth process. The inset in part B shows a magnified photograph of the obtained

low-cost BP.

Following the high-pressure method by Percy W. Bridgman in
1914, large BP single crystals (several millimeters cubed) were
prepared using a wedge-type cubic anvil or multianvil-type
high-pressure apparatus.”**> The large BP crystals obtained
from this method are ideal for the study of specific physical and
chemical properties. However, the high-pressure method relies
on a specialized and complicated apparatus, and it is not
suitable for wide utilization and large-scale industrial
applications. In addition to the high-pressure method, mercury
catalysis and bismuth flux methods have also been deemed to
be unviable due to either being ecologcally damaging, too
complicated, and/or time-consuming.”**” To achieve an easy,
eco-friendly, and efficient way to synthesize BP, Nilges et al. in
2008 developed a facile and fast chemical vapor transport
(CVT) strategy to prepare large BP crystals using red
phosphorus (RP), Sn—Au alloy, and Snl, as mineralization
additives, which shortened the growth process from 5—10 days
to 70 h.***” The Nilges group later improved the preparation
process usin% Sn and Snl,, resulting in a drastic reduction of
side phases.” In addition to the successful preparation of BP
crystals by the CVT method, H. Zhang, A. Pan, and K. Zhang
et al. realize the preparation of BP films on silicon substrates
via a gas phase growth strategy.”' Via an epitaxial nucleation
design, the thickness of BP films is controllable after a further
lateral growth control. While the CVT strategy enables the
preparation of BP with an affordable price (around $600
(USD)/g) for specific research, the cost of BP crystals is still a
crucial barrier for industrial and large-scale applications.'®

To further reduce the cost of BP crystals, the rational design
of a modified CVT method based on Nilges” work should be
considered for BP growth.”*™*° In 2016, two groups reported a
similar strategy to reduce the cost of BP preparation by
replacing the Snl, mineralizer in the earlier procedure with
iodine (I,).”>** Experimental information and the calculation
to follow confirm the key role of I, and Sn in the successful
synthesis of BP.*»*> Until now, all previous modification
strategies of the CVT method aiming to reduce the cost of BP
have focused on the mineralizers in BP crystal growth.
Nevertheless, only a small amount of the mineralizer (e.g., I,
or Snl,) was applied in BP crystal growth (tenths to
hundredths of a milligram), and it is not the dominant factor
in the cost of BP. RP is the main factor controlling the final

7509

cost of BP (white phosphorus is ruled out due to its highly
reactive, pyrophoric, and extremely dangerous characteristics).
To the best of our knowledge, all previous reports showing
successful preparation of high-purity BP via the high-pressure
or CVT methods always utilized high-purity RP (99.99—
99.999+%, trace metal basis) as the precursor. High-purity RP
is high in cost and unacceptable for large-scale industrial
application. Additionally, previous work also confirms that
there are still several impurities in BP prepared through the
CVT method, which need modification to reduce the
percentage of the impurity inside.”® Therefore, it would be
more beneficial to use low-cost RP, such as commercially
available low-purity RP (e.g., 97—99%, trace metal basis), to
prepare high-quality BP with a low cost. The main obstacle for
the utilization of low-purity RP is the impurities (e.g., Fe, Mg,
and O), which should be absent from the grown BP products.
Considering the two main BP preparation methods, it is
immediately apparent that, while the impurities cannot be
removed from the final BP products prepared via the high-
pressure method, it is entirely possible to realize the exclusion
of impurities via the CVT method if the impurities would not
participate in the vapor transport process.

Herein, we report a modified CVT method using low-purity
RP as the precursors and Sn and I, as mineralization additives,
by which we have realized a highly efficient preparation
method for low-cost BP. Using a modified CVT method, we
have prepared large and high-quality BP crystals from the low-
purity RP in a moderate period of time. Additionally, no
noticeable impurities in the low-purity RP have been
transported to the final BP products, while nearly 97% of RP
has been converted to BP, ensuring the high purity level of the
BP crystals with a high conversion efliciency. Most
importantly, the utilization of low-purity RP can drastically
reduce the cost by several orders of magnitude over that of the
BP prepared from high-purity RP. Based on the low-cost BP,
exfoliated phosphorene nanosheets have also been prepared,
showing promising HER activity. Thus, this modified CVT
method shows promising potential in future scientific research
and industrial applications.
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Figure 2. SEM images of (A) low-cost BP and (B) high-cost BP crystals and (C) EDX result of both BP crystals.

2. RESULT AND DISCUSSION

Herein, we describe a modified CVT method that can produce
high-quality BP with a high conversion efficiency. In this study,
we tracked the growth mechanism of this method by
comparing the characteristics of BP crystals prepared from
low-purity RP to those of crystals prepared from high-purity
RP. The low-purity (>97%, trace metal basis) and high-purity
RPs (>99.99%, trace metal basis) were used for BP crystal
growth as purchased, without further purification. Both display
the typical crystal structure of amorphous RP (see the
Supporting Information, Figure S1). Figure S1A shows the
X-ray diffraction (XRD) patterns of low-purity and high-purity
RPs; both exhibit similar patterns with four broad peaks at 26
~ 15, 32, 42, and S55°. The very broad peaks suggest the
presence of a medium-range structural order in both RPs, in
accordance with the Raman spectra shown in Figure S1B.”
Both RPs display the typical wide Raman peaks between 200
and 500 cm™ of red phosphorus with a similar intensity,
suggesting similar disordered crystal structures.”®

In the case of the impurities in low-purity RP, scanning
electron microscopy (SEM) combined with energy-dispersive
X-ray spectroscopy (EDX) was carried out to study the
morphology and composition of both high- and low-purity RP.
As shown in Figure S2A,B, both low-purity and high-purity
RPs present polygon-type morphologies with the size ranging
from 1 to 20 ym. Additionally, based on the EDX result shown
in Figure S2C, high-purity RP displays only phosphorus with
just one sharp peak at around 2 keV (P Ka), indicating no
obvious impurities. However, the low-purity RP, as expected,
shows several obvious impurities, including O, Fe, Na, Mg, Al
and Ca, resulting from the preparation and storage process of
commercial RP.” Furthermore, the impurities are uniformly
distributed based on the EDX spectra (see the Supporting
Information, Figure S3).

Figure 1A displays the schematic of the modified CVT
process with low-purity RP as the precursor and Sn and I, as
the mineralizer additives. All raw materials were sealed in
quartz ampules under a vacuum, which were then placed in the
furnace with a temperature gradient. As discussed above, I, and
Sn have been confirmed to be a pair of effective mineralizer
additives which can transport phosphorus from the high-
temperature (HT) side to the low-temperature (LT) side and
facilitate the BP crystal growth (Figure 1).>* Because the
impurities cannot participate in the CVT process, the
impurities (including Sn,P;, SnP;, and other impurities)
located at the HT side were naturally separated from the BP
crystal grown at the LT side when the temperature lowers
down to room temperature (RT). Figure 1B shows the digital
photograph of the sealed quartz ampules with the raw
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materials, displaying a mixture of yellow and red color on
the inner surface of ampules owing to the sublimation at a high
temperature and the deposition of P and I,. Figure 1B also
shows the digital photograph of the quartz ampule after BP
growth, where it can be seen that BP crystals with a cone shape
(around S mm in size) were grown at the LT side, while the
black-colored byproduct formed from the impurities in RP was
left at the HT side. Because the grown BP crystals and the
byproduct are gathered in the opposite sides in the quartz tube,
they can be easily separated by breaking the quartz tube into
two parts. Then the grown BP crystals were peeled off the
quartz tube. Therefore, BP crystals can be synthesized from
low-purity RP via the modified CVT process, and impurities
can be separated from the product. Thus, the use of low-purity
RP can drastically reduce the overall cost to an affordable level.
BP crystals prepared from low-purity RP are henceforth
denoted as low-cost BP. The high-purity RP was used to grow
BP crystals via the CVT method under the same growth
parameters, denoted as high-cost BP, for comparison.

As shown in Figure S4, high-cost BP was also synthesized at
the LT side with the gray metal-colored byproduct left at the
HT side, which is different from the black-colored byproduct
formed during the low-cost BP growth process (Figure 1B). As
shown in Figure SSA,B, the byproduct of the low-cost BP
shows a spherical morphology (diameter ~40 gm) mixed with
other smaller particles with the compositions of O, Fe, Na, Mg,
Al, and Ca originating from the impurities in low-purity RP, I,
and Sn from the CVT process. The EDX of the byproduct
indicates that the impurities did not participate in the CVT
process and were left at the raw material side after BP growth.
The reason why the impurities in the high-purity RP raw
materials cannot participate in the CVT growth process is
related to the reaction mechanism. The elements (e.g., P) that
can participate in the CVT growth should form iodides during
the heating process. The elements of the impurities in the high-
purity RP raw materials cannot form corresponding iodides,
resulting in the impurities that cannot participate in the BP
growth process and the absence of impurity elements in the
final low-cost BP products. The impurities were left at the
starting material side. Elemental iodine has not been detected,
possibly because of its volatile nature. Compared with the
byproduct of the high-cost BP, that of the low-cost BP shows
similar crystalline Sn—phosphide phases of Sn,P; and SnP;,
which is in accordance with previous reports (Figure S5C).”"**
In the case of the byproduct of low-cost BP, no crystalline
impurity phases have been detected.

Upon separating BP crystals from the byproducts, one low-
cost BP crystal with the mass of 0.1874 g was obtained with a
high conversion efliciency of ~96.6 wt % based on the
phosphorus composition in low-purity RP, which is almost the

https://dx.doi.org/10.1021/acsanm.0c01101
ACS Appl. Nano Mater. 2020, 3, 7508—7515
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Figure 4. (A) Synchrotron-based P 2p XPS spectra (excitation photon energy = 240 eV), normalized XANES spectra acquired with the TEY mode
at the (B) P L,;-edge and the (C) P K-edge of low-cost BP and high-cost BP.

same as that of high-cost BP (Figure S6). The reason why the
conversion ratio is calculated based on the P weight in the
starting materials is that this calculation can provide more
accurate chemical reaction information. Regarding the cost of
low-cost and high-cost BP preparation, the cost of low-cost BP
is around 255 times lower than that of high-cost BP based on
the price of RP precursors (high-purity RP = $28 (USD)/g,
low-purity RP = $0.11 (USD)/g). The high conversion
efficiency indicates that the impurities in low-purity RP do
not affect the CVT process, making it entirely feasible to use
low-purity RP to grow BP crystals via the CVT method.
Furthermore, the produced low-cost BP shows the same crystal
quality compared with that of high-cost BP. As shown in
Figure 2A,B, both BP crystals display a clean surface without
obvious mineralizer residuals. Additionally, the EDX spectra
shown in Figure 2C confirms the purity in both the low-cost
and high-cost BP, showing no noticeable impurities from the
low-purity RP starting material (Figure S2). In particular, no
oxygen has been found in the low-cost BP, while elemental
oxygen is one of the main compositions in the low-purity RP
starting materials. The reason is also related the modified CVT
growth process. Because elemental oxygen in the low-purity
RP should come from impurities, such as metal oxides, it
cannot participate the BP growth process. The absence of
oxygen in the obtained low-cost BP crystals makes the
materials one promising candidate material for practical
application in nanophotonics and nanoelectronics. Further-
more, the impurity level of low-cost BP has been quantified via
inductively coupled plasma mass spectrometry (ICP-MS),
exhibiting a high purity level of ~99.9 at. %, which is similar to
that of the high-cost BP. To further confirm the purity level of
the obtained low-cost BP, we carried out X-ray photoelectron
spectroscopy to get the detailed chemical information
regarding different elements, including P, Sn, and I As
shown in Figure S7 (see the Supporting Information), clear
peaks belonging to P 2s and 2p peaks can be found while the
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intensity of the peaks belonging to Sn and I is negligible,
indicating the very low impurity level in the final BP product.
The phosphorus content in the low-cost BP is around 99 wt %
and is calculated based on the XPS peak intensity. The purity
level of our low-cost BP is consistent with that of the previous
BP crystal growth results.””** The purity level determines the
electrical properties of BP crystals, which has a crucial
influence on the application in electronics. We used a four-
point probe to test the electrical conductivity of low-cost and
high-cost BP crystals, as shown in Figure S8 (see the
Supporting Information). The electrical conductivities of the
low-cost and high-cost BP crystals are 72 and 74 S/m,
respectively, which is consistent with the previous reports.*>*!
The similar electrical conductivities of the low-cost and high-
cost BP crystals indicate the similar high purity levels. Because
this modified CVT method can use low-purity RP as raw
materials to prepare BP crystals, it is reasonable to control the
defect and doping concentrations in the final products. As
there are already several works that reported the preparation of
Se, or S-doped BP,** it is reasonable to introduce dopant
elements in the raw materials, such as Se or S powder, which
can participate in the BP crystal growth process. The
concentration of defects and the doping concentration can
be controlled by modifying the amount of Se or S powder in
raw materials, and it can also be controlled by modifying the
growth temperature and time.

Figure 3A shows the X-ray diffraction (XRD) patterns of the
low-cost BP and high-cost BP, exhibiting the same three main
peaks located in the same positions, corresponding to (0k0) of
BP’s orthorhombic crystalline orientation.’”** Moreover, the
sharp XRD peaks in both patterns indicate a high crystal
quality without crystalline impurities in both BP crystals, which
is consistent with the Raman spectra shown in Figure 3B. Both
BP crystals display three main peaks, corresponding to the
typical high-frequency Raman modes (A,', B,,, and A;>) and
the same high degree of crystallinity.
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Figure 5. (A) TEM image, (B) HRTEM image, (C) synchrotron-based P 2p XPS spectra (excitation photon energy = 240 eV) of phosphorene
nanosheets, and (D) LSV curves of phosphorene catalyst for hydrogen evolution in 0.1 M HCIO,.

In addition to the crystal structure, the local chemical
environment of low-cost BP has also been studied by
synchrotron-based P 2p X-ray photoelectron spectroscopy
(XPS).** P 2p XPS measurements were carried out using the
excitation photon energy of 240 eV, which is highly surface-
sensitive (probing depth of around 0.5 nm, because the kinetic
energy of P 2p peaks of ~105 eV is near the minimum of the
universal electron escape depth). As shown in Figure 4A, two
XPS peaks at around 130.06 and 130.94 eV represent the P
2ps/, and 2p, /, core levels with a spin—orbit split of ~0.88 eV.
Based on previous XPS studies of degraded BP, oxidized BP
always shows additional 2p XPS peaks at a higher binding
energy, corresponding to phosphorus oxides or phosphate
(e.g, 135 eV).* However, low-cost BP only shows two XPS
peaks without the additional phosphorus oxide peaks,
indicating its high chemical purity without degradation on
the surface. Furthermore, the local chemical and electronic
structures have been studied by X-ray absorption near the edge
structure (XANES) at the P L, ;- and K-edges (Figure 4B,C)
acquired by the total electron yield (TEY) mode, showing
probing depths of ~5 nm and of about tens of nanometers,
respectively, tracking the densities of states above the Fermi
level with 3d and 3s and 3p transitions, respectively. Consistent
with the P 2p XPS, the first two peaks at the P L,;-edge
XANES spectrum of low-cost BP correspond to electron
transitions from 2p;,, and 2p,,, orbitals to the unoccupied 3d
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orbital and 4s states above the Fermi level, according to the
dipole selection rules, while other peaks at a higher photon
energy might be due to multiple scattering effects.””** In the
case of the P K-edge XANES spectrum of low-cost BP, one
absorption peak with the white line at around 2145.2 eV is
related to the electron transition from the P 1s orbital to the
unoccupied 3p state.”” Compared to those of XPS, XANES
spectra are sensitive to both the oxidation state and
coordination environment of P. Furthermore, the XANES
spectra of low-cost BP at both P L, ;- and K-edges show typical
features of standard BP, indicating a high crystal quality
without obvious oxide defects. Compared with the high-cost
BP, low-cost BP shows the same XPS and XANES spectra,
suggesting the same crystal quality with the same local and
electronic structure in both BP crystals, and the as-prepared
crystal appears to be less susceptible to degradation. Compared
with previously prepared BP crystals,””**** the prepared BP
crystal in our work shows a high elemental purity, good
crystalline degree, and reasonable electronic structure which is
confirmed by several characterization methods, including
SEM-EDX, ICP, XRD, Raman, XPS, and XANES. Therefore,
it is reasonable to confirm the high quality of the prepared BP
crystals.

Owing to the extremely low cost of this modified CVT
method, low-cost BP shows great promise for future
applications. Various applications of BP including nano-
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photonics, nanoelectronics, energy storage devices, and
catalysis are mainly based on exfoliated phosphorene, such as
the hydrogen evolution reaction (HER) and oxygen evolution
reaction (OER).'™"* To explore the HER activity of the low-
cost BP, phosphorene was prepared through liquid exfoliation
in N-Methyl-2-pyrrolidone (NMP). The thickness can also be
controlled by tuning the centrifugation speed (see the
Experimental Section in the Supporting Information). Figure
SA shows the transmission electron microscopy (TEM) image
of the prepared phosphorene, displaying a nanosheet
morphology with sizes from 20 to 50 nm. The clean and
smooth surface of the obtained phosphorene indicates no
obvious impurities and oxidation after the exfoliation
process.”” Additionally, high-resolution TEM (HRTEM)
images of the edge section exhibits a typical crystalline
structure with a lattice spacing of 0.52 nm corresponding to the
(020) crystal plane (Figure SB). The total thickness of the
selected edge of phosphorene is around 10 layers. To further
confirm the chemical information, the obtained phosphorene
was also studied by the synchrotron-based P 2p X-ray
photoelectron spectroscopy (XPS). As shown in Figure SC,
two XPS peaks at around 130.06 and 130.94 eV represent the
P 2ps,, and 2p,/, core levels with a spin—orbit split of ~0.88
eV without any peaks at a higher photon energy, indicating the
absence of the oxidation of phosphorene during the exfoliation
process.”” Furthermore, the HER catalytic activity of
phosphorene was studied via electrochemical measurements
using a typical three-electrode configuration in the 0.1 M
HCIO, solution. Phosphorene was deposited on the glassy
carbon electrode and dried under a vacuum to avoid
degradation under an ambient atmosphere. Figure SD shows
the linear sweep voltammetry (LSV) curves of phosphorene
and glassy carbon. As a comparison, the HER catalytic activity
of phosphorene prepared from high-cost BP was also tested, as
shown in Figure S10 (see the Supporting Information). The
prepared phosphorene using low-cost BP showed a very
negative onset potential compared with that prepared from
high-cost BP. In the acidic solution, the HER always followed
the Volmer—Heyrovsky reaction mechanism, which involves
the discharge and H desorption processes. According to
Zdenek Sofer et al.’s work, the edge-plane BP showed a much
higher catalytic activity than that of the basal BP.*" In our
work, we believe the higher catalytic activity on phosphorene
low-cost BP is attributed to the higher amount of edge defects
than that on phosphorene high-cost BP, which leads to more
exposed active sites and also facilitates the charge transfer
process. The phosphorene derived from low-cost BP shows a
comparable HER catalytic activity and a low onset potential
compared with those of previous literature results, indicating
the promising potential of phosphorene for HER applica-
tions.'””' We are trying to increase their electrochemical
activity and extend their applications by other methods such as
element doping. Further detailed studies over these samples
were out of the scope of our current paper, which will be
performed in our following work. In addition to the application
of BP as one HER catalyst, the prepared BP material can also
be used as a promising anode material for lithium-ion and
sodium-ion batteries due to its high theoretical capacity (2595
mAh/g) and low cost.”” The application of the prepared BP in
secondary batteries will be introduced in ourfuture work.
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3. CONCLUSION

In summary, we have developed a modified CVT method with
low-purity RP as a precursors to replace high-purity BP and
realized the high-efliciency preparation of low-cost BP. To the
best of our knowledge, this is the first work to show the
successful preparation of high-quality BP from low-purity RP
with a high conversion efficiency of around 97%. Additionally,
the growth mechanism of low-cost and high-quality BP has
been intensively studied, confirming that the impurities in low-
purity RP cannot participate in the BP growth process.
Furthermore, compared with the high-cost BP, the produced
low-cost BP exhibits the same crystal quality and high-purity
level, as well as local and electronic structures, making it
suitable for application in nanophotonics, nanoelectronics, and
energy storage. The exfoliated phosphorene nanosheets
prepared from the low-cost BP show promising HER activity,
producing the same performance as that of high-purity RP
stating materials. Compared with the current high price of
commercial BP crystals prepared from high-purity RP (around
$600 (USD)/gram), this work can drastically reduce the cost
of manufacturing by hundreds of times, showing promising
potential in future scientific research and industrial applica-
tions.
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