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A single elemental hybrid composed of black phosphorus (BP) and red phosphorus (RP) is synthesized via

a feasible sonochemical method. BP and RP can construct a new single elemental heterostructure. This kind

of structure with an excellent interfacial contact between BP and RPwould be beneficial to electron transfer

and exhibits a superior electrochemical performance. Compared with the sole RP, the as-prepared BP/RP

hybrid exhibits enhanced electrochemical performances as an electrode material for both lithium-ion

batteries and supercapacitors. For lithium-ion battery applications, the BP/RP hybrid provides a high

cycling performance with an initial discharge capacity of 2449 mA h g�1 and a reversible capacity of 491

mA h g�1 after 100 cycles. For supercapacitor applications, the specific capacitance of the BP/RP hybrid

achieves a high value up to about 60.1 F g�1 and a long cycling life with a capacity retention of 83.3%

after 2000 cycles. The present study demonstrates that the BP/RP hybrid has potential for application as

an electrode with high performances in electrochemical energy-storage devices.
1. Introduction

Phosphorus is an elemental material and has three main allo-
tropes: white, red and black. Among them, black phosphorus
(BP) is the most thermodynamically stable allotrope of phos-
phorus. Moreover, BP possesses a similar layered structure to
graphite constructed with weakly bonded puckered layers via
weak van der Waals interactions.1,2 Recently, BP has attracted
signicant attention due to its unique electronic and optical
properties,3 and it has been widely applied in the eld of elec-
tronic and optoelectronic devices.4,5 Similar to graphene and
other layered materials, BP has been also considered as an ideal
candidate electrode material in electrochemical energy-storage
devices6–9 due to its relatively high theoretical specic capacity10

and excellent carrier mobility.11 For example, Park and Sohn
rst used BP as the anode material for lithium-ion batteries,12 in
which BP exhibited a high initial charge capacity of 1279 mA h
g�1, but its capacity would drastically decrease to 220 mA h g�1
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aer 30 cycles. Tian et al. had prepared BP as an electrode
material for exible supercapacitors,13 and the devices delivered
a high specic capacitance of 45.8 F g�1 at the scan rate of 10
mV s�1.

BP was rst obtained from white phosphorus at high pres-
sure and high temperature.14 In addition, many routes had been
developed to synthesize BP, such as chemical vapor transport
(CVT),15 mercury catalysis16 and liquid bismuth.17 Although CVT
and high pressure methods offer good access to obtain high
quality crystals with facile fabrication, the high energetic
requirement and low yields hinder its further application. In
addition, mercury catalysis or liquid bismuth routes use toxic
chemicals and are not conducive to mass production. Recently,
Lang and colleagues had successfully obtained BP by using
a mineralizer as the reaction promoter under low-pressure and
non-toxic conditions,18 but the yield is very low. Park et al. had
reported a high energy mechanical milling (HEMM) method to
synthesize BP at ambient temperature and pressure,12 whereas,
a protective gas should be provided during the milling process.
Most recently, a sonochemical method has been developed by
Deji Akinwande, which demonstrated a great potential to effi-
ciently produce large-scale BP crystals under simple and safe
conditions.19 During this feasible and efficient ultrasonic
process, the ultrasound energy would provide sufficient local-
ized high temperature and high pressure to form BP from the
precursor red phosphorus (RP).

As is well known, RP is an earth-abundant, eco-friendly,
chemically stable and easy to handle material.20 In addition, RP
has a high theoretical specic capacity the same as that of BP.21
J. Mater. Chem. A, 2017, 5, 6581–6588 | 6581
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Unfortunately, the electrochemical performances of sole RP are
unsatisfactory due to its poor electronic conductivity and large
volume change during the charge/discharge process. Therefore,
it is urgent to improve its electric conductivity. The current
strategy is adding graphene or other carbon materials as
conductive agents,22 but the carbon additives with low theoret-
ical capacity would sacrice the total capacity. BP with excellent
electron-conductive ability, as well as high theoretical capacity,
is proposed as an alternative. During the sonochemical process,
the high pressure generated by bubble implosion would induce
the phase transformation from RP to BP. By selecting a suitable
ultrasonic power and time, it is expected that BP would be
synthesized from RP. In situ synthesis of BP into the matrix of
RP can result in an excellent interfacial contact and form
a heterostructure. In addition, this structure would facilitate the
transfer of electrons.23–25 And the high charge electron mobility
of BP could probably promote this process.

Herein, a new single elemental hybrid composed of BP and
RP (denoted as BP/RP hybrid) is prepared by a simple sono-
chemical process and used as an electrode material for an
energy storage devic. Beneting from the heterostructure and
the excellent interfacial contact, the BP/RP hybrid shows
a superior electrochemical performance. It is demonstrated that
the BP/RP hybrid as an anode material for LIBs provides a high
specic capacity of 2449 mA h g�1 in the rst discharge cycle,
which is nearly 94.3% of the theoretical capacity (2596 mA h
g�1). As an electrode for the supercapacitor, the BP/RP hybrid
delivers a high reversible capacitance up to 60.1 F g�1 at the
current density of 0.5 A g�1.

2. Experimental section
2.1 Material synthesis and characterization

The BP/RP hybrid was prepared via a simple sonochemical
method, in which the ultrasound energy would generate acoustic
cavitation and provide extremely high localized temperatures and
pressure in a microscopic region of the sonicated solvent.19 The
synthesis procedure of the BP/RP hybrid is schematically illus-
trated in Fig. 1. Typically, 100 mg of red phosphorus was milled
for 2 hours in an agatemortar in order to improve the dispersion.
The ground red phosphorus was dispersed in 500ml of deionized
(DI) water. Aer that, the dispersion was stirred for more than
one hour until the color of the solution turned red. The following
sonication processes included two-steps. The rst one was
carried out using the ultrasonic cell smash, and the red solution
was sonicated for 20 minutes in this procedure. The second
sonication process was performed in a bath for sonication for 20
minutes, in which the pressure and temperature of the solution
were maintained at a rational status. Aer repeating the above
two-steps six times, the as-obtained solution was ltered. It is
unfortunate that the ratio of BP and RP cannot be precisely
controlled in the present route.

The morphologies of the as-prepared BP/RP hybrid were
characterized by scanning electron microscopy (SEM, VEGA3
SBH, Tescan). The crystal structures of the samples were inves-
tigated by X-ray diffraction (Rigaku D/Max 2500, XRD) using Cu
Ka radiation (k ¼ 1.56 nm). Raman spectra and corresponding
6582 | J. Mater. Chem. A, 2017, 5, 6581–6588
maps were collected by back scattering geometry using the InVia
Raman microscope (Renishaw plc, Wotton-under-Edge, UK) with
a 532 nm He–Ne laser (Melles-Griot, Voisins Le Bretonneaux,
France) delivering 20 mW of laser power at the sample.

2.2 Li-ion battery performance measurements

For lithium-ion battery measurements, the BP/RP hybrid as the
anode material was evaluated by a galvanostatic charge/
discharge system. The homogenous anode slurry was fabricated
by using 30mg of BP/RP (active material), 10 mg of carbon black
(conductive agent) and 10 mg of polyvinylidene uoride (PVDF,
binder) in the ratio of 6 : 2:2 (wt%) in N-methylpyrrolidinone
(NMP). The as-prepared slurry was coated on a copper foil and
vacuum dried at 120 �C for 12 hours. The obtained copper foil
was applied to fabricate the electrode, while 1–2 mg of the active
material was distributed on each electrode uniformly. Coin cells
(CR2025) were assembled in an argon-lled glove-box with the
BP/RP electrode and 1mol L�1 of LiPF6 dissolved in amixture of
dimethyl carbonate (DMC) and ethylene carbonate (EC) in
a volume ratio of 1 : 1 as the electrolyte and lithium foils were
used as counter electrodes. The RP electrode was prepared
using the same route. The charge/discharge performance was
measured by a multichannel battery tester (NEWARE BTS-610)
at a constant current of 0.05 A g�1. And the electrochemical
impedance spectroscopy was performed by an electrochemical
workstation (CHI 660E) in the frequency range from 0.01 to 100
kHz. The electrochemical tests were conducted in the potential
window range of 0.01–2.00 V.12,26 As for the calculation of
specic capacity, only the mass of active materials was involved,
while carbon black and binders are beyond our consideration.
As a comparison, the sole RP was tested under the same
conditions. It is noteworthy that the distribution of the active
material and the air-tightness of the battery will affect the
performance of the battery. During the preparation process,
these technological reasons are optimized to minimize their
inuences on the electrochemical performances.

2.3 Supercapacitor performance measurements

As for supercapacitor tests, the working electrodes were
prepared using the slurry (same as the slurry of the Li-ion
battery) coated onto the nickel foam with an area of 1 cm�1, and
vacuum dried at 120 �C for 12 hours. Aer that, the nickel foams
were pressed under a pressure of 10 MPa and kept for 15
seconds to obtain an electrode sheet. The electrochemical
measurements were carried out in a three-electrode system with
KOH solution (0.1 M) as the electrolyte and a voltage between
�1 V and 0 V was applied. Prior to the electrochemical
measurements, the electrode was soaked in the electrolyte for
12 hours to improve the wettability. During the tests, the Pt
sheet electrode and the Ag/AgCl electrode were used as the
counter and reference electrodes, respectively. Cyclic voltam-
metry (CV) and galvanostatic charge/discharge measurements
were performed on an electrochemical workstation (CHI 660E).
All the electrochemical measurements were carried out at room
temperature. As a comparison, the sole RP as the controlled
sample was tested under the same conditions.
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Schematic illustration of the formation process of the BP/RP hybrid. (The initial image is the photo image of the pristine RP precursor, and
the last one is the photo image of the as-prepared BP/RP hybrid).
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3. Results and discussion
3.1 Characteristic of pristine RP and as-prepared BP/RP

The BP/RP hybrid was synthesized by the sonochemical process in
our laboratory from commercially available RP, and the pristine
sole RP without ultrasonic treatments for comparison. The rst
and last images in the schematic illustration (Fig. 1) are the optical
images of the samples before and aer sonochemical treatments,
respectively. It is clear that the appearance of the pristine RP has
changed from red to black aer the sonochemical process. Fig. 2(a
and b) are the SEM images of precursor RP under different
magnications. It is found that the pristine RP has bulk sizes with
1–10 mm. Besides that the sizes of the particles obviously decrease
aer sonochemical treatments, as shown in Fig. 2(c and d).
Fig. 2 SEM images (a and b) of the sole RP precursor and (c and d) the
as-prepared BP/RP hybrid at different magnifications.

This journal is © The Royal Society of Chemistry 2017
Fig. 3(a) shows the XRD patterns of pristine RP and the BP/
RP hybrid. It is obvious that the XRD pattern of the RP
precursor is dominated by two broad and weak peaks at 25–40
and 47–65 degrees26 In contrast, the XRD pattern of the BP/RP
hybrid displays the main characteristic of pure BP (JCPDS no.
73-1358) with two wide and overlapping peaks.23,27 It is hard to
determine the presence of BP from the XRD measurements for
the undifferentiated diffraction peaks between BP and RP.
Fortunately, the Raman peaks between BP and RP can be
distinguished. In order to further identify the successful
preparation of BP, Raman measurements were performed. As
shown in Fig. 3(b), three broad peaks around 350.3, 391.5 and
460 cm�1 can be observed in the Raman spectrum of sole RP,
which are consistent with those in other reports.5,27 Aer
ultrasonic processing, two new Raman bands appear at 440.2
and 466.5 cm�1, which can be ascribed to the B2g and A2g

modes of BP, respectively.19,28

Raman mapping was employed to understand the distribu-
tion of BP and RP in the BP/RP hybrid. Fig. 3(c) shows the photo
image of the BP/RP hybrid, while Fig. 3(d and e) show the
Raman mapping extracted from 350.3 (the characterized band
of RP) and 466.5 cm�1 (the characterized band of BP), respec-
tively. From the distribution map images, we can observe that
both BP and RP are continuously distributed. In addition, the
Raman spectral maps show difference in intensity, but no
obvious difference area between the two characteristic modes
can be conrmed. It can be concluded that BP and RP are
distributed homogeneously.
3.2 Electrochemical performances of BP/RP as a Li-ion
battery electrode

The electrochemical performances of the sole RP and BP/RP
hybrid were evaluated in a lithium half-cell and are exhibited in
Fig. 4. Fig. 4(a) demonstrates the charge/discharge perfor-
mances of the BP/RP hybrid and sole RP. It can be seen that the
initial discharge and charge capacity of sole RP are 1540 and 700
J. Mater. Chem. A, 2017, 5, 6581–6588 | 6583

http://dx.doi.org/10.1039/c7ta00455a


Fig. 3 (a) XRD patterns and (b) Raman spectra of the sole RP precursor and as-prepared BP/RP hybrid. (c) Photo image of the BP/RP hybrid, and
the corresponding Raman mapping of (d) 350.3 cm�1 mode and (e) 466.5 cm�1 mode. (Scale bars: 5 mm).

Fig. 4 Electrochemical storage performances of the sole RP and BP/RP hybrid as an electrode material of lithium-ion battery. (a) The charge–
discharge profiles of RP and BP/RP electrodes during the first cycle between 0.01 and 2.0 V at a current density of 50 mA g�1. (b) The cycling
performance and coulombic efficiency of RP and BP/RP electrodes at a current density of 50mA g�1. (c) The rate performance of the RP and BP/
RP electrodes at various current densities from 50 mA g�1 to 2 A g�1. (d) Nyquist plots and equivalent circuit model (inset) of RP and BP/RP
electrodes after 15 cycles at 50 mA g�1 in the discharge state.
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mA h g�1, respectively. It is noteworthy that the rst discharge
and charge capacity of BP/RP are 2449 (94.3% of its theoretical
capacity) and 1400 mA h g�1, respectively and the coulombic
6584 | J. Mater. Chem. A, 2017, 5, 6581–6588
efficiency of the 1st cycle was 57.2%. The initial capacity loss
would be mainly ascribed to the formation of the SEI layer and
decomposition of the electrolyte.29–36
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 The surface morphologies of electrodes after 100 cycles: (a) RP, and (b) BP/RP. An inset in each case shows a higher magnification image
of the corresponding electrodes.
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Fig. 4(b) exhibits the cycling performances and coulombic
efficiency of the BP/RP hybrid and sole RP conducted at 0.05 A
g�1. As shown by the red line symbol in Fig. 4(b), the cycle
performance of the RP is very poor, which is possibly caused by
mechanical cracking and crumbling of the electrode due to the
limitations of electronic conductivity and signicant volume
changes during the charge and discharge process.27,37,38 In
contrast, the as-prepared BP/RP hybrid provides a superior cycle
performance, and the reversible discharging capacity remained
at 491 mA h g�1 aer 100 cycles. The superior cycling perfor-
mance may be attributed to the conguration of the BP/RP
hybrid. In this single element hybrid, the presence of BP and RP
generates a novel heterostructure, which offers an excellent
interfacial contact. Besides that, according to the band struc-
tures of RP24 and BP,25 it is clear that a band alignment formed
by BP and RP would be benecial to facilitate electron transfer,
in which the electrodes tend to transfer from RP to BP. In
addition, the outstanding conducting ability of BP would also
improve the performances of the hybrid.

The rate capability of both the sole RP and BP/RP hybrid at
different current densities from 0.05 to 2 A g�1 are investigated.
As shown in Fig. 4(c), the rate was rst increased stepwise from
0.05 to 2 A g�1, and then returned to 0.05 A g�1. It is noted that
the BP/RP hybrid possesses an excellent cyclability at all current
rates. In detail, the discharge capacity of the hybrid is 696 mA h
g�1 at the initial lower rate (0.05 A g�1) and remains at 260 mA h
g�1 even at the highest rate of 2 A g�1. Aer deep cycling at high
rates, the discharge capacity restores at 370 mA h g�1, when the
rate switches back to 0.05 A g�1, suggesting that the electrode
would reversibly charge/discharge at high current density. In
comparison, sole RP exhibits a lower cycling capacity. It should
be noted that when the current density increases from 0.05 to 2
A g�1 the capacity of the hybrid only has a slight change. This
demonstrates that the BP/RP hybrids have a higher electro-
chemical stability.

To further explore the electrode kinetics of BP/RP and RP,
electrochemical impedance spectroscopy (EIS) was performed.
In order to obtain a stable electrode EIS test, the cells were
circulated for 15 cycles at a current density of 0.05 A g�1 before
the test. As shown in Fig. 4(d), the Nyquist plots of both elec-
trodes consist of an inclined line in the low frequency region,
This journal is © The Royal Society of Chemistry 2017
a single depressed semicircle in the middle frequency region
and solid electrolyte interphase (SEI) lm impedance in the
high frequency region. The equivalent circuit model39 of the test
system is shown in the inset of Fig. 4(d). According to the tting
with this equivalent circuit, the interfacial resistance (Rf) of RP
(83 U) is higher than that of BP/RP (34 U), indicating that the
BP/RP electrode has a more stable surface lm compared to RP.
The tting parameter of the surface lm and charge transfer
resistance (Rc) of BP/RP (196 U) is much lower compared to that
of RP (1835 U), which means that the BP/RP electrode has
a faster charge transfer process than the RP electrode. In
addition, the low-frequency slope angle of BP/RP is steeper than
that of RP, endowing a higher lithium ion diffusivity in the BP/
RP electrode.40 In this work, we use carbon black as the
conductive agent, rather than carbon nanotube (CNT) or gra-
phene, which implies that a further improvement of material
conductivity or charge mobility would be achieved via using
a higher conductive material.41–45 The EIS analysis veries the
expectation that the BP/RP electrode possesses a higher elec-
trical conductivity and higher charge-transfer ability than the
pristine sole RP electrode.

In order to analyze the surface morphology, the RP and BP/
RP electrodes were tested by SEM aer 100 cycles (Fig. 5). As
shown in Fig. 5(a), full cracks occur on the surface of the sole RP
electrode. However, there are only few cracks on the surface of
the BP/RP electrode (Fig. 5(b)). The crack has been generated on
the lm due to the volume change during the lithiation/deli-
thiation process, resulting in a higher surface resistance which
probably decline the efficiency of transfer. Although some
cracks can be observed on the surface of the BP/RP electrode,
the overall structure of electrode lms was retained intact,
resulting in a relatively better rate performance and cycle
stability of the BP/RP electrode.46
3.3 Electrochemical performance of BP/RP as
a supercapacitor electrode

In order to further demonstrate the potential applications for
a supercapacitor, the electrochemical performances of BP/RP
are also investigated by using it as a supercapacitor electrode.

Fig. 6(a) shows typical CV curves under different scanning
rates. Apparently, the CV curves of the BP/RP electrode supply
J. Mater. Chem. A, 2017, 5, 6581–6588 | 6585
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Fig. 6 Electrochemical storage performances of the sole RP and BP/RP hybrid as an electrode material of the supercapacitor. (a) Cyclic vol-
tammograms of BP/RP at various scan rates. (b) Galvanostatic charge/discharge curves of BP/RP at different current densities. (c) Specific
capacitance dependence of RP and BP/RP at the current density from 0.05 to 8 A g�1. Inset: the galvanostatic charge–discharge curves of sole
RP and BP/RP at the current density of 1 A g�1. (d) capacity retention of RP and BP/RP after 2000 cycles at 1 A g�1.
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typical electrochemical double-layer capacitance (EDLC) char-
acteristics with the rectangular-like shapes, indicating excellent
charge diffusion at the electrode/electrolyte interfaces following
the electric double layer charging mechanism.47 When the scan
rate increases from 10 mV s�1 to 200 mV s�1, the rectangular-
like shape of CVs are well retained without obvious distortion,
indicating the good capacitance performance and preferable
power capability of the BP/RP electrode. It should be also noted
that BP/RP has an excellent capacity performance at a high scan
rate, which is essential for quick charge/discharge operation.

Fig. 6(b) demonstrates the galvanostatic charge/discharge
curves of the BP/RP hybrid at various current densities. It is
found that the charge/discharge curve at a current density of 0.5
A g�1 demonstrates several deviations from the ideal super-
capacitor linear slope, which is mainly contributed to the
combination of charge storage mechanisms between faradaic
and non-faradaic reactions.48 Meanwhile, the other curves
display a nearly triangular shape of the typical EDLCs, even at
a large current density of 8 A g�1, re-demonstrating the domi-
nant electrochemical double-layer behavior of the BP/RP hybrid.

Fig. 6(c) exhibits the specic capacitances of BP/RP and RP
electrodes at a current density from 0.5 to 8.0 A g�1. The value of
capacitance is calculated according to the following equation:49

C ¼ (IDt)/(mDV) (1)

where I, Dt, m, and DV are the constant discharge current,
discharge time, the total mass of the active electrode material
and the potential drop during the discharge time, respectively.
6586 | J. Mater. Chem. A, 2017, 5, 6581–6588
The specic capacitances of both BP/RP and sole RP decrease
with the increase of current density from 0.5 to 8.0 A g�1, which
is attributed to the diffusion-limited charge/discharge process
as well as the electrode overpotential at high current density.
The inset of Fig. 6(c) shows the galvanostatic charge/discharge
curves of BP/RP and RP at the current density of 1 A g�1, and it is
obvious that BP/RP exhibits a longer discharge time and higher
capacitance than sole RP. Particularly, the specic capacitances
of BP/RP at 0.5 A g�1 and 8 A g�1 are 60.1 and 41.6 F g�1,
superior to those of sole RP (21.2 and 16.3 F g�1, respectively),
revealing an attractive capability for potential high power
applications.

Cycling ability is one of the most key parameters for super-
capacitor applications. Long-term cycling stability of the BP/RP
electrode is examined by continuous galvanostatic charge/
discharge experiments at a current density of 1 A g�1 for 2000
cycles. As shown in Fig. 6(d), the specic capacitance of the BP/
RP hybrid aer 2000 cycles remains at 83.3% of the initial
capacitance and maintains at 46.7 F g�1, which is much larger
than that of sole RP (17.6 F g�1) as well as pure BP reported in
ref. 13, indicating that the BP/RP electrode has an excellent
electrochemical stability and a high degree of reversibility upon
repetitive charge/discharge process.

The improvement of electrochemical performance of the BP/
RP hybrid is proposed to be mainly resulting from its hybrid
conguration, in which the BP not only has a high mobility, but
also forms a heterostructure with RP. This hybridization of BP
and RP can provide a fast and short electron and ion transfer
path, therefore leading to high reaction kinetics with good high-
This journal is © The Royal Society of Chemistry 2017
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rate and cycling stability performance. Meanwhile, the excellent
intrinsic theoretical capacities of both BP and RP further
guarantee the potential high capacity for the applications of Li-
ion batteries and supercapacitors.

4. Conclusions

In summary, we have successfully synthesized a BP/RP hybrid
by a simple two-step sonochemical method. As an electrode
material, the as-obtained BP/RP hybrid exhibits superior elec-
trochemical performances. For Li-ion battery applications, the
BP/RP electrode shows a high initial discharge capacity of 2449
mA h g�1 (94.3% of its theoretical capacity) and retains a highly
reversible capacity of 491 mA h g�1 aer 100 cycles. For super-
capacitor applications, the specic capacitance of the BP/RP
hybrid achieves a high specic capacitance up to 60.1 F g�1 at
the current density of 0.5 A g�1 and can be maintained at 83.3%
aer 2000 cycles. The excellent electrochemical performances of
BP/RP may be associated with the superior intrinsic theoretical
capacity of BP and RP, excellent electronic conductivity of BP as
well as the excellent interfacial contact between BP and RP. The
superior electrochemical performances, in terms of reversible
storage capacities, specic capacitance, rate capability and long
durability, as well as the lost-cost and simple synthesis proce-
dures, indicate a promise for applications of the BP/RP hybrid
as an electrode in high performance electrochemical energy-
storage devices.
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