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Abstract: Heterostructures composed of two-dimensional
black phosphorus (2D BP) with unique physical/chemical
properties are of great interest. Herein, we report a simple
solvothermal method to synthesize in-plane BP/Co2P hetero-
structures for electrocatalysis. By using the reactive edge
defects of the BP nanosheets as the initial sites, Co2P nano-
crystals are selectively grown on the BP edges to form the in-
plane BP/Co2P heterostructures. Owing to disposition on the
original defects of BP, Co2P improves the conductivity and
offers more active electrocatalytic sites, so that the BP/Co2P
nanosheets exhibit better and more stable electrocatalytic
activities in the hydrogen evolution and oxygen evolution
reactions. Our work not only extends the application of BP to
electrochemistry, but also provides a new idea to improve the
performance of BP by utilization of defects. Furthermore, this
strategy can be extended to produce other BP heterostructures
to expand the corresponding applications.

Black phosphorus (BP), a direct band-gap-layered semi-
conductor, is a burgeoning member of two-dimensional (2D)
materials.[1] The intriguing physical properties such as the high
charge-carrier mobility, large on/off ratio, significant aniso-
tropy, and layer-dependent band gap have spurred tremen-
dous interests in BP.[1b,2] BP flakes obtained by mechanical
exfoliation have been studied in field-effect transistors and
photoelectric devices.[2] On the heels of advance in liquid
exfoliation techniques, monodispersed BP nanosheets have
been synthesized, for example, for lithium-ion batteries,
phototherapy, photovoltaics, sensing, and catalysis.[3] Owing
to the large surface area, long charge-carrier diffusion paths,
relatively high carrier mobility, and lone-pairs, BP nanosheets
are potential electrocatalysts for water electrolysis to produce
hydrogen and oxygen.[4] However, BP suffers from instabil-
ity.[5] For example, preparation of monodispersed BP nano-
sheets depends on long-time ultrasonic treatment or shear

exfoliation,[6] during which the BP layers are gradually
cleaved and defects are generated on the edges and surface.
These defects not only lead to the rapid degradation of the BP
nanosheets, but also undermine the conductivity and electro-
chemical activity thus causing problems in many applications,
especially long-term catalysis. Although some strategies have
been proposed to enhance the stability of BP against
degradation, it is still a challenge to cope with the defects.[7]

The design and fabrication of the desirable heterostruc-
tures is a good strategy to tailor the properties of 2D
materials.[8] Because the in-plane charge carrier mobility of
2D materials is much higher than that between interlayers, in-
plane heterostructures have intrinsic advantages.[9] Some
interesting BP heterostructures have been fabricated by
techniques such as ion implantation,[10] electron doping,[11]

surface coating,[12] in situ reduction[13] and van der Waals
chemistry.[14] In these heterostructures, BP is generally used to
promote charge separation at the semiconductor heterojunc-
tion or improve the conductivity.[15] Very recently, a BP based
0D-2D heterostructure containing Ni2P nanoparticles homo-
geneously embedded in the BP nanosheets has been prepared
for Li storage and acidic hydrogen evolution.[16] However, to
the best of our knowledge, the synthesis of monodispersed in-
plane BP heterostructures has not been reported.

Herein, a simple solvothermal strategy is designed to
synthesize in-plane black phosphorus/dicobalt phosphide
(BP/Co2P) heterostructures by defect/edge-selective growth
of Co2P on the BP nanosheets. The synthesis involves an
anhydrous and oxygen-free sealed high-temperature reaction,
in which the high chemical activity of the defect sites in BP
enables edge-selective reduction of Co ions. Co2P on the
edges not only occupy the defects, but also provide effective
electrocatalytic sites to improve the electrocatalytic activities
in the hydrogen evolution reaction (HER) and oxygen
evolution reaction (OER).

Figure 1a illustrates the procedures to synthesize the BP/
Co2P heterostructures. The BP crystals are prepared by
a modified chemical vapor transport method.[17] The bulk
crystals are exfoliated into nanosheets in N-methyl-2-pyrro-
lidone (NMP) under sonication in a water bath. After
centrifugation, the BP nanosheets are mixed with the Co
ions N,N-dimethylformamide (DMF) solution in a screw-
capped Teflon bottle and react at 180 88C for 4 h under Ar
protection without water or oxygen. The BP/Co2P nanosheets
are obtained using careful centrifugation. As shown in the
scanning electron microscopy (SEM) image in Figure 1b, the
raw bulk BP has an angular shape with a layered structure and
smooth surface. The sharp (020), (040), (060), and (080) X-ray
diffraction (XRD) peaks in Figure S1 (see the Supporting
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Information) reveal the fine crystal quality. The morphology
of obtained BP nanosheets with a radial dimension of about
400 nm is presented in the transmission electron microscopy
(TEM) image (Figure 1c), SEM image, and atomic force
microscopy (AFM) image (Figure S2). The TEM image
(Figure 1d) and SEM image (Figure S3a) of BP/Co2P disclose
the planar BP and edge-modified Co2P. Comparing the XRD
patterns acquired from the BP and BP/Co2P nanosheets, the
two extra peaks at 40.888 and 55.58 (Figure 1e, Figure S4) can
be indexed to the (111), (121), and (030) planes of Co2P,
where the (121) and (030) diffraction peaks completely
overlap. Figure 1 f shows the changes in the Raman spectra
from original bulk crystals to final heterostructures. After the
first-step ultrasonic exfoliation, the Ag

1 vibration mode of BP
shifts from 354.7 to 360.6 cm�1 and both the B2g and the Ag

2

peaks red-shift by about 10 cm�1. The red-shift shown by the
Raman peaks suggest thickness reduction and fabrication of
few-layer BP nanosheets as consistent with topography
revealed by AFM (Figure S2b). After Co2P is grown on the
BP nanosheets, the three characteristic peaks blue-shift due to
vibrations inhibition. In particular, the in-plane vibrations of
B2g and Ag

2 modes blue-shift larger than the out-of-plane
vibration of Ag

1 mode, demonstrating that Co2P is mainly
produced on the edges of the BP nanosheets.

The morphology of the heterostructures is shown in the
magnified TEM image (Figure 2a) and edge modification
produces a 15 nm wide border. The component distribution is
determined by high-resolution TEM (HR-TEM; Figures 2b
and c). The 0.200 nm lattice spacing of the border corresponds
to the (021) crystal facet of Co2P and the typical (002) facet of
BP is found from the central area of the nanosheet. Unlike the
flat BP nanosheets, BP/Co2P displays uplifted edges in the
AFM graph (Figure 2d). The uplifted edges demonstrate
lattice rearrangement during the formation of Co2P. In the
localized high angle circular dark field (HAADF) image

(Figure 2e), recognizable contrast can be observed similar to
the TEM and AFM images. The energy-dispersive X-ray
spectroscopy (EDS) maps disclose the elemental distributions
in the heterostructures. Co mainly occupies the edges of the
hetero-nanosheets, whereas P is evenly distributed across the
entire area (Figure 2 f–h). The P/Co atomic ratio of BP/Co2P
is close to 5:1 as shown in the EDS spectrum (Figure S3b) and
that at the edge is about 2:1 (Figures S3c and S3d). The results
confirm edge-selective growth of Co2P and show that the ratio
of BP to Co2P is about 9:1 in the heterostructures. TEM and
EDS confirm that Co2P is mostly generated on the edges of
the BP nanosheets and only a small amount is formed on the
central surface. X-ray photoelectron spectroscopy (XPS) is
employed to determine the chemical states of the BP/Co2P
heterostructures and Figures 2 i and j display the P 2p spectra
before and after Co2P modification, respectively. The two
unchanged peaks near 129 and 130 eV verify the original state
of BP and the weak oxidation peak at 133 eV may arise from
the solvent in the reaction. The most important change
related to P is the new peak at 128.6 eV which indicates
a negative valence of P. The Co 2p XPS spectra (Figure 2k) of
BP/Co2P show the Co 2p3/2 and 2p1/2 peaks at 778.0 eV and
793.0 eV, respectively, which are located between the metallic
and oxidized binding energies of Co. These results are similar
to those reported previously thereby corroborating the
formation of Co2P.

[18]

Figure 1. a) Schematic diagram of the synthesis of the BP/Co2P hetero-
structures. b) SEM image of the bulk BP. c,d) TEM images of the BP
and BP/Co2P nanosheets, respectively. e) XRD patterns of the BP and
BP/Co2P nanosheets. f) Raman scattering spectra of the bulk BP as
well as BP and BP/Co2P nanosheets.

Figure 2. a) TEM image of one BP/Co2P nanosheet. b) HR-TEM image
of Co2P corresponding to the edge location in (a). c) HR-TEM image
of BP corresponding to the center position in (a). d) AFM image and
line-scan of one BP/Co2P nanosheet. e–h) HAADF image and EDS
maps of one BP/Co2P nanosheet. P 2p XPS spectra of i) BP nanosheets
and j) BP/Co2P nanosheets. k) Co 2p XPS spectrum of the BP/Co2P
nanosheets. l) Schematic diagram of the synthesis mechanism of the
BP/Co2P heterostructures.
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The proposed reaction mechanism of the edge-selective
synthesis of the in-plane heterostructure of BP/Co2P is
presented (Figure 2 l). During liquid exfoliation, defects are
inevitably produced on the BP nanosheets. The defects result
in unsaturated P having a smaller coordination number, more
lone electrons, and higher reducing activity. Furthermore,
according to first-principles calculation reported previously,
the defect occupation energy of Co (�7.65 eV) is lower than
the surface adsorption energy (�4.41 eV).[19] Therefore, Co
ions can be easily reduced to Co atoms on the defect sites. In
addition, as the Co atoms are generated, they probably bond
with adjacent P atoms. Because the coordination number
(three) and bond length (about 2.3 �) are more similar to
those of Co2P compared to CoP,[18–20] lattice rearrangement,
crystallization and continuous ripening of Co2P takes place.
Since the unsaturated P and defects are usually enriched on
the BP edges,[21] formation of Co2P tends to take place at the
edges as well. Furthermore, the results of the control experi-
ments in Figure S5 and S6 show the contribution of the defect
occupied by Co on the morphology retention of the BP
nanosheets, and demonstrate the importance of the anhy-
drous and oxygen-free sealed reaction conditions.

BP nanosheets have a large potential in electrocatalysis
due to the large surface area, high carrier mobility, and active
lone pairs.[4] The Co2P on the edges not only occupies the BP
defects to enhance the stability, but also improves the
electrocatalytic properties of the BP/Co2P heterostructures.
The HER performance of BP/Co2P is evaluated in 0.5m
H2SO4 and 1.0m KOH electrolytes. As shown by the linear
sweep voltammetry (LSV) curves in Figure 3a, BP/Co2P is
highly efficient HER electrocatalyst in 0.5m H2SO4 as
indicated by the onset overpotential of 105 mV which is
much lower than that of BP of 389 mV. Moreover, BP/Co2P
shows 100 mAcm�2 at an overpotential of 340 mV while BP
needs a 600 mV overpotential to drive 0.3 mAcm�2 in 0.5m
H2SO4. BP/Co2P also exhibits more superior HER behavior

than BP in 1.0m KOH with an onset overpotential of 173 mV
and requiring 336 mV overpotential to achieve 100 mAcm�2.
Figure 3b shows that the Tafel slopes of BP/Co2P are 62 and
72 mV/dec in 0.5m H2SO4 and 1.0m KOH, respectively, which
are less than those of BP (125 and 188 mV/dec). The multi-
potential curve of BP/Co2P in 0.5m H2SO4 is shown in
Figure S7. When the potential increases from 210 to 250 mV,
the current density levels off at 6.5 mAcm�2 and remains
unchanged for the remaining 200 s. The trends of all the
current densities are similar indicating excellent conductivity
and transport properties of the BP/Co2P electrode. The
electrochemical impedance spectroscopy (EIS) results in
Figure 3c compare the conductivity between the BP and
BP/Co2P electrodes. The semicircular diameter of BP/Co2P is
smaller than that of BP indicating a smaller charge transfer
resistance and faster reaction rate of BP/Co2P. Furthermore,
the HER stability test results in Figure 3d indicate that BP/
Co2P has superior durability. The current density remains
constant in 0.5m H2SO4 and remains at 81% in 1.0m KOH
after electrolysis for 24 hours. The results confirm the
excellent stability of BP/Co2P as electrocatalysts.

The OER activities of BP/Co2P, BP, and RuO2 with the
same loading mass are evaluated in 1.0m KOH at a scanning
rate of 5 mVs�1. As shown in Figure 4a, the OER current of

RuO2 appears at a small onset overpotential whereas BP
exhibits sluggish activity. In comparison, the BP/Co2P elec-
trode shows an enhanced anodic current in 1.0m KOH at
a low potential only requiring a potential of 517 mV to drive
100 mAcm�2. The lower overpotential of BP/Co2P at 300 mV
and smaller Tafel slope of 78 mV/dec indicate the efficient
OER activity of BP/Co2P. Considering the superior perfor-
mance of BP/Co2P in HER and OER, a two-electrode system
is fabricated with BP/Co2P serving as both the cathode and
anode to measure the overall water splitting activity in 1.0m
KOH (BP/Co2P j jBP/Co2P) (Figure 4c). The BP/Co2P j jBP/

Figure 3. a) HER polarization curves of BP, BP/Co2P, and Pt/C in 0.5m
H2SO4 and 1.0m KOH. b) Corresponding Tafel plots of BP, BP/Co2P,
and Pt/C of the HER polarization curves. c) EIS curves of the BP and
BP/Co2P nanosheets. d) Stability assessment of BP/Co2P in 0.5m
H2SO4 and 1.0m KOH at 250 mV.

Figure 4. a) OER polarization curves of BP, BP/Co2P, and RuO2 in
1.0m KOH. b) Corresponding Tafel plots of BP, BP/Co2P, and RuO2 of
the OER polarization curves. c) Overall water splitting schematic
diagram of BP/Co2P. d) Polarization curve of BP/Co2P for water
splitting in 1.0m KOH.
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Co2P needs 1.92 V to obtain 10 mAcm�2 in the polarization
curve demonstrating that BP/Co2P has immense potential as
a water splitting catalyst (Figure 4d).

The results described here show improved electro-cata-
lytic performance of BP/Co2P compared to BP, the electro-
catalytic activity of BP/Co2P is also better than that observed
from the Co2P electrocatalyst with the same loading mass
(Tables S1–S3).[22] The corresponding mechanisms are pro-
posed. On account of the higher in-plane conductivity than
interlayer conductivity, the electrocatalytic activity of 2D
materials is mainly along the in-plane direction and so the
electrocatalytic sites on the edges are most efficient.[4a,23]

Here, Co2P prepared on the BP edges serves as active site
and thus increases the number of active sites on the edges. The
charge carrier concentration and electrical conductivity of the
nanosheets are improved by Co2P and the possible Co
induced N-doping. The lifted edges of the heterostructures
prevent stacking of the nanosheets to facilitate active sites
exposure and gas effusion. Last but not least, the Co
imbedded on the interface between BP and Co2P may
provide more active sites due to the synergetic effects of BP
and Co2P.

In conclusion, in-plane BP/Co2P heterostructures have
been synthesized by in situ reduction of Co on the BP defect/
edge sites. Owing to occupation of the original defects, the
anchored Co2P improves the electrical conductivity and active
electrocatalytic sites enabling the BP/Co2P nanosheets to
deliver stable and excellent HER and OER performances
even under a large potential and current density. Considering
that defects affect the properties and stability of BP, proper
utilization of defects is a new and efficient strategy to improve
the stability and performance of BP nanosheets. As a wet
chemical method to prepare monodispersed and in-plane BP
heterostructures, it can be extended to produce other BP-
based nanocomposites to expand to corresponding applica-
tions.
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