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ABSTRACT: High speciﬁc capacity battery electrode materials have attracted great research attention. Phosphorus as a
low-cost abundant material has a high theoretical speciﬁc
capacity of 2596 mAh/g with most of its capacity at the
discharge potential range of 0.4−1.2 V, suitable as anodes.
Although numerous research progress have shown other high
capacity anodes such as Si, Ge, Sn, and SnO2, there are only a
few studies on phosphorus anodes despite its high theoretical
capacity. Successful applications of phosphorus anodes have
been impeded by rapid capacity fading, mainly caused by large
volume change (around 300%) upon lithiation and thus loss of
electrical contact. Using the conducting allotrope of phosphorus, “black phosphorus” as starting materials, here we fabricated
composites of black phosphorus nanoparticle-graphite by mechanochemical reaction in a high energy mechanical milling process.
This process produces phosphorus−carbon bonds, which are stable during lithium insertion/extraction, maintaining excellent
electrical connection between phosphorus and carbon. We demonstrated high initial discharge capacity of 2786 mAh·g−1 at 0.2 C
and an excellent cycle life of 100 cycles with 80% capacity retention. High speciﬁc discharge capacities are maintained at fast C
rates (2270, 1750, 1500, and 1240 mAh·g−1 at C/5, 1, 2, and 4.5 C, respectively).
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Table 1. Speciﬁc Capacity and the Potential of Charge and
Discharge for Li-Ion Batteries

echargeable batteries are critical power sources for mobile
applications such as portable electronics, electric vehicles,
as well as large-scale stationary energy storage.1−10 Conventional lithium-ion batteries based on graphite anodes and
lithium metal oxide cathodes with theoretical speciﬁc energy of
∼400 Wh/kg and practical speciﬁc energy of ∼200 Wh/kg
cannot satisfy the growing demand for high-energy storage
systems. To achieve a quantum leap in the speciﬁc energy of
lithium-ion batteries, new electrode materials with high speciﬁc
lithium-storage capacity are required. For high capacity anodes,
Si,10−12 Ge,13−16 Sn,17−19 and SnO220 have been studied
intensively (Table 1). Particularly, great success has been
demonstrated using the approach of nanostructured materials
design.10−20
Elemental phosphorus (P) is another attractive anode
material for lithium-ion21−27 and sodium-ion28−30 batteries
(Table 1). P can react with three Li or Na atoms to form Li3P
and Na3P compounds, giving a high theoretical speciﬁc capacity
of 2596 mAh·g−1. It still has a reasonable anode potential of
© XXXX American Chemical Society

graphite
Si
Ge
Sn
P (black)

speciﬁc capacity
(m A h g−1)

average charge
potential
(V vs Li+/Li)

average discharge
potential (V vs Li+/Li)

372
4200
1600
994
2596

0.1
0.2
0.4
0.4
0.45

0.17
0.45
0.65
0.6
0.9

discharge and charge, 0.9 and 0.45 V versus Li metal, 0.65 and
0.3 V versus Na metal, respectively. Despite its slight higher
potential compared to other anodes listed in Table 1, P anode
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Figure 1. Schematics and characterization of black phosphorus−carbon composite. (a) Schematics of white, red, and black phosphorus. (b) The
black phosphorus particles tend to pulverize during cycling because of its large volume expansion. Much of the material loses contact with the carbon
conductor, resulting in poor transport of electrons. (c) The stable P−C bond provides a good contact between black phosphorus and carbon
conductor even after cycling. (d) FESEM image of the BP-G composite. The corresponding EDS elemental dot-mapping images of C and P
elements. Scale bar, 500 nm. (e) TEM image of BP-G composite. The corresponding selected area EELS elemental dot-mapping images of C and P
elements. Scale bar, 50 nm. (f) The HRTEM image and schematic of BP-G composite. The corresponding line proﬁles of the Z-contrast information
with the measured spacing between BP and G layers (right). Scale bar, 2 nm.
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Figure 2. Electrochemical lithium storage performance of the BP-G, BP/G and red P/G electrodes. (a) The charge−discharge proﬁles of red P, BP/
G, and BP-G electrodes at the ﬁrst cycle between 0.01−2.0 V with a current density of 0.2 C. (b) The cycling performance and Coulombic eﬃciency
of BP/G and BP-G electrodes at a current density of 0.2 C. (c) The rate performance of the BP-G electrode at various current densities from 0.2 to
4.5 C. (d) Nyquist plots and equivalent circuit model of BP/G and BP-G electrodes after 10 cycles at 0.2 C in the discharged state (2.0 V vs Li+/Li).
CP and CP/G are for the speciﬁc capacity calculated based on the weight of BP and BP-G composites, respectively.

capacities of 2010 and 1814 mAh·g−1, respectively.21 However,
the capacity quickly fades only after a few cycles because of the
large volume expansion of ∼300% taking place from P to Li3P
(Supporting Information). Similar to the widely studied Si
anodes, mechanical fracture induced by large volume change
causes the loss of electrical contact of active materials and thus
the rapid capacity fade (Figure 1b). In order to improve the
capacity retention, Park et al. have controlled the voltage range
up to 0.78 V versus Li+/Li to use the stable reversible reaction
of BP.21 The corresponding reversible reaction between P and
LiP provide a reversible speciﬁc capacity of only ∼600 mAh·
g−1. Thus, far, stable rechargeable cycle has not yet been
achieved when accessing the full capacity (at least 2000 mAh/
g) of black P anodes.21
On the basis of our extensive research on the large volume
change in Si or Ge anodes10−13 and the detailed analysis of
similar issues in P electrode, we believe that it is critical to
maintain good electric connection between P and the
conductive carbon matrix during the lithiation process. Here,
we demonstrate a strategy for generating robust phosphorus−
carbon (P−C) bonds between BP and a variety of carbon
materials, including graphite (G), graphite oxide (GO), carbon
black (CB), and fullerene (C60)). We have achieved signiﬁcant
improvement on the high capacity retention during electrochemical cycling. The XPS and Raman data after electrochemical cycling conﬁrm that the P−C bond is stable during
lithium insertion/extraction (Figure 1c), resulting in good
electrical contact between BP and C. According to previous
reports the P−C bonds in phosphorus carbides could be
generated by radio frequency plasma deposition,37 pulsed laser
ablation,38 and ﬁltered cathodic vacuum arc techniques,39 while
the P-doped graphene with P−C bond was formed via chemical
vapor deposition.40,41 We generated the P−C bonds by

can enable high energy batteries. For example, when P anode is
paired with Li2S cathode, the full reaction of 2P + 3Li2S = 2Li3P
+ 3S gives an average voltage of ∼1.2 V and a theoretical
speciﬁc energy of 1207 Wh·kg−1, which is about 3 times of that
of the graphite/lithium metal oxide batteries. At the same time,
the higher lithiation potential of P could be advantageous for
fast charging without risking lithium plating.
Solid P has three main allotropes: white,31 red,31 and
black.32,33 Among these allotropes, white phosphorus (WP)
exists as tetrahedral structured molecules (P4) (Figure 1a),
which is chemically unstable because of large bonding strain.
WP begins to burn at 30 °C, so it is not suitable as electrode
materials for battery safety. Thus, far red P (RP)25−30 and black
P (BP)21−24 have been studied as the anode materials because
of their chemical stability at room temperature and atmosphere.
RP is amorphous (Figure 1a) and thus has low electron
conductivity. The orthorhombic BP (layered crystal structure in
Figure 1a) is thermodynamically the most stable allotrope,
nonﬂammable and insoluble in most solvents.21 With its
layered structure of puckered sheets and good electrical
conductivity, BP is very similar to graphite in terms of
appearance, structure, and properties. Indeed, single layer of BP
called “phosphorene” can be mechanically exfoliated just like
graphene from graphite. 34−36 As shown in Table S2
(Supporting Information), BP has high bulk electrical
conductivity (∼102 S/m), low band gap (0.34 eV), and
reasonable density (2.69 g·cm−3), which are beneﬁcial for
realizing both high power and energy densities.
The bulk or micron-sized RP has negligible reversible Li-ion
storage capacity due to its low electron conductivity.21 It was
found that RP can be transformed into small particles (∼100
nm) of BP using high energy mechanical milling (HEMM)
technique, which delivered high ﬁrst charge and discharge
C
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Figure 3. The structural evolution of the BP-G and BP/G undergoing electrochemical processes. (a) Raman spectra of the fresh BP, BP/G, and BPG with a wavelength of 514 nm as excitation source. (b) Raman spectra of the BP/G and BP-G at the charged state for the ﬁrst cycle. (c) Raman
spectra of the BP/G and BP-G at the discharged state for the 30th cycle. (d) XRD patterns of the BP/G and BP-G. (e) XRD patterns of the BP/G
and BP-G in the discharged state (2.0 V vs Li+/Li) after 30 cycles at a current density of 0.2 A·g−1. The broad peak at around 25° corresponds to
graphite.

on the battery performance. The electrochemical lithium
storage properties of the RP, mixture of BP and graphite
(BP/G) without HEMM, and chemically bonded BP-G
composite with HEMM were evaluated by galvanostatic
charge/discharge measurements as shown in Figure 2a. The
CP and CP/G are reserved for the speciﬁc capacity calculated
based on the weight of BP and BP-G composites, respectively.
The charge and discharge CP capacity of RP are 1856 and 193
mAh/g, respectively. The charge/discharge proﬁles of the BP/
G mixture at 0.2 C are similar to those of the reported BP.21−24
When the potential is lowered to 0.78, 0.63, and 0 V from the
initial 2 V during the lithiation process, the multistep reaction is
ascribed to the conversion of black P → LiP → Li2P → Li3P.21
Although the initial charge CP capacity of the BP/G electrode
was 2479 mAh/g, the ﬁrst cycle Coulombic eﬃciency is only
58% caused by the large volume expansion resulting in the lose
of electrical contact with G. The BP linked with G (BP-G) via
P−C bond, when cycled within the voltage range of 0.01 and
2.0 V, exhibits an initial charge CP speciﬁc capacity of 2786
mAh·g−1. The reversible CP speciﬁc capacity was around 2382
mAh·g−1. Furthermore, the hysteresis (ΔEp) of the discharge
and charge plateaus is reduced from 0.43 to 0.31 V. The
reduced ΔEp oﬀers the evidence that P−C bond improves
Coulombic eﬃciency resulting from the better connection
between particles during highly volume changing in lithiation
and delithaion processes.
The cycling performance of the BP/G mixture and BP-G
composite are compared in Figure 2b. When cycled within the
voltage range between 0.01 and 2.0 V, the BP/G mixture
showed a much smaller speciﬁc capacity. This is caused by the
large structural change of the electrode, which results in losing
of electrical contact between active material and carbon
conductor. The BP-G composite retains a remarkable reversible

processing the mixture of BP and carbon materials via HEMM
under a 1.2 MPa Ar atmosphere. The impulse of collision
during HEMM is about a half of that of a 10 lb. ball bowling at
a speed of 10 miles per hour (∼20 Huygens), which can
generate high energy for a chemical reaction.
Starting from BP-G composite as an example, the average
diameter of a particle is around 300 nm, as shown in Figure 1d,
which is larger than the raw material of ball-milled BP and
graphite (Supporting Information, Figure S1 and S4). The
bigger average particle size after the ball-milling is considered
by the aggregated secondary particle form of BP and graphite.
Interestingly, the secondary particles linked with each other to
form a continuous structure, which functions as an electrical
pathway and a mechanical backbone so that all nanoparticles
are electrochemically active. The energy dispersive spectroscopy (EDS) mapping images reveal uniform distributions of C
and P elements in BP-G. In the HRTEM image of one
secondary particle in Figure 1e, it is composed of dark and light
stacking layers with smaller diameter of about 10 to 50 nm. The
dark spot is phosphorus, and the light area is carbon on the
basis of the EELS elemental mapping images. The formation of
P−C bonds in BP-G is conﬁrmed by the lattice fringes of both
BP and G in the HRTEM image. As illustrated in Figure 1f, the
cross-sectional HRTEM image of the BP-G shows parallel dark
lines with two diﬀerent spacing. The lattice lines with a smaller
spacing of ∼0.34 nm correspond to the gap between the two
single graphene layer in graphite, whereas the other lines with a
larger spacing of ∼0.54 nm are assigned as the BP layers. The
coherent P−C bonding also is found at the boundary of two
diﬀerent regions. The formation of P−C bond will be further
conﬁrmed in detail experiment below.
The formation of coherent P−C bonds in the BP-G
composite aﬀords surprisingly high capacity and cycle ability
D
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Figure 4. The contribution of diﬀerent carbon materials for generating the P−C bond. (a) The XPS analysis of the deconvoluted C1s peaks from the
various carbon materials and the corresponding black phosphorus (BP)-carbon composites with the results of curve ﬁtting, showing the diﬀerent
chemical states. (b) Raman spectra of the fresh BP-C60, BP-CB, BP-GO, and BP-G with a wavelength of 514 nm as excitation source. (c) The
charge−discharge proﬁles of BP-C60, BP-GO, BP-CB and BP-G electrodes at the ﬁrst cycle between 0.01−2.0 V with a current density of 0.2 C.

CP capacity of 1849 mAh·g−1 at the end of the 100th cycle. The
initial Coulombic eﬃciency and capacity retention of the BP-G
show much better performance and stability than the BP/G
using the same BP and G as starting materials. To further test
its cycling performance under various high rates, discharge
capacities versus cycle number were examined at various
current rates from 0.2 to 4.5 C. As shown in Figure 2c, a
reversible CP capacity of 2270 mAh·g−1 was realized at 0.2 C.
When the current rate was increased to 1 C, the reversible CP
capacity was delivered as 1750 mAh·g−1. Even at higher rates,
such as 2, 3, and 4.5 C, the electrode retained a CP speciﬁc
capacity of 1500, 1380, and 1240 mAh·g−1, respectively.
To further establish the relationship between electrochemical
performance and electrode kinetics for BP-G and BP/G,
electrochemical impedance spectroscopy (EIS) was performed.
Prior to the EIS tests, the cells were ran for 10 cycles at a
current density of 0.2 C to obtain stable electrodes. The tests
were then carried out at 2.0 V versus Li+/Li in the discharged
state (Figure 2d). The Nyquist plots of the both electrodes
consist of a single depressed semicircle in the high-medium
frequency region and an inclined line at the low frequency,
respectively. The experimental data are represented as symbols
(solid circles), and the continuous lines are ﬁtted data
according to the equivalent circuit shown in the inset of Figure
2d. The elements in the equivalent circuit include ohmic
resistance of the electrolyte and cell components (Re), surface
ﬁlm resistance (Rsf), charge-transfer resistance at the interface
between the electrode and electrolyte (Rct), a constant phase
element (CPEi) (surface ﬁlm (sf), double layer (dl)) used
instead of pure capacitance due to the depressed semicircle,42
Warburg impedance (Zw), and intercalation capacitance (Cint).

According to the ﬁtting with this equivalent circuit, the value of
Re is 1.8−2.5 Ω for both samples, indicating that the cells have
been properly fabricated and tested in the same condition.
Because of the single semicircle observed, the impedance can be
ascribed to the combination of the surface ﬁlm and chargetransfer resistance R(sf+ct). The ﬁtting parameter of R(sf+ct) is
much lower for the BP-G electrode (177.4 Ω) compared to the
BP/G (484.2 Ω), which means that the BP-G electrode has a
more stable surface ﬁlm (including SEI layer) and faster chargetransfer process than the BP/G electorde. It can be seen that
the low-frequency tail for the two samples was also diﬀerent,
which can be compared qualitatively to the mass (mainly of
lithium ions) transfer kinetics in the electrode materials. The
low-frequency slope angle is 70.9° for BP-G electrode, higher
than that of BP/G (32.9°). The steeper low-frequency tail
indicates higher lithium ion diﬀusivity in the electrode
materials.42 As expected, it indicates that the BP-G electrode
possesses a high electrical conductivity, a rapid charge-transfer
process, and good lithium ion diﬀusivity for lithium uptake and
extraction.
The P−C bonds play a highly important role in the
electrochemical performance of the BP-G composite. The
structural evolution of the BP-G and BP/G undergoing
electrochemical processes have been investigated by Raman
and XRD. In Figure 3a, BP, with orthorhombic (A11) phase,
has three Raman active modes at 465, 435, and 362 cm−1,
which are assigned to A2g, B2g, and A1g, respectively.43−45 The
BP/G mixture retains the Raman active modes of both BP and
G. The Raman spectrum of BP-G composite in the region
300−500 cm−1 contains bands that are indicative of P−P bonds
and shows a signiﬁcant decrease in intensity because of the
E
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produces defects. In the cases of G, GO, and CB, they have
not only sp2 bonded carbon but also some sp3 groups. The P−
C bonds are present in their relative composites, accompanied
by the sp2 carbon atoms decreasing. Meanwhile, the amount of
sp3 C−C (285.3 eV) increased due to the defects generated
from HEMM. The total amount of the other sp3 groups in GO,
including C−OH/C−O−C (287.6 eV), CO (287.6 eV), and
O−CO (289.0 eV), is approximately constant. BP and G
(BP-G) composite has the highest percentage concentration of
P−C bonds because graphite can produce the most stable sp2
P−C bond. As shown in the P2p XPS spectra (Supporting
Information, Figure S6), which have been ﬁtted to the 2p1/2
and 2p3/2 doublet,51 the peaks at 130.4 eV (2p3/2) and 131.24
eV (2p1/2) in the various BP-carbon composites can be assigned
to P−C bond.37−41 The P2p component corresponding to P−
C bond has the highest intensity in the BP-G composite, which
also indicates that graphite is a good candidate for synthesis of
the corresponding BP and carbon composite with P−C bond.
As shown in the Raman spectra (Figure 4b), the broad
envelope centered at ∼700 cm−1 is assigned to P−C bond
stretching modes. The intensity of modes in groups BP-G, BPGO, BP-CB, and BP-C60 were weakened orderly due to the
low content of P−C bond. Compared with their galvanostatic
discharge−charge curves (Figure 4c), the BP-G have the
highest reversible speciﬁc capacity.
In summary, we have successfully demonstrated highperformance BP-carbon anodes with formation of stable P−C
bonds made from various carbon sources, which act as idea
models to systematically study the eﬀects of diﬀerent carbon
sources on the electrochemical properties. Ab initio density
functional theory method was carried out to elucidate the
chemical interaction between these carbon and BP. Comparing
the electrochemical performances of the BP-carbon composites,
we found that the carbon structures played essential roles in
formation of stable P−C bonds. Among these carbon, graphite
was found to be the best choice to enable a long cycle life and
high-rate capability, which is attributed to the eﬀective contact
between the phosphorus and carbon particles. The present
results demonstrate one of the best performances of black
phosphorus as an attractive anode material for the nextgeneration of low-cost, high-capacity lithium ion batteries.

breakup of some P−P bonds for generating the P−C bonds. A
broad envelope centered at ∼700 cm−1 in the Raman spectrum
of BP-G composite covers the range expected for P−C bond
stretching modes (650−770 cm−1), based on theoretical
calculations.38,46 The peaks in the region of 1200−1800 cm−1
are the characteristic of graphitic carbon. The G mode of
graphite around 1580 cm−1 corresponds to the E2g symmetrical
bond stretching motion of pairs of C sp2 atoms, while the D
band around 1320 cm−1 is attributed to the breathing mode of
aromatic rings.38,46 Comparing with the G band maxima of the
BP/G mixture at 1588 cm−1, the BP-G composite has the G
band shifted to a lower wavenumber (1569 cm−1) due to the
π−p* conjugation, also suggesting the formation of P−C
bonds.
In the region between 300 and 500 cm−1, the peaks
corresponding to P−P bonds disappeared in both of the BP/G
and BP-G at the Li insertion state because of the disruption of
P−P bonds to form lithiated phosphorus. The P−C bonds in
BP-G composite were maintained (Figure 3b). At the discharge
state after 30 cycles (Figure 3c), the BP/G mixture still has no
peak at the region 300−500 cm−1, indicating that the P−P
bond cannot be rebuilt and lithiation/delithiation process is
highly irreversible. In contrast, for the BP-G composite the
stable P−C bonds provide a good contact between BP and
graphite, so that P−P bonds can be reproduced after 30 cycles
(Figure 3c), leading to improved reversibility and prolonged
cycling life.
In the XRD pattern (Figure 3d), the diﬀraction peaks
corresponding to both BP and graphite were sustained in the
BP/G mixture. However, the characteristic (012), (004), and
(111) reﬂections of orthorhombic BP (JCPDS 76-1967)
became weaker in BP-G due to the breakup of some P−P
bonds for generation of the P−C bonding. At the discharge
state after 30 cycles, the characteristic (002), (100), and (101)
reﬂections of Li3P (JCPDS 65-3512) can be seen in the BP/G
mixture (Figure 3e). Because of the poor conductive Li3P and
the loss of electrical contact with carbon, Li3P can not be
converted to black P at the discharge state.
We have further studied the stability of the diﬀerent P−C
bonding types (sp3, sp2 in plane, sp2 at edge, and sp2 in
aromatic ring) by means of periodic ab initio density functional
theory (DFT)47 calculations. The results illustrate that the
shortest length of sp2 P−C bond in aromatic ring is the most
stable because of the π−p* conjugation (Table S3, Supporting
Information). In order to further study the contribution of sp2
and sp3 bonded carbon atoms for generating the P−C bond,
four kinds of carbon materials (C60, CB, GO, and G) with
diﬀerent bonding group were chosen for preparing the BP and
carbon composites with the same P/C stoichiometric ratio of
1:3. C60 can only produce the sp2 P−C bond in plane. G can
supply sp2 P−C bond at edge and in aromatic ring, while GO
can give all the three kinds of sp2 P−C bond. The carbon black
with low graphitization can provide sp2 and sp3 P−C bond.
The four pairs of carbon materials and their corresponding
composites were analyzed by XPS spectroscopy to identify the
surface chemical composition (Figure 4a). Detailed information
about the deconvoluted C 1s peaks is shown in Table S4
(Supporting Information). These assignments agree with
previous works.48−50 C60 only has sp2 bonded carbon atoms.
In the corresponding black phosphorus and C60 composite
(BP−C60), the content of the P−C bond is only 0.8%;
meanwhile the sp3 C−C is present at 285.3 eV and because of
that the HEMM breaks the sp2 CC/C−C bond and
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