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ABSTRACT: A facile thermal decomposing method has been developed for
the fabrication of CoxP nanostructures with controlled size, phase, and shape
(e.g., Co2P rod and spheres, CoP hollow and solid particles). An amorphous
carbon layer could be introduced by the carbonization of organic surfactants
from the precursors. The electrochemical performance of typical CoP and
Co2P samples as anode materials has been investigated and the CoP hollow
nanoparticle with carbon coating layer depicts good capacity retention and
high rate capability (e.g., specific capacity of 630 mA h g−1 at 0.2 C after 100
cycles, and a reversible capacity of 256 mA h g−1 can be achieved at a high
current rate of 5 C).
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■ INTRODUCTION

Transition metal phosphides (MPx, where M = Fe, Co, Ni, etc.)
are considered to be alternative anode materials for lithium ion
battery (LIB) because of their high gravimetric and volumetric
capacities (500−1800 mAh g−1).1 However, one major
drawback that limits their practical application is the drastic
volume change generated during the Li+ intercalation/
deintercalation process.1−3 This volume change can cause
pulverization of the initial crystal structure and loss of electrical
contact between active materials and the current collector,
which lead to poor capacity retention and short cycle life.
Constructing materials into nanostructures with controlled
morphologies (e.g., nanotubes,4 nanorods,5 and hollow
spheres6) is one attractive approach to address this problem.
Such architectures can provide higher interfacial contact area as
well as better accommodation for the volume expansion and are
expected to lead to a better capability.7−10 Another challenge
for practical application of MPx is their intrinsically low
electronic conductivity. Generally, hybridizing the electrode
materials with carbonaceous materials, e.g. carbon shell/
network, can effectively enhance the kinetics of charge transfer
and improve their lithium storage performance.11,12 Moreover,
the carbon layer can either buffer the strain caused by structural
or volume changes, or prevent the agglomeration of active
materials during cycling process.13,14

Cobalt phosphides (e.g., orthorhombic Co2P and CoP
phases) are expected to be promising anode materials for
their relatively low charge−discharge potential,15 metallic
character and good thermal stability.16 With the advances in
recent nanotechnology,17−19 various synthetic methods have
been developed for the synthesis of Co2P and CoP nanoma-
terials.20−32 However, attractive lithium storage properties (e.g.,
stable cyclability and high rate capability) have not been
achieved for Co2P/CoP anodes owing to the aforementioned
issues yet. Herein, we report a solution-phase synthesis of
different structured Co2P and CoP (e.g., particles, rods, hollow
spheres, and solid spheres) by decomposing Co-TOP complex
in a hot oleylamine (OAm) solution. The effects of synthesis
parameters (e.g., injection rate of the precursors and reaction
time) on the morphology and phase of the product are
investigated in detail. Comparison of the Li storage properties
for different nanostructures and phases has been systematically
carried out. As shown in the results, control over the shape or
microstructure of cobalt phosphides can lead to enhanced Li
storage properties. Specifically, the CoP hollow nanoparticles
delivered a discharge capacity of 630 mA h g−1 during the 100th
cycle at a charge/discharge rate of 0.2 C. Even at a high rate of
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5 C, a reversible discharge capacity of 256 mA h g−1 can be
achieved.

■ EXPERIMENTAL SECTION
Synthesis. All reactions were carried out under an argon (Ar)

atmosphere using standard Schlenk line techniques. In a typical
synthesis of Co2P nanorods, 10 mL oleylamine was heated to 100 °C
in a Schlenk flask with a reflux condenser by heating mantle. The
oleylamine solvent was degassed at 100 °C for 30 min by an oil pump
and then heated to 320 °C with a flowing Ar gas during all the process.
In the meantime, 0.25 g of Co (acac)2 and 5 mL of TOP were mixed
and heated to above 70 °C to yield a light violet Co-TOP complex
solution. This Co-TOP complex solution was then injected into the
above hot oleylamine solvent dropwisely, yielding a black solution and
this system was aged under 320 °C for 1 h. The samples were first
washed by ethanol and then washed by the mixture of 3 mL of hexane
and 50 mL of ethanol for 3 times. Finally, the samples were dried
under vacuum and collected for characterization.
Characterization Techniques. The morphologies of the samples

were characterized by a field emission scanning electron microscope
(FESEM, JEOLJSM-7600F). The structures of the samples were
investigated using a transmission electron microscope (TEM, JEOL
2010) operating at 200 kV. Crystal phases of the samples were
identified using X-ray diffractometer (Shimadzu) with Cu KR
irradiation. Raman spectra were obtained with a WITec CRM200
confocal Raman microscopy system with a laser wavelength of 488 nm
and a spot size of 0.5 mm. To calibrate the wavenumber, the Si peak at
520 cm−1 was used as a reference.
Electrochemical Characterization. The as-synthesized samples

were annealed in a tube furnace at 450 °C for 2 h under Ar

atmosphere before the electrochemical test. Then, 80 wt % active
materials, 10 wt % single-wall carbon nanotubes (SWNTs) and 10 wt
% polyvinylidene fluorides (PVDF) were mixed into N-methyl-2-
pyrrolidinone (NMP). The obtained slurry was cast onto a copper foil
and dried in vacuum at 50 °C for 12 h to remove the solvent.
Electrochemical measurements were carried out on the CR2032 (3 V)
coin-type cells with lithium metal as the counter/reference electrode,
Celgard 2400 membrane as the separator, and electrolyte solution
obtained by dissolving 1 M LiPF6 into a mixture of ethylene carbonate
(EC) and dimethyl carbonate (DMC) (EC/DMC, 1: 1, v/v). The coin
cells were assembled in an Ar-filled glovebox with concentrations of
moisture and oxygen below 1.0 ppm. The charge/discharge tests were
performed with a NEWARE battery tester at a voltage window of
0.005−3.0 V for CoxP samples. Cyclic voltammetry (0.005−3 V, 0.5
mV s−1) was performed with an electrochemical workstation (CHI
660C).

■ RESULTS AND DISCUSSION

Figure 1a shows the TEM image of the sample obtained after 1
h reaction. It was observed that the products were nanorods
with diameter of 10 nm and length of 50 nm (the SEM image
and size distribution is shown in Supporting Information,
Figure S5). The XRD result (Figure 2) showed that the peaks
could be indexed to pure orthorhombic Co2P (JCPDF NO.89−
3030) with no indication of other crystal phases (The Al peaks
observed in the spectra are from the substrate in the sample
holder). The clear lattice fringes revealed by high-resolution
TEM (HRTEM) image (Figure 1d and its inset) from a single
nanorod indicated that it was single crystalline and the lattice

Figure 1. TEM image obtained from different reaction time. (a) Co2P rods (1 h); (b) CoP hollow spheres (12 h); (c) fine CoP nanoparticles (20
h); (d−f and insets) corresponding HRTEM images of the above CoxP; (g) scheme of the phase and morphology evolution with duration time.
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distance of 0.22 nm corresponded to the (210) planes of
orthorhombic Co2P. In addition, an amorphous coating layer
with a thickness of ∼5 nm was observed, which was associated
with the organic surfactants introduced during the reaction
process.
To investigate the growth detail of the CoxP nanocrystals, the

composition and shape evolution of CoxP samples were studied
by examining intermediate products with varied reaction time
from 1 to 20 h and keeping other reaction parameters
unchanged (Figure 1). When the reaction time was increased to
3 h, some nanorods (as aforementioned Co2P nanorods, see
Figure 1a) were disintegrated to oval nanoparticles with a
diameter of around 10 nm (see the Supporting Information,
Figure S1). XRD pattern showed that the phase converted to a
mixture of Co2P and CoP (Figure 2). Here, the disintegration
of Co2P nanorods was related to the structure transformation of
the Co-rich into P-rich product.33 Interestingly, with the
reaction time further extended to 9 h, the sample was found to
consist of near-spherical particles with an average size of 15.6

Figure 2. XRD for the products obtained at different reaction times.

Figure 3. (a−f) FESEM images of the Co2P spheres obtained from different injecting speed. (a) 5, (b) 10, and (c) 20 mL min−1; (d−f)
corresponding magnified FESEM image of a−c. (g) TEM image of sample obtained at 5 mL min−1, and the other two samples are quite similar; (h)
XRD pattern for Co2P spheres obtained from different injection rate.
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nm (Figure 1b and Figure S6 in the Supporting Information for
size distribution). Most of these particles were hollow
structures with the wall thickness of ∼5 nm. XRD result
showed that these hollow particles were pure orthorhombic
CoP (JCPDF No. 65−1474) without any detectable impurity
phases (Figure 2). It appeared that the hollow CoP particles
evolved from solid particles (see the Supporting Information,
Figure S1) through the nanoscale Kirkendall effect, in which
the diffusion of Co in the core crossing the preformed CoP
layer was faster than that of P atoms formed by the
decomposition of TOP near the interface at enough high
temperature.34−36 The regular lattice fringe displayed in
HRTEM image (Figure 1e) indicated that these hollow
particles were single crystalline and the observed inter lattice
spacings of 0.25 and 0.20 nm correspond to the (111) and
(112) planes of CoP, respectively. It also showed in HRTEM
that these hollow nanoparticles were encapsulated into an
amorphous layer (thickness of around 1−2 nm) similar as that
observed for the Co2P nanorods. To convert this coating layer
into carbon, these CoP nanoparticles were annealed at 450 °C
under Ar for 2 h. The structure and the amorphous layer of
CoP hollow particles retained after annealing (see the
Supporting Information, Figure S2). To verify the nature of
this amorphous layer, Raman characterization was carried out
(see the Supporting Information, Figure S4). The signatures of
G band (e.g., ∼1580 cm−1) and a D1 band (e.g., ∼1340 cm−1)
indicated the existence of carbon, which was poorly crystallized
and was similar as that reported for carbon formed by
carbonization of organic surfactants.37,38 Interestingly, when
the reaction time was further increased to 20 h, the hollow
particles disappeared and smaller nanoparticles with diameter
of ∼4 nm formed (see Figure S8 in the Supporting

Information). These fine nanoparticles were embedded in an
amorphous framework (Figure 1c, the red circles indicate grains
of nanoparticle). The XRD pattern (Figure 2) was still indexed
to orthorhombic CoP phase (JCPDF No. 65−1474). HRTEM
image (Figure 1e) showed that they are single crystalline, and
the lattice spacing between the adjacent planes is 0.25 nm,
corresponding to the (111) planes of CoP. The overall
description of the shape and phase evolution at different
reaction times is illustrated in Figure 1g.
Except for the reaction time, the injection rate in the thermal-

decomposition method also played a critical role in affecting the
nucleation and growth process of nanocrystal and would finally
lead to different composition and morphologies.17,32,39,40 As
mentioned before, uniform Co2P nanorods formed when the
Co-TOP complex was added dropwisely (the injection rate was
1 mL/min) into the hot oleylamine solution (Figure 1a). When
slightly increasing the injection rate to 5 mL min−1, we found
that spheres with diameter around 200 nm were generated
(Figure 3a). From the high-magnification SEM and TEM
images, it was observed that these Co2P spheres were mainly
composed of ∼25 nm nanoparticles (Figure 3d, g). The
diameter of as-formed spheres increased to around 500 nm
(Figure 3b, e) and 1 μm (Figure 3c, f) when the injecting speed
was accelerated to 10 and 20 mL min−1, respectively. The XRD
patterns (Figure 3h) revealed that these spheres obtained at
different injection rates with reaction time of 1 h were Co2P
(JCPDF NO.89−3030). A formation mechanism for these
spheres was proposed.41,42 When the Co-TOP complex was
injected very fast, large amount of nuclei formed in the solution,
reaching the critical point of nucleation promptly. Some of the
nucleated particles needed to aggregate further in order to
reduce the oversaturated nuclei concentration in a short time.

Figure 4. (a) Cyclic voltammograms (CVs) of the first three cycles of typical CoP hollow particles obtained between 0.005 and 3.0 V at a scan rate
of 0.5 mv s−1. (b) The charge/discharge voltage profiles of hollow CoP nanoparticles between 0.005 and 3 V (vs Li+/Li) at a current density of 0.2 C;
(c) cycling performance of CoP hollow and solid nanoparticles between 0.005 and 3 V (vs Li+/Li) at 0.2 C; (d) comparison of charge and discharge
capacities of the two electrodes at various current rates.
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Besides, as most of TOP was consumed during the nucleation
process, their capping effect to direct growth of one-
dimensional (1D) structure may become less significant in
the later growth process. Instead, weakly adsorbed oleylamine
played a dominant role and smooth spheres composed of
uniform nanoparticles were formed.
For electrochemical characterization, we first investigated the

Li storage property of CoP hollow nanoparticles. For
comparison purpose, solid CoP nanoparticles, prepared by
tuning the volume ratio of TOP to oleylamine (see the
Supporting Information, Figure S3 and S7, for detailed
procedure and characterization results), were also examined.
The electrochemical characterization of the samples was
conducted based on a Swagelok-type cell with Li metal as the
counter electrode.43 For electrode preparation, both CoP
samples were annealed at 450 °C for 2 h under Ar atmosphere
to get similar carbon coated nanostructures shown in the
Supporting Information Figure S3c.
A representative cyclic voltammograms (CV) of the hollow

CoP nanoparticle electrodes were obtained (Figure 4a) at a
scan rate of 0.5 mV s−1 between 0.005−3.0 V (vs Li+/Li) for
the first three discharge/charge cycles. During the first cycle
discharge, a sharp peak at around 1.0 V is related to the
conversion reaction: CoP + 3 Li+ + 3 e− → Co + Li3P.

44 In
addition, a small peak at 0.6 V is observed, which corresponds
to the reaction of CoP + Li+ + e− → LiP + Co.44 The broad
peak appeared at 0.5 V is attributed to some irreversible
reaction including the formation of solid electrolyte interphase
(SEI) layer,45,46 which is missing in subsequent charge/
discharge cycles. The oxidation peaks, located at about 2.7
and 1.5 V, can be attributed to the decomposition of SEI layer
and Li3P (Li3P → LiP + 2 Li+ + 2e−), respectively. The
electrochemical process extended to further cycles can be
characterized as a redox reaction between Li3P and LiP: Li3P↔
LiP + 2 Li+ + 2e−.47 The second and third cycles manifest
identical behavior with position and area of cathodic and anodic
peaks remaining almost unchanged, indicating good reversi-
bility and high Coulombic efficiency. The charge−discharge
voltage profiles of the first three cycles were examined (Figure
4b) between 0.005 and 3 V at a current density of 89 mA g−1

(0.2 C, and 1 C equals to 890 mA g−1). The first discharge
capacity for hollow CoP particles was 1556 mA h g−1 and the
corresponding charge capacity was 759 mA h g−1. Compared to
the theoretical capacity of CoP (894 mA h g−1), these extra
capacities were mainly resulted from the formation of a SEI
layer during the first discharging process, as reported in the
literatures.39,46 This irreversible capacity loss has been widely
reported for the metal phosphide electrodes, which is
associated with the formation of an SEI layer.19,48,49 During
the second cycle, the CoP hollow particle electrode delivered a
discharge capacity of 780 mA h g−1 and a charge capacity of 707
mA h g−1, corresponding to a high Coulombic efficiency of
90.6%.
Stable cyclic performance of electrode is also important for

practical application of LIB. Figure 4c shows the charge/
discharge cycling response of CoP hollow particles at a charge/
discharge rate of 0.2 C. The hollow CoP particles depict a
discharge capacity of 630 mA h g−1 during the 100th cycle,
which is 83.3% of the second-cycle discharge capacity. For the
solid CoP electrode, a discharge capacity of only 480 mA h g−1

was delivered during the 100th cycle. The cycling performance
of CoP electrodes at different charge/discharge rates is
evaluated (Figure 4d). With increased C rates, the discharge

capacity for all samples decreased gradually, indicating the
diffusion-controlled kinetic process. More specifically, the CoP
hollow electrode depicts ninth-cycle discharge capacities of 525,
440, 352, 314, 256 mA h g−1 at 0.3, 0.5, 1, 3, and 5 C,
respectively. After the charge/discharge rate was reduced to 0.3
C, the discharge capacity could recover back to 510 mA h g−1.
For CoP solid particle elctrode, it depicts ninth-cycle discharge
capacities of only 549, 396, 294, 252, and 208 mA h g−1 at 0.3,
0.5, 1, 3, and 5 C, respectively, which is much lower than that of
hollow particles.
We also compared the Li storage properties of annealed

Co2P nanorods (shown in Figure 1a) and nanospheres
composed of small nanoparticles (shown in Figure 3a). The
cyclic voltammogram (CV) of Co2P nanorods is plotted (see
the Supporting Information, Figure S9). During the first cycle
discharge, the reduction peak locates at 1.1 V, which
corresponds to the reaction of Co2P + 3 Li+ + 3 e− → 2 Co
+ Li3P.

44 The broad peak at 0.5 V is attributed to some
irreversible reaction including the formation of solid electrolyte
interphase (SEI) layer.45,46 The oxidation peaks located at
around 2.7 and 1.5 V, which are attributed to the
decomposition of SEI and Li3P (Li3P → LiP + 2 Li+ + 2e−),
respectively. The charge−discharge voltage profiles of the first
three cycles for Co2P nanorods and spheres (see Figures S10
and S11 in the Supporting Information) tested between 0.005
and 3 V at a current density of 54 mA g−1 (0.2 C, and 1 C
equals to 540 mA g−1) showed quite similar behavior. For Co2P
nanorods, the first discharge capacity was 1300 mA h g−1 and
the corresponding charge capacity was 600 mA h g−1. During
the second cycle, the electrode delivered a discharge capacity of
660 mA h g−1 and a charge capacity of 591 mAh g−1,
corresponding to a high Coulombic efficiency of 89.5%. The
charge/discharge cycling performance of Co2P electrodes was
also evaluated (see the Supporting Information, Figure S12).
The Co2P nanorods depict a discharge capacity of 527 mA h
g−1 during the 100th-cycle, which is 89.1% of the second-cycle
discharge capacity. For the Co2P spheres, a discharge capacity
of only 323 mA h g−1 is delivered during the 100th cycle. When
cycling the Co2P electrodes at different charge/discharge rates
(see the Supporting Information, Figure S13), the Co2P
nanorods depict ninth-cycle discharge capacities of 490, 385,
300, 250, and 204 mA h g−1 at 0.3, 0.5, 1, 3, and 5 C,
respectively. After the charge/discharge rate was reduced to 0.3
C, the discharge capacity could recover back to 410 mA h g−1.
The Co2P spheres depict ninth-cycle discharge capacities of
only 320, 270, 200, 198, 140 mA h g−1 at 0.3, 0.5, 1, 3, 5 C,
respectively, which are lower than that of nanorods.
Samples fabricated in this work showed considerable Li

storage property, especially for the CoP hollow particles, which
showed better performance than that of CoxP electrodes
reported in literatures.44,45 For example, for the CoP prepared
by ball milling process,44 the capacity retained after the initial
cycle was around 500 mA h g−1, but this value rapidly dropped
to around 350 mA h g−1 within the first 10 cycles. More
significantly, when the Co−P electrode cycled at large current
density (e.g., 1000 mA g−1, around 3 C), only a capacity of 240
mA h g−1 can be achieved in literature,50 lower than the 310
mA h g−1 obtained from hollow CoP.
Such considerable optimization in Li storage performance

mainly comes from two aspects. First, as we mentioned before,
the carbon shell or network obtained after annealing process
can largely increase the electrical conductivity and effectively
buffer the volume change, leading to highly stable cycling
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performance. Second, the control over the microstructure, that
is, the morphology control of the nanosized electrodes, is very
crucial too. The hollow structure of CoP allows effective Li+

insertion/extraction and accommodates the volume swing
during the charge−discharge process and thus leads to
enhanced specific capacities and stabilities than that of CoP
solid nanoparticles. The unique one-dimensional (1D)
structure of Co2P nanorod, which can facilitate better lithium
ion and electron transportation, demonstrated obvious
advantage than that of the electrodes consisting of small
nanoparticles in which the lithium ions and electrons have to
move through these particles and are limited by the
interparticle contacts.

■ CONCLUSION
In summary, different nanostructures of cobalt phosphides have
been synthesized via a simple thermal-decomposition method
and the effects of reaction time and injection rate on the
composition and shape of cobalt phosphides are studied. An
amorphous carbon coating layer can be generated by the
carbonization of the organic surfactants on the nanostructure.
Electrochemical performance of representative samples (e.g.,
CoP hollow and solid nanoparticles, Co2P nanorods and
spheres composed of small nanoparticles) have been
investigated and showed high specific capacities, stable
cyclabilities and good rate capabilities. The success in
optimizing performance of cobalt phosphide electrode
demonstrates that high electrochemical performance of
electrode materials can be achieved with rational design of
nanostructures.
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