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1. INTRODUCTION 

Lithium-ion batteries (LIBs) with superior rate performance as 
well as ultralong cycle life are currently in great demand to satisfy 
the  ever-growing  requirements  of  the  consumer electronic 

market.1−8 Among the various anode materials, phosphorus has 
attracted much attention because of its superhigh theoretical 
specific capacity (2596 mAh·g−1). Due to its low conductivity, 
however, combining phosphorus with a conductive metal to 
obtain the metal phosphide is an ideal method to improve the 
conductivity of the whole electrode.9−18 In addition, the 
presence of conductive metals could buffer the volume 
expansion of phosphorus during repeated charge−discharge 
processes.  What  is  more,  the  conversion-type  reaction 
mechanism of the metal phosphide makes it able to react 
reversibly with larger amounts of Li ions per formula unit than is 
possible with the conventional intercalation-type mechanism, 
leading to much higher lithium storage capacity than that of 
graphite-based anode materials.12 

Unfortunately, the metal phosphides still face the challenges 
of low initial Coulombic efficiency, short cycle life, and poor 
high-rate capability derived from the poor electric conductivity 

and volume variation during the Li+ intercalation/deintercala- 
tion process.19−24 The ingeniously designed porous structure 
can synergistically optimize the desired properties and maximize 
the advantages of the active material. The active material with a 

porous nanostructure could buffer the strain caused by the 
volume changes during the cycling process, and the multiple 
interior voids could reduce the ion diffusion paths and facilitate 

the immersion of electrolyte in electrode materials.25−32 

Nevertheless, it is widely recognized that such nanomaterials 
are vulnerable to agglomeration during synthesis and electro- 
chemical processes.33 Therefore, encapsulation of the nanoma- 
terials in a three-dimensional (3D) conductive matrix to prevent 
the aggregation is quite necessary. The graphene aerogel (GA), 
with a novel 3D porous graphene architecture, has ample active 

sites, good mechanical flexibility, and an interconnected 3D 
conductive network; therefore, it is believed to be a promising 

electrode configuration for promoting electron and ion transfer, 
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Figure 1. (a) Schematic illustration of the fabrication process for the CoP@GA composite. Field-emission scanning electron microscopy (FESEM) 
images of (b) Co−Co PBA, (c) Co−Co-PBA@GA, and (d) CoP@GA. 

maintaining the structural integrity, and improving the 

Coulombic efficiency and cycling stability of the electrode 
during cycling.34,35 

Of the various metal phosphides, cobalt phosphide (CoP), 

with a high theoretical capacity (894 mAh·g−1) and relatively 
low charge and discharge voltage platforms, is favorable as an 
anode material.15,36,37 Nevertheless, CoP features the same 
volume variation and relative low conductivity issues as  other 
metal phosphides, as mentioned above. Herein, we adopted the 

Co−Co Prussian blue analogue (PBA) as the template 
combined with the GA through a low-temperature gas phase 
phosphidation process to get the CoP@GA composite. PBA, 
which belongs to the class of metal-organic frameworks, has 
various morphologies that are controllable, of a uniform size, and 
have distinctive reactivity and thermal behavior, which make it 

an  ideal  self-sacrificial  precursor  to  derive  porous  nano- 

structured  materials.38−40  The  uniquely  designed CoP@GA 
framework features porous CoP nanocubes that are uniformly 

distributed and firmly encapsulated in the 3D graphene aerogel 
construction. The merits of the CoP@GA composite are listed 
as follows: (i) the porous CoP nanocubes are wrapped by the 
GA to accommodate the volume change of CoP and ensure 

structural integrity during the cycling process; (ii) the GA offers 
a 3D conductive network to facilitate electron transfer and 
enable the whole framework immersed in the electrolyte 

sufficiently. All of these appropriate advantages are integrated 
into the CoP@GA composite, and excellent lithium storage 
properties could be anticipated. The as-prepared CoP@GA 
shows an initial discharge capacity of 1212.9 mAh·g−1 with initial 
Coulombic efficiency of 88.6%, delivering a capacity of 805.3 
mAh·g−1 during the 200th cycle at the current density of 200 

mA·g−1. At a high current density of 10 A·g−1, the CoP@GA 

electrode still exhibits a capacity of 351.8 mAh·g−1  even after 
4000 cycles. 

 

2. RESULTS AND DISCUSSION 

Figure 1a exhibits the facile fabrication process for the CoP@GA 
composite. The preparation process includes three steps: (i) a 
precipitation method to produce the highly uniform Co3(Co- 
(CN)6)2 Prussian blue analogue nanocubes (Figure 1b), 

 

denoted Co−Co PBA; (ii) homogeneous in situ encapsulation 

of Co−Co PBA nanocubes in the graphene aerogel, followed by 

a freeze-drying process to obtain the 3D porous Co−Co PBA@ 
GA precursor (Figure 1c); and, subsequently, (iii) a thermally 
induced phosphidation process to obtain the final product, 
CoP@GA composite, which still maintains the integrated 3D 
porous framework (Figure 1d). Simultaneously, the graphene 
aerogel is subjected to a further thermal-induced reduction. The 
as-prepared CoP@GA features porous CoP nanocubes 
homogeneously distributed/encapsulated in the 3D GA frame- 
work. 

Figure 2a presents a field-emission scanning electron 
microscopy (FESEM) image of Co−Co PBA nanocubes with 

an average size of ∼300 nm. After the phosphidation process, the 

pristine CoP well retains the cubic shape of the Co−Co PBA 
precursor  with a little  change  in size  (Figures  2b and S4a,b, 
Supporting Information). An intriguing feature of CoP is that 
the internal cubic structure appears porous with a crosslike 

interior. This is because the cobalt ions are liberated from Co− 
Co PBA to form CoP during the thermal annealing process 
(Figure S4c−e). The N2 adsorption−desorption isotherm of the 
pristine CoP is shown in Figure S5. The calculated specific  
surface area of CoP is 69.53 m2·g−1 with the pore volume 
calculated to be ∼0.165 cm3·g−1 with most of the pores ∼2.01 
nm in size, which confirms the porous nature of the pristine CoP 
as well. The elemental mapping images of CoP demonstrate the 
presence of cobalt, phosphorus, and carbon elements (Figure 

S4f−i). Figure 2c shows a FESEM image of the Co−Co PBA@ 

GA precursor, in which the solid Co−Co PBA nanocubes with 
smooth  surfaces  are  encapsulated  in  the  graphene  aerogel 
framework. After the healing process, the CoP nanocubes in the 
CoP@GA composite remain wrapped by the graphene aerogel 
and the structure of CoP is still similar to that of the porous 

pristine CoP (Figure 2d). The bright- and dark-field trans- 
mission electron microscopy (TEM) images of CoP@GA show 
that the interior structure of CoP in the CoP@GA composite is 
identical to that of the pristine CoP (Figure 2e,f). The electron 

diffraction pattern of CoP@GA in the inset of Figure 2e can be 

identified  as resulting from the (011), (211),  (013), (201), and 
(020) planes of CoP. The corresponding elemental mapping 
images demonstrate that the cobalt, phosphorus, and carbon 

http://pubs.acs.org/doi/suppl/10.1021/acsami.8b19613/suppl_file/am8b19613_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b19613/suppl_file/am8b19613_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b19613/suppl_file/am8b19613_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b19613/suppl_file/am8b19613_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b19613/suppl_file/am8b19613_si_001.pdf
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Figure 2. SEM images of (a) Co−Co PBA precursor, (b) pristine CoP, (c) Co−Co PBA@GA, and (d) CoP@GA composite. (e) Bright- and (f) dark- 

field images of CoP@GA; the inset of (e) shows the corresponding electron diffraction pattern. (g) Scanning TEM image and element mapping images 
of (h) carbon, (i) cobalt, and (j) phosphorus. (k) X-ray diffraction (XRD) patterns of CoP@GA, CoP, and GA. X-ray photoelectron spectroscopy 
(XPS) analysis of CoP@GA: (l) Co 2p and (m) P 2p. 

elements are all uniformly distributed throughout the nanocube 
(Figure 2g−j). 

The X-ray diffraction (XRD) pattern in Figure 2k indicates 
that the Co−Co PBA precursor has been successfully converted 
to pristine CoP and CoP@GA. The CoP@GA also exhibits the 
distinctive XRD peaks of GA, which feature a hump at 22− 

28°.41 The XRD pattern of the Co−Co PBA precursor is shown 
in Figure S6, in which all of the diffraction peaks can be ascribed 
to cubic Co3[Co(CN)6]2 (JCPDS no. 77-1161). The X-ray 
photoelectron spectroscopy (XPS) survey spectrum of the 
CoP@GA composite in Figure S7 demonstrates the presence of 
Co, P, and C elements. The high-resolution XPS spectra of the 
Co and P elements in CoP@GA are shown in Figure 2l,m, 
respectively. The peaks at 778.7 eV in the Co 2p region and 

130.2 eV in the P 2p region are assigned to the binding energies 

of Co and P in CoP, whereas the peaks at 783.1 eV in the Co 2p 

region and 133.8 eV in the P 2p region are close to those for the 

oxidized Co and P species, which are derived from the superficial 

oxidation of the materials.42 The peaks between 794 and 805 eV 

in the Co 2p region are ascribed to the satellite signal.43 Figure 

S8 shows the Raman spectra of CoP@GA and graphene oxide 

(GO). One of the two obvious peaks at around 1344 cm−1 in 

both the CoP@GA and GO curves corresponds to a defective 

carbon band (D band), whereas the other peaks at around 1589 

cm−1 correspond to the graphitic carbon band (G band).44 The 

D/G intensity ratio of CoP@GA (1.24) is higher than that of 

pure GO (1.08), demonstrating that GO was reduced to 

http://pubs.acs.org/doi/suppl/10.1021/acsami.8b19613/suppl_file/am8b19613_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b19613/suppl_file/am8b19613_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b19613/suppl_file/am8b19613_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b19613/suppl_file/am8b19613_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b19613/suppl_file/am8b19613_si_001.pdf
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Figure 3. Electrochemical performance of the CoP@GA hybrid for LIBs: (a) cyclic voltammograms of the first three cycles of CoP@GA; (b) charge− 
discharge voltage profiles of the CoP@GA electrode at a current density of 200 mA·g−1; comparison of (c) cycling and (d) rate capacities of CoP@GA 
and CoP electrodes. 

 
graphene in CoP@GA. The graphene content for CoP@GA is 
estimated via the thermogravimetric analysis (Figure S9). 

CoP@GA was investigated as an anode for LIBs. Figure 3a 
exhibits the cyclic voltammogram (CV) curves obtained 

between 0.01 and 3 V at a scan rate of 0.1 mV·s−1. A peak 
appearing at ∼1.2 V in the initial cathodic scan most likely 
corresponds to the conversion reaction CoP + 3Li+ + 3e− → Co 

+ Li3P. A following weak peak at ∼0.48 V was detected, which 

corresponds to the reaction CoP + Li+ + e− → Co + LiP and the 
formation of the solid electrolyte interphase (SEI) layer. A major 
peak at ∼1.1 V and a minor peak at ∼2.4 V are observed in the 
initial anodic scan, which belong to the decomposition of the 
solid electrolyte interphase layer and the reaction Li3P → LiP + 
2Li+ + 2e−, respectively. The CV curves are in agreement with 
the  reported  results.20,45  After the  first  scan,  the remaining 
curves manifest identical cathodic and anodic peaks, indicating 
good reversibility and high Coulombic efficiency. It is worth 
mentioning that the redox peaks of CoP@GA in CV curves well 

match  the  potential  plateaus  in  the  charge−discharge lines 

(Figure 3b). The charge−discharge curves of the prinstine CoP 
electrode are exhibited in Figure S10. 

Figure 3c displays the cycling performance of CoP@GA and 
CoP electrodes at a current density of 200 mA·g−1, within a 
voltage range of 0.01−3 V for LIBs. The current densities and 
specific capacities in this work are all calculated on the basis of 
the mass of the active material, except for binder and carbon 
black. Obviously, the CoP@GA electrode offers much higher 
capacity and more stable cycling performance than those of the 
pristine CoP. The first discharge capacity for the CoP@GA 
electrode was 1212.9 mAh·g−1, and the corresponding initial 

Coulombic efficiency of 88.6% was achieved. Compared to that 
of the previously reported cobalt phosphide as an anode for 
LIBs, our work shows an excellent initial Coulombic efficiency 

(Table S1). After 200 cycles, a capacity of 805.3 mAh·g−1 can be 
obtained. The initial capacity for the CoP@GA electrode is 
higher than the theoretical specific capacity for CoP (894 mAh· 
g−1). This is mainly due to the formation of the SEI layer during 

the first discharge process.46−49 Compared to that of the CoP@ 
GA electrode, the discharge capacity of the pristine CoP 
electrode dramatically fades to 577.2 mAh·g−1 after only 30 

cycles. At 2 A·g−1, the CoP@GA electrode maintains a stable 

cycling life and a discharge capacity of 667.7 mAh·g−1 can be 
observed over 200 cycles (Figure S11). Compared with the 
previously reported counterparts, our work shows superior 
cycling performance (Table S2). The cycling performance of the 
pristine GA for LIBs is shown in Figure S12. The rate capabilities 
of both CoP@GA and CoP were evaluated at the current 

densities of 0.1, 0.2, 0.5, 1, 2, 5, 8, and 10 A·g−1 (Figure 3d). The 
CoP@GA electrode clearly shows much better rate capability 
than that of the CoP electrode. The specific capacities are 

1032.2, 895, 818.1, 756, 707.4, 674.4, 595.5, and 459.2 mA·g−1 

at current densities ranging from 0.1 to 10 A·g−1. When the 
current density is reversed back to 0.2 A·g−1, the specific capacity 
of 853.8 mAh·g−1 can still  be obtained. The  sodium  storage 

properties of the CoP@GA electrode were studied as well 
(Figure S13). 

Benefiting  from  the  unique  framework,  the  CoP@GA 
electrode shows a superior lithium storage capacity even at the 
high current density of 10 A·g−1. It delivers a discharge capacity 

of 351.8 mAh·g−1 after 4000 cycles (Figure 4a). Figure S14 

http://pubs.acs.org/doi/suppl/10.1021/acsami.8b19613/suppl_file/am8b19613_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b19613/suppl_file/am8b19613_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b19613/suppl_file/am8b19613_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b19613/suppl_file/am8b19613_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b19613/suppl_file/am8b19613_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b19613/suppl_file/am8b19613_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b19613/suppl_file/am8b19613_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b19613/suppl_file/am8b19613_si_001.pdf
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Figure 4. (a) Long cycling performance of the CoP@GA electrode at the high current density of 10 mA·g−1. (b) CV curves of CoP@GA and (c) CoP 
electrode at different scan rates. (d) Linear relationship of the peak currents for the peaks labeled in (b) and (c) versus the square root of the scan rate 
[V0.5 s−0.5 ] and the related linear fits. 

presents FESEM and bright- and dark-field TEM images of the 
CoP@GA electrode before and after 200 cycles. After cycling, 
the 3D structure is still maintained; the encapsulated CoP cubic 
structure is preserved, demonstrating the excellent structural 
stability of the electrode; and the existence of the GA guarantees 
the structural integrity and improves the cycling stability. In 

addition, GA offers a highly conductive 3D network to ensure 

rapid/efficient electron transportation. It is widely recognized 

that the electrochemical reaction rate is diffusion-controlled. 
Herein, we have recorded CV curves for both CoP@GA  and 

CoP at different scan rates ranging from 0.1 to 0.8 mV·s−1 
(Figure 4b,c). The intensities of both cathodic and anodic peaks 
in the CV curves change with the scan rate. Based on the 

Randles−Sevcik equation,30 a linear relationship can be 

obtained between the peak current (Ip) and the scan rate (ν), as 
presented in Figure 4d. It is obvious that Ip shows a linear 
relationship with ν 1/2 and the CoP@GA electrode exhibits a 
higher diffusion coefficient than that of the pristine CoP, 
corresponding to the previous rate performance. The electro- 
chemical impedance spectroscopy results for the CoP@GA and 
CoP electrodes after 50 cycles further demonstrate the high 
conductivity of the CoP@GA electrode. The charge transfer 
resistance of CoP electrode is higher than that of the CoP@GA 
electrode over 50 cycles, demonstrating the fast charge transfer 
rate of the CoP@GA electrode (Figure S15). 

 

3. CONCLUSIONS 

A template-based synthesis protocol was developed to 
incorporate porous CoP nanocubes into the 3D GA matrix 
with a homogeneous distribution through a facile in situ 
encapsulation, followed by a thermally induced phosphidation 
process to obtain the CoP@GA hybrid. The porous CoP 

nanocubes are homogeneously distributed and firmly encapsu- 

lated in a well-defined porous GA skeleton, which provides a 

highly conductive 3D framework as well as offers effective 
accommodation to buffer the large volume collapse of CoP 
during the cycling process. In addition, the specially designed 
structure enables the construction to be immersed in the 
electrolyte sufficiently. Therefore, excellent electrochemical 
performance could be anticipated. The as-prepared CoP@GA 
electrode exhibits a capacity of 805.3 mAh·g−1 during the 200th 
cycle at 200 mA·g−1 and exhibits a capacity of 351.8 mAh·g−1 

even at 10 A·g−1 after 4000 cycles. Moreover, since the metal 
ions and organic ligands in the metal-organic frameworks can be 
adjusted easily, the proposed template-based approach is a facile 

and cost-effective synthesis protocol. It could be a precedent to 
guide the encapsulation of other metal-phosphide-based 
materials with large volume expansion properties. 

 

4. EXPERIMENTAL SECTION 

4.1. Synthesis of CoP@GA Composites. 4.1.1. Preparation of 
Co−Co PBA. In a typical procedure, cobalt acetate (0.15 g) and sodium 
citrate (0.27 g) were dissolved in deionized water (20 mL) to form 
solution A. Potassium hexacyanocobaltate(III) (0.13 g) was also 
dissolved in deionized water (20 mL) to form solution B. After that, 
solutions A and B were mixed thoroughly under magnetic stirring. 
Then, the mixed solution was aged overnight at room temperature. 
Then, after centrifugation and washing with water and ethanol, the 

precipitates were collected and dried at 60 °C overnight. 
4.1.2. In Situ Self-Assembly of the Co−Co PBA with the Graphene 

Aerogel (Co−Co PBA@GA). Graphene oxide was fabricated by 
Hummers’ method. For preparation of Co−Co PBA@GA,  Co−Co 

PBA and GO in a weight ratio of 4:1 were added into 10 mL of 
deionized water in a vial, followed by vigorous stirring (10 min) and 
sonication (20 min) and then hypophosphorous acid (HPA) was added 

(2−10 times the quantity of GO), followed by sonication for 10 min. 
The function of HPA as a reductant in the in situ fabrication process is 
to promote the formation of the graphene hydrogel. Subsequently, the 
vial was placed in an oven at 60 °C overnight to obtain the Co−Co 
PBA@GA precursor (Figure S1). Then, the precursor was washed with 

http://pubs.acs.org/doi/suppl/10.1021/acsami.8b19613/suppl_file/am8b19613_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b19613/suppl_file/am8b19613_si_001.pdf
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deionized water and freeze-dried under vacuum to develop Co−Co 

PBA@GA. The regularity of the network formation process for the 3D 
graphene hydrogel can be clearly observed, and the corresponding 
digital photograph illustrates that the volume of the graphene hydrogel 
varies with the mass of HPA (Figure S1f). It is worth noting that some 
of the Co−Co PBA nanocubes are not encapsulated in the graphene 
hydrogel when the amount of HPA is 10 times the quantity of GO 
(Figure S1e). Considering the integrity and stability of the whole 
framework, the Co−Co PBA@GA precursor with an amount of HPA 
that is 8 times the quantity of GO was selected for further study. 

4.1.3. Phosphidation Process to Obtain the Composite of Cobalt 
Phosphide with the Graphene Aerogel (CoP@GA). Co−Co PBA@GA 
and NaH2PO2 with 1:10 mole ratio of Co to P were put into a porcelain 
boat separately, and NaH2PO2 was placed in the upstream position in a 
tube furnace, followed by annealing the materials at 300 °C for 2 h (a 
heating rate of 3 °C·min−1) in an Ar atmosphere with a flow rate of 50 
sccm. After cooling under an Ar atmosphere, CoP@GA was obtained. 
For comparison, pristine CoP was fabricated under identical conditions 
using Co−Co PBA as the precursor. For comparison, calcination 

temperatures of 400, 500, and 600 °C were also used to obtain the CoP- 
400, CoP-500, and CoP-600 reference samples, respectively. The XRD 

pattern reveals that CoP-400 should be identified with CoP (JCPDS no. 

65-2593), the same as that for the CoP produced at 300 °C, whereas the 
CoP-500 and CoP-600 samples are composed of Co2P and CoP 
(Figure S2). The FESEM images of CoP-400, CoP-500, and CoP-600 
show that the size of the nanocubes gradually becomes larger as the 
temperature increases (Figure S3). 

4.2. Characterization. The crystalline structures of the samples 
were identified by X-ray diffraction (GBC MMA, XRD). Raman spectra 
were obtained on a JOBIN Yvon Horiba HR800 Raman spectrometer. 
X-ray photoelectron spectroscopy was conducted on VG Multilab 
2000. The morphologies and structures of the materials were studied 

using field-emission scanning electron microscopy (FESEM, JEOL 
JSM-7500FA) and transmission electron microscopy (TEM, JEOL 
2011, 200 keV), respectively. The TEM was connected to an energy- 
dispersive spectral analysis system (probe-corrected JEOL ARM200F). 

4.3. Electrochemical Characterizations. The electrochemical 
characterizations of the CoP@GA and CoP electrodes were conducted 
on CR2032 cointype cells. The electrodes were prepared through 
blending 80 wt % active materials with 10 wt % sodium carboxymethyl 
cellulose and 10 wt % Super P into distilled water. The obtained slurries 

were cast on a copper foil, dried in vacuum at 80 °C overnight, and then 
pressed at 30 MPa. The mass loading of the active materials on 

individual electrodes was 1.5 ± 0.2 mg·cm−2. Lithium metal was used as 
the reference electrode and counter electrode. A glass microfiber filter 
(Whatman) was used as the separator. LiPF6 (1.0 mol·L−1) in an 
ethylene carbonate and diethyl carbonate solution (1:1 v/v) was used as 
the electrolyte. A glove box under an Ar atmosphere was utilized to 
assemble the cell, which was tested by a Land battery testing system at 

room temperature at the voltage of 0.01−3.0 V. 
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