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  A facile method is introduced to synthesize hollow Co3O4-NPs encapsulated in thin 

carbon nanosheets array as anode materials in LIBs.  
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Abstract 

 

The design and fabrication of novel composite nano-architecture is crucial for their 

applications in energy storage devices such as lithium ion batteries (LIBs). Herein, a 

thin carbon nanosheet array with encapsulated hollow Co3O4 nanoparticles is 

successfully fabricated on 3D Ni foam by using the electrodeposited Co(OH)2 

nanosheets as templates and followed by two step annealing process. When used as an 

anode material in LIBs, the hollow Co3O4/carbon nanosheets composite displays an 

excellent performance with a high reversible capacity, excellent cycling stability and 

rate capability. This work is helpful for the design of advanced electrode for LIBs, 

supercapacitors, electrochemical sensors, etc. 

 

Keywords: nanosheet array, binder-free electrode, Co3O4, lithium ion batteries 

 

Introduction 

The growing energy consumption and global warming call for urgent development 

of clean energy technology.
1-4

 As a green power source, lithium ion batteries (LIBs) 

have been widely used in modern society and also attracted great research interest due 

to the importance.
5-8

 So far, various materials such as graphitic/non-graphitic carbon, 

transition metal oxides and their composites, etc., have been exploited as the anode 

materials for LIBs.
9-11

 Among them, the transition metal oxides such as Co3O4 attract 
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a lot research interest as an anode material due to its high theoretical capacity (890 

mAh g
-1

).
12-17

 However, the large volume expansion/contraction and severe particle 

aggregation during the Li insertion/extraction process would lead to electrode 

pulverization and loss of interparticle contact, resulting in a large irreversible capacity 

loss and poor cycling stability.
18, 19

 To solve these problems, different strategies have 

been tried, including the fabrication of carbon-based nanocomposites, low 

dimensional Co3O4 nanostructures, hollow structure, etc.
12, 18, 20, 21

 Among these, the 

fabrication of composites with different carbon nanomaterials has been proved to be 

very promising.
22-24

 However, the carbon-based composites are commonly prepared 

by simply depositing active materials on carbon surfaces.
25-28

 Due to the one-side 

attachment, the active material such as Co3O4 may be easily peeled off from the 

carbon surfaces during continuous charge-discharge reactions. To enhance the 

structure stability, the encapsulation of active nanomaterials inside two closely 

attached thin carbon nanosheets should be a better strategy.
29, 30

 However, the design 

and fabrication of closely encapsulated cobalt oxide-based composite electrodes 

remains a big challenge. 

It is known that the electrodes for electrochemical LIBs test are usually binder-rich 

ones prepared by the traditional slurry coating technique which may make some 

electroactive materials blocked from the electrolyte. Moreover, the polymer binder 

will decrease the electronic conductivity of the electrode materials, hence lowering 

their electrochemical performance.
31

 Based on these considerations, the design and 

fabrication of 3D binder-free electrode with strongly attached 1D or 2D nanostructure 

array should enhance the kinetics of ion and electron transport in electrodes and the 

structure stability of the electrode materials during Li insertion/extraction process, 

resulting in an enhanced performance of LIBs.
32, 33

 

    In this study, using electrodeposited Co(OH)2 nanosheet array as templates, we 

design and fabricate a thin carbon nanosheet array on Ni foam with hollow Co3O4 

nanoparticles (NPs) encapsulated inside of the carbon nanosheets. Due to the unique 

structure design and enhanced material properties, the binder-free hollow Co3O4 

NPs/carbon nanosheet array electrode exhibits a large reversible capacity with an 

excellent cycling stability and high rate capability when used as a free-standing anode 

material for LIBs.  

 

Page 3 of 19 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



4 

 

Experimental Section 

Materials: All materials or chemicals are of analytical grade and used as received. 

Co(NO3)2·6H2O (99.9%), metallic Li foil (99.9%) and D(+)-glucose are obtained from 

Aldrich. Nickel foam is from Alfa Aesar.  

Synthesis of Co(OH)2 nanosheet array on Ni foam.  

Prior to the synthesis, Ni foam (1 cm × 2 cm) was rinsed with concentrated HCl 

solution (37 wt%) in an ultrasound bath for 10 min to remove the surface NiO layer. 

The electrodeposition was performed in a standard three-electrode cell consisting of 

the clean Ni foam working electrode, a platinum plate counter electrode and a 

saturated calomel reference electrode (SCE) at room temperature. The Co(OH)2 

nanosheet array was electrodeposited on Ni foam substrate in a 0.05 M 

Co(NO3)2·6H2O aqueous electrolyte using an CHI 660E electrochemical workstation 

at a constant potential of -1.0 V (vs. SCE) for 20 min. After that, the Co(OH)2/Ni 

foam was carefully rinsed several times with deionized water and ethanol, and then 

dried in air.  

Synthesis of Co3O4/carbon nanosheet array on Ni foam. 

 

The Co(OH)2/Ni foam (1 cm × 2 cm) was ultrasonically mixed with 5 mL glucose 

aqueous solution (1 M) and 35 mL water for 15 min. The above mixture was 

transferred into a 50 mL Teflon-lined autoclave, sealed tightly and heated in an 

electric oven at 180 
o
C for 4 h. When the sample was cooled to room temperature, it 

was taken out and washed with water and ethanol. After that, the sample was dried in 

an oven at 60
 o

C overnight to remove the residue water and ethanol. After coated with 

polymerized glucose molecules on the Co(OH)2 nanosheet surface, the sample was 

annealed at 700 
o
C for 200 min in H2 atmosphere to form the Co/carbon nanosheet 

array which was then calcined in air at 250
 o

C for 2 h with a ramping rate of 1
 o
C/min 

to form the hollow Co3O4 nanoparticles encapsulated in the thin carbon nanosheet 

array (Co3O4/carbon nanosheets). In average, about 1.8 mg of Co3O4/carbon 

nanosheets was grown on the 1 cm
2
 Ni foam, which was calculated based on the mass 

difference before and after the fabrication.  
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Carbon content tests 

To precisely calculate the battery performance, we also fabricated the composite on 

flat Ni sheet surface so that these composite can be easily scraped off by a thin knife. 

The Co3O4/carbon composite (200 mg) were mixed with concentrated HCl solution 

for 24 h to completely dissolve the Co3O4 NPs. The carbon remain was collected, 

carefully rinsed and dried in an oven at 60
 o

C overnight. The carbon weight was 

measured by using a Mettler-Toledo analytical balance. The concentration of carbon 

in the composite was around 8.5%.  

Material Characterizations.  

The fabricated materials were characterized by powder X-ray diffraction (Bruker 

D8 Advance X-ray diffractometer) with Cu Kα radiation, scanning electron 

microscope (SEM, JEOL, JSM-7800F) with an energy dispersive spectrometer (EDS), 

transmission electron microscopy (TEM, JEOL, JEM-2100F), Brunauer-Emmett-

Teller surface-area and pore-size analyzer ( BET, Quantachrome Autosorb-6B) and 

Raman spectroscopy (RENISHAW Invia Raman Microscope, voltage (AC) 100-

240 V, power 150 W).  

Electrochemical Measurements 

Prior to the battery test, the Ni foam loaded with Co3O4/carbon nanosheet was cut 

into smaller pieces (1 cm × 1 cm) and used as binder-free working electrodes. A 

lithium metal was used as the counter and reference electrode and a Celgard 2400 

membrane was used as the cell separator. The electrolyte was 1 M LiPF6 in ethylene 

carbonate and diethyl carbonate (EC-DEC, v/v=1:1). The cells were constructed in an 

Ar-filled glove box. The galvanostatic cycling was performed on Neware battery 

testing system, and cyclic voltammetry (CV) was collected using Autolab (model of 

AUT71740). The electrochemical impedance measurements were carried out by 

applying an AC voltage of 5 mV in the frequency from 0.01 Hz to 100 kHz. The 

specific capacity and current density were calculated based on the mass of the active 

material in the working electrode.  

  

Results and discussion  
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Preparation and characterization of hollow Co3O4/carbon nanosheet array on Ni 

foam  

The fabrication process of the hollow Co3O4 nanoparticles encapsulated in thin 

carbon nanosheet arrays is shown in Scheme 1a. First, pure Co(OH)2 nanosheets were 

grown on Ni foam by a electrodeposition method.
34, 35

 Based on the rich –OH group 

on the nanosheet surface, a second step hydrothermal process was then carried out to 

prepare the carbonized glucose layers using glucose as a green carbon source. The 

carbonized glucose-coated Co(OH)2 nanosheets were then annealed in H2 atmosphere 

at 700 °C. This annealing process would crystalize the carbonized glucose layers into 

graphitic thin carbon nanosheet arrays which inherit the morphology of the Co(OH)2 

nanosheets. At the same time, the Co(OH)2 nanosheets are decomposed (reduced) into 

pure Co nanoparticles encapsulated inside of the thin carbon nanosheeet array. Finally, 

a second annealing in air was carried out to transform the Co NPs/carbon nanosheets 

into hollow Co3O4 NPs/carbon nanosheet array on Ni foam. As shown in Scheme 1b, 

the mechanism for the formation of hollow Co3O4 NPs from Co NPs is due to the 

nanoscale Kirkendall effect which has also been observed by annealing Ni or Cu NPs 

in different atmospheres.
36

  

Fig. 1a shows the SEM image of the electrodeposited Co(OH)2 nanosheet array on 

Ni foam. It is observed that the thin nanosheets are uniformly distributed on the Ni 

foam ligament surface and exhibit an average size of around 2 micrometers from the 

section view (Fig. 1b). From the zoom-in SEM image (Fig. 1c), it is observed that the 

thin Co(OH)2 nanosheet is several tens nanometers in thickness. The nanosheets are 

interconnected forming a porous network structure. After the electrodeposition, the Ni 

foam exhibits a clear color change from light gray to green (Fig. 1d). XRD analysis 

(Figure S1 in supporting information) shows that the formed nanosheets are pure α-

Co(OH)2.
34, 37

 After the carbonized glucose coating and two-step annealing, the 

morphology of the Co(OH)2 nanosheets is well-inherited by the formed carbon 

nanosheet array (Fig. 2a and 2b). The formed Co3O4 NPs with a size of ~10-20 nm are 

uniformly distributed inside of the thin carbon nanosheets from the high 

magnification image (Fig. 2c and 2d). Also, the coating and annealing treatments turn 

the color of the modified Ni foam into black from green (Fig. 1d).   
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The encapsulated Co3O4 NPs are further characterized by TEM. As shown in Fig. 

3a, high density and uniform Co3O4 NPs with diameter of ~10-20 nm are 

homogeneously encapsulated inside of the thin carbon nanosheets, which is in good 

agreement with the SEM result. The zoom-in TEM image shows a clear color contrast 

between the hollow core and surface shell, indicating that the Co3O4 NPs have a 

hollow structure (Fig. 3b). The continuous lattice fringes in the HRTEM image (Fig. 3c) 

indicate the crystalline nature of the encapsulated Co3O4 NPs. The lattice spacing of 0.24 

nm corresponds to the (311) plane of Co3O4. The crystal structure of the 

Co3O4/carbon nanosheet array is further characterized by XRD (Fig. 3d). The three 

strong diffraction peaks at 45.5
o
, 53.0

o
, and 78.3

o
 can be ascribed to the Ni foam 

substrate. The relatively weak diffraction peaks at the degree of 19
o
 (111), 31.2

o
 (220), 

36.8
o
 (311), 59.3

o
 (511) and 65.2

o
 (440) are consistent with the standard XRD data for 

Co3O4 (JCPDS No. 43-1003). EDS analysis further shows that carbon, oxygen, and 

cobalt are the main elements of the composite (Fig. S2). The signal of Si is from the 

substrate used for the EDS test. 

The graphitization degree of the thin carbon nanosheets is characterized by Raman 

spectroscopy. It is known that the D band peak indicates the disordered graphitic 

crystal stacking while G band increases with the number of the graphene layers.
30, 38, 

39
 The degree of crystallization of the carbon sheets can be relatively determined by 

the ID/IG ratio. A lower ID/IG ratio corresponds to a high crystallization degree. As 

shown in Fig. 4a, the ID/IG ratio of the carbon nanosheet is less than 1, which is 

similar to that of reduced graphene oxides, indicating the good crystallization by the 

first step annealing at the high temperature. The Brunauer–Emmett–Teller (BET) 

surface area of the composite is determined to be ~243 m
2 

g
−1

 and pore diameter is 

around 3.6 nm with the Barrett-Joyner-Hallender (BJH) method (Fig. 4b and 4c). 

These results suggest that the carbon nanosheets possess a high surface area and many 

small pores which would facilitate the free diffusion of electrolyte during 

electrochemical reactions. 

 

Electrochemical measurement 
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The binder-free carbon nanosheet array network with encapsulated hollow Co3O4 

NPs should be a promising anode material for LIBs. Fig. 5a shows the galvanostatic 

discharge-charge curves of the Co3O4/carbon nanosheets at 0.1 A g
-1

 between 0.01 

and 3.0 V vs Li/Li
+
. It is observed that the Co3O4/carbon nanosheet array exhibits a 

high initial discharge capacity of ~1780 mAh g
-1

, which is significantly higher than 

the theoretical capacity of Co3O4 (890 mAh g
-1

). The excess discharge capacity could 

be associated with the initial formation of the solid-electrolyte-interface (SEI) layer 

resulted from electrolyte degradation, which is a common phenomenon and also 

observed in many other anode materials.
42-44 From the second cycle, the capacity 

decreases to ~1081 mAh g
-1

 and the charge-discharge process becomes much stable 

(Fig. 5a). After even 100 cycles at 0.5 A g
-1

, the capacity retained  is still over 97% 

with high Coulombic efficiency (~98%), indicating the excellent cycling stability of 

the Co3O4/carbon nanosheet composite (Fig. 5b). As observed from the SEM image in 

Fig. S3, after the 100 charge-discharge cycles, the structure integrity of the binder-

free 3D array electrode is still well retained. The stabilized specific capacity (~1052 

mAh g
-1

 at 0.1 A g
-1

) is also remarkably high when compared with most reported 

values of Co3O4-based anode materials such as Co3O4 octahedral nanocages (887 

mAh g
-1

 at 0.2 C),
24

 Co3O4/graphene composite (754  mAh g
-1

 at 0.1 A g
-1

)
43

 and 

carbon-coated Co3O4 nanotubes (823 mAh g
-1

 at 0.2 A g
-1

).
24, 45, 46

 More comparisons 

have been listed in Supporting Information (Table S1). Based on recent studies,
40, 41

 

Co3O4 shows the Li-storage activity for LIBs through reduction/oxidation reaction. In 

the first discharging process, Co3O4 is reduced to Co through an eight electron 

reaction process: Co3O4 + 8Li
+
 →  3Co + 4Li2O. Subsequently, the charge and 

discharge process is reversible through a two electron reaction process: Co + Li2O ↔ 

CoO + 2Li
+
 + 2e

-
. Thus, the electron number difference between the two reaction 

processes should also contribute the large capacity difference between the first 

discharge process and the subsequent charge/discharge process. 

To test the rate performance, continuous increase in current density from 0.1 A g
-1

 

to 10 A g
-1

 was carried out (Fig. 5c). It is observed that the capacity decreases with 

the increase of current densities (Fig. 5d). When 10 A g
-1

 is applied, the capacity is 

still ~463 mAh g
-1 

(~52%), which also higher than those of previous reports,
45, 47

 

indicating the good rate capability of the binder-free array electrode. Moreover, when 
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cycled back to 0.1 A g
-1

, the recovered capacity can reach ~1052 mAh g
-1

, which 

further demonstrates the excellent performance of the designed binder-free composite 

electrode. The high and stable Li storage performance is clearly resulted from the 

designed unique structure of the anode. Firstly, the porous carbon nanosheet network 

can remarkably enhance the electronic conductivity and the diffusion of electrolyte 

and ions.
25, 48, 49

 As shown in impedance spectrum in Fig. S4, the carbon nanosheet-

based composite exhibits a very low charge-transfer resistance. Due to the direct 

attachment to the Ni foam current collector, the aggregation and stacking between 

individual carbon sheets in normal electrode are completely avoided.
50, 51

 A schematic 

explanation about the working mechanism of the array electrode is presented in Fig. 

S5. Secondly, due to the encapsulation in the carbon nanosheets, the detachment, 

aggregation, and even pulverization of the hollow Co3O4 NPs can be largely solved.
30, 

52
 Thirdly, the efficient inner space from the hollow core would allow the volume 

expansion of the Co3O4 shells while retaining the structure integrity. 
40, 50

 Finally, the 

nanoscale hollow Co3O4 particles (~10-20 nm) with high surface areas will effectively 

improve the Li-ion exchange rate.  

Conclusions 

A uniformly distributed carbon nanosheet array with encapsulated hollow Co3O4 

NPs was easily prepared by using electrodeposited Co(OH)2 nanosheets as templates, 

and followed by surface glucose polymerization and two-step annealing process. This 

designed binder-free 3D composite electrode possesses many unique structure 

properties such as intimate contact between the encapsulated hollow nanoparticles and 

thin carbon nanosheets, high nanoporosity, large specific surface area, etc. Owing to 

the unique nano-architecture, the Co3O4/carbon nanosheets array exhibits a high and 

stable performance when used as anode materials in LIBs. We believe that this work 

presents a new strategy on designing advanced carbon-encapsulated binder-free 

nanocomposite electrode for various electrochemical applications. 
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Figure captions: 

Scheme 1. (a) Schematic illustration of the designed electrode fabrication process. (b) 

Schematic illustration of the formation of Co3O4 hollow NPs. 

Fig. 1. SEM images of α-Co(OH)2 nanosheet arrays (a: low magnification; b: section 

view; c: high magnification) and photos of the nanosheet array before and carbon 

coating/annealing. Inset in (a) shows the SEM image of the Ni foam substrate. 

Fig. 2. SEM images of the Co3O4/carbon nanosheet array with different 

magnifications. 

Fig. 3. TEM (a: low magnification; b: high magnification) and HRTEM (c) images of 

the Co3O4/carbon nanosheet array. XRD pattern of the nanocomposite (d) with the 

standard pattern of Co3O4 attached for comparison.  

Fig. 4. Nitrogen absorption/desorption curve (a), pore size distribution (b) and Raman 

spectrum (c) of the Co3O4/carbon nanosheets.  

Fig. 5. Galvanostatic charge-discharge curves of the electrode at different cycles at 

0.1 A g
-1

 (a). Cycling performance and coulombic efficiency of the Co3O4/carbon 

nanosheet array at a current density of 0.5 A g
-1

 (b). Galvanostatic charge-discharge 

curves (c) of the Co3O4/carbon nanosheet array at different current densities and the 

rate capability test (d).  
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Fig. 1 

 

Page 15 of 19 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



16 

 

Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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