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TOC: Co3O4 nanosheet arrays grown on carbon cloth homogeneously, excellent 

electrochemical performance was obtained due to the unique structure and morphology.  
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Co3O4 nanosheet arrays (NSAs) were successfully grown on 

flexible carbon cloth (CC) by a simple electrochemical 

deposition method. The deposited films were composed of 

homogeneous ultrathin hierarchical porous Co3O4 

nanosheets. Such Co3O4 NSAs/CC electrode showed 

superior electrochemical performance, indicating a 

promising method to fabricate flexible electrode for Li-ion 

batteries. 

During the past two decades, Li-ion batteries have been widely 

used in portable electronic devices and electric vehicles due to the 

high power density and long cycle life.1,2 Though the graphite has 

been commercialized as anode electrode, the low theoretical capacity 

(372 mAh g-1) limits its application in high energy density batteries. 

Compared with graphite, Cobalt-based oxides present larger specific 

capacity. 3-8 Thus many researchers paid attention to the transition-

metal oxides, such as Co3O4, CuCo2O4,
6 NiCo2O4

7 and ZnCo2O4.
8 

Among them, Co3O4(theoretical capacity 890 mAh g-1) has been 

intensively investigated as candidate for graphite negative electrodes. 

As the morphology and particle size play an important role in the 

performance of the materials, great efforts have been paid to obtain 

Co3O4 with different nanostructures. Reddy synthesized Co3O4 

compounds using different molten salts and studied their 

morphology and Li-storage properties.9,10 Shim et al. prepared 

porous Co3O4 hollow rods through a biomineralization process.11 

Those Co3O4 nanostructures have exhibited an excellent reversible 

specific capacity of 903 mAh g-1 after 20 cycles. Hwang et al. 

synthesized uniform hexagonal-shaped cobalt oxide nanodisks in 

large scale via a hydrothermal process.12 The electrode showed an 

initial lithium insertion capacity of 2039 mAh g-1. Other methods 

were also used to prepare Co3O4 nanostructures, such as template 

methods,13 electrodeposition14and chemical vapor deposition.15 

However, some problems still exist as summarized in recent 

reviews,16 such as the structure changed during the cycling 

performance, which will lead the capacity decrease. Until now 

neither the rate capacity nor the cycling stability has achieved our 

desiring. 

Among the methods to prepare Co3O4 nanostructures, those directly 

growing on current collector is a promising strategy to construct a 

stable electrode with large specific area and good conductivity. 

Chen’s group has prepared cobalt oxide nanowire arrays films on 

large-area metallic substrates.17,18 The Co3O4  nanowire arrays have 

been shown a very small capacity fading of 0.13% per cycle. Both 

Chou and Yen’s groups have obtained Co3O4 thin film on the 

stainless steel substrates.19,20 Compared with the substrates such as 

Ti foil and Ni foam, CC has better properties on lightweight and 

stability. Furthermore, it can make a contribution to the capacity of 

the anode, which will increase the energy density and power density 

of the whole battery. In this paper, we reported a simple 

electrochemical deposition route to obtain Co3O4 NSAs/CC flexible 

electrode with hierarchical porous structure. The Co3O4 NSAs/CC 

showed superior electrochemical performances, which made it to be 

a more promising alternative anode material for Li-ion batteries. 

Fig.1 shows the XRD pattern of the as-prepared sample. All the 

diffraction peaks can be indexed to the cubic phase of Co3O4 except 

for the peak arising from the CC substrate at about 24°, which is 

consistent with the standard spectrum (JCPDS file no. 42-1467).  

 

Fig. 1 XRD pattern of the Co3O4 NSAs/CC 
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Fig.2a, b and c show the low- magnification and high-

magnification SEM images of the Co3O4 NSAs/CC. It can be clearly 

seen that the uniform Co3O4 nanosheet arrays are well aligned on CC, 

which are interconnected each other. Fig. 2d provides a cross-section 

SEM picture of the single Co3O4 NSAs/CC. It can clearly see the 

unique core/shell structure, the Co3O4 nanosheet shells cover the CC 

core. 

 

Fig. 2 (a, b, and c) SEM images of the Co3O4 NSAs/CC; (d) and the upper 

right inserts in (d) correspond to the side views of  the Co3O4 NSAs/CC. 

Further characterization for Co3O4 nanostructures was performed 

with TEM. It was shown in Fig. 3a and b that Co3O4 nanosheets are 

composed of many nanoparticles (about 10 nm in size) and 

nanopores. The interconnected and porous nanosheets construct the 

hierarchical porous structure of the electrode. The corresponding 

HRTEM image (Fig. 3 c) indicates that aligned lattice fringes with 

the spacing of 0.284 nm corresponds to the (2 2 0) plane of cubic 

Co3O4, which is consistent with the XRD results. The SAED rings 

can also be indexed to the cubic Co3O4 phase (Fig. 3 d). 

 

Fig.3 (a, b) TEM images; (c) HRTEM image; (d) SAED pattern of the as-

prepared Co3O4   nanosheets 

 

Fig. 4 (a) Typical CV curves of Co3O4  NSAs/CC; (b) Galvanostatic charge-

discharge curves of Co3O4  NSAs/CC electrode; (c) Cycling performance and 

coulombic efficiency of pure CC and Co3O4  NSAs/CC at the current density 

of 0.4 mA cm-2; (d) The charge-discharge rate performances of Co3O4 

NSAs/CC at various current. 

The CV curves of as-prepared Co3O4 NSAs/CC anodes were 

tested at a scan rate of 0.5 mV s−1 in the voltage range 0.01–3V at 

room temperature, as shown in Fig. 4 a. In the first cathodic process, 

there is an intense peak located at around 0.55 V, which is 

corresponded to the electrochemical reduction reaction of Co3O4 to 

metallic Co and formation of SEI layer. In the subsequent two scans, 

the CV curves show two cathodic peaks at ~0.22V and ~0.77V 

which are generally attributed to the reaction of Co(III) to Co(II) and 

metal Co. The cathodic peaks at ~0V is related to lithium insertion 

into CC.21,22 In the anodic process, the oxidation peak at 2.1V 

corresponds to the decomposition of Li2O and the formation of 

Co3O4. And the other oxidation peak at 0.56V is related to the 

lithium ion extraction from CC. The electrochemical reactions are 

the same as the early reports.11,23 

Fig. 4 b shows the galvanostatic charge-discharge curves of the 

Co3O4 NSAs/CC electrode in the 1st, 2nd, 50th and 100th cycles 

between 3 and 0.01 V (vs Li+/Li) at a current density of 0.4 mA cm-2. 

The first discharge and charge capacities are 2.51 mAh cm-2 and 

2.06 mAh cm-2 with a high coulombic efficiency of 82.1%. The 

irreversible capacity may be resulted from irreversible lithium-ion 

loss due to the electrolyte decomposition and the formation of a SEI 

layer.24In the first discharge curve, it is clearly to see that a long 

plateau is located at 0.8 V, then decreases slowly to 0.01V. The 

discharge capacities of Co3O4 NSAs/CC electrode in the 2nd, 50th 

and 100th are 2.22, 2.08, 1.94mAh cm-2. According to the weight 

percentage of Co3O4 in the total composite electrode, the specific 

capacity of Co3O4 nanosheets can be calculated as follows: 

C=CCo3O4×mass percentage of Co3O4+ CCC ×mass percentage 

of CC 

Where CCo3O4 is the capacity of Co3O4, CCC is the capacity of CC. 

The area density of Co3O4 is 0.8 mg cm-2 and presents more than 787 
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mAh g-1 during the 100 cycles at the current of 0.4 mA cm-2. The 

area density of CC is 14.3 mg cm-2 and present 90 mAh g-1 at the 

current of 0.4 mA cm-2. Except the capacity of CC, the capacities of 

Co3O4 NSAs are 0.97, 0.79, 0.78, 0.63 mAh cm-2 at a current of 0.4 

mA cm-2 in the 1st, 2nd, 50th and 100th. Correspondingly, the 

weight specific capacities of Co3O4 NSAs are 1200, 987, 975, 

787mAh g-1 in the 1st, 2nd, 50th and 100th cycles, which is better 

than the Ref. 25. 

The cycling behavior and coulombic efficiency of pristine CC and 

Co3O4 NSAs/CC are shown in Fig. 4 c at a rate of 0.4 mA cm-2. 

During the 100 cycles, the pristine CC shows good capacity 

retention. It can be found that the CC makes a significant 

contribution to the total capacity of the electrode. Compared with the 

pristine CC, the Co3O4 NSAs/CC exhibits much higher area capacity. 

The reversible capacity is 2.06 mAh cm-2 in the first cycle, and 

maintain above 1.94 mAh cm-2 after 100 cycles. This demonstrates 

that the Co3O4 NSAs/CC exhibits excellent cycling performance. In 

the initial 16 discharge/charge cycles, the coulombic efficiency rises 

from 82.1% to 98.7%. Then it is kept close to 100% in the following 

cycles. The rate capability of Co3O4 NSAs/CC was evaluated at 

different discharge-charge current in the voltage range of 0.01 to 3.0 

V, as shown in Fig. 4 d. The area capacity of the Co3O4 NSAs/CC 

are 1.85, 1.43, 0.82, 0.34 mAh cm-2 at the current density of 0.8, 1.6, 

4, 8 mA cm-2, which means the Co3O4 NSAs present 740, 583, 380 

and 160 mAh g-1at the various current. It should be noted that even 

at the rate as high as 8 mA cm-2, the Co3O4 NSAs/CC still can 

deliver a capacity of 0.34 mAh cm-2, indicating the high rate 

capability. 

 

Fig.5 Electrochemical impedance spectras for the Co3O4 NSAs/CC. 

 The characteristic EIS curves (Nyquist plots) of Co3O4 NSAs/CC 

are shown in Figure 5. Both plots exhibit a semicircle in the high 

frequency region and a sloped line in the low frequency region. 

Compared with the conventional binder-enriched electrode,26 the 

fresh electrode we obtained shows a smaller semicircle. It may be 

due to the active material directly grown on the current collector 

without any binder, which will shorten the electron transport 

distance. The 50-cycled electrode has a larger semicircle, which may 

be due to the formation of SEI during the cycles. This impedance 

evolution can well match the electrochemical performance of the 

electrode. The superior electrochemical performance of Co3O4 

NSAs/CC is due to the following reasons: 1) because the ultrathin 

Co3O4 nanosheets are composed of small particles and pores, this 

microstructure can buffer the volume effect of Co3O4 nanoparticles 

during the intercalation/de-intercalation reaction; 2) the porous 

structure between the interconnected nanosheets and the nanopores 

on the Co3O4 nanosheets can facilitate the electrolyte penetration. 3) 

the Co3O4 nanosheet arrays directly grown on the CC can reduce the 

ions diffusion length and improve the electrical conductivity of the 

electrode, which are beneficial to fast charge/discharge rates. 

Meanwhile, the active materials directly grown on the CC, without 

ancillary materials of polymer binder and carbon black, enhance the 

energy density and power density of the total electrode.  

In summary, a simple and scalable preparation approach of Co3O4 

NSAs/CC has been developed via an electrodeposition route. As 

anode for Li-ion batteries, the unique architecture of Co3O4 

NSAs/CC exhibited high capacity, excellent rate performance and 

cyclic stability. The enhanced electrochemical performance of Co3O4 

NSAs/CC electrode can be attributed to the hierarchical porous 

electrode architecture, which not only restrains the volume 

expansion of Co3O4 nanoparticles, but also facilitates the electrolyte 

penetration and electron/ion transport. As expected, this preparation 

process of Co3O4 NSAs/CC can be extended to fabricate other 

flexible electrode for Li-ion batteries. 

Experimental  

Synthesis: The commercial CC was pretreated in Teflon-lined 

stainless steel autoclave with concentrated HNO3–H2O (1:5, v/v) 

solution at 120 °C for 2 h, then washed with acetone, alcohol and 

deionized water, respectively, and finally dried in vacuum. The 

electrodeposition experiments were carried out in a 15 Mm 

Co(NO3)2•6H2O aqueous solution. Cyclic voltammetry was 

performed using a potentiostatat the applied potential of -1.8 to -0.7 

V (vs SCE) with sweep rate of 50 mV s-1 for 15 cycles at room 

temperature. After deposition, the film was washed by deionized 

water for three times and dried at 60°C. To obtain the desired 

crystalline phase the as-prepared thin films were calcined at 250°C 

for 2h with a heating rate of 2 °C min-1. The mass of Co3O4 

nanostructures were obtained by the weight difference before and 

after electrodeposition. The loading density of active material is 

calculated as 0.8 mg cm-2. 

Material Characterization: The phase of the samples was 

characterized by X-ray powder diffraction (XRD, Siemens D-5000) 

with Cu Kα (λ = 0.15418 nm). The morphologies of the samples 

were observed by field-emission scanning electron microscopy 

(FESEM, Hitachi S-4800) and transmission electron microscopy 

(TEM, JEOL-2010). 

Electrochemical Characterization: The electrochemical properties 

of the samples were evaluated using CR2016-type coin cells. The 

Co3O4 NSAs/CC was directly used as the working electrode for cell 

assembly. Pure lithium foils were used as the counter electrodes. A 

Celgard polypropylene membrane was used as a separator. The 

electrolyte consisted of a solution of 1 M LiPF6 in ethylene 

carbonate–dimethyl carbonate–diethyl carbonate (1 : 1 : 1 by wt%). 

The cells were assembled in an argon-filled glovebox. The discharge 

and charge measurements were carried out by a Land BT2001 

battery test system with the voltage range of 0.01–3.0 V at ambient 

temperature. The cyclic voltammogram (CV) experiments were 

measured at room temperature on an Arbin battery test system at a 
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scan rate of 0.5 mV s-1. Electrochemical impedance spectroscopy 

(EIS) tests were performed on a CHI660c electrochemical 

workstation with an amplitude of 5 mV sinusoidal voltage in the 

frequency range of 100 kHz to 0.01 Hz. 
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