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Abstract The spinel-type Co3O4 with a dendritic nano-

structure is prepared via homogeneous co-precipitation

method in the presence of oxalic as complex agent. The

special structure was characterized by X-ray diffraction,

field emission scanning electron microscopy, transmission

electron microscopy, and thermogravimetric analysis, which

show that the precursor can be transformed into dendritic

crystal Co3O4 by calcining at 500 �C for 2 h with a diameter

of 20–50 nm. Such a three-dimensional interconnected

structure used as an anode material for lithium-ion batteries

shows that the discharge specific capacity still remains at

951.7 mA h g-1 after 100 cycles at a current density of

100 mA g-1. Furthermore, this material also presents a good

rate performance; when the current density increases to

1,000, 4,000, and 8,000 mA g-1, the reversible capacity can

render about 1,126.2, 932.3, and 344.2 mA h g-1, respec-

tively. The excellent electrochemical performance is mainly

attributed to the dendritic nanostructure composed of inter-

connected Co3O4 nanoparticles.

Keywords Dendritic nanostructure � Lithium-ion

batteries � Co-precipitation � Anode

1 Introduction

In the past few years, rechargeable lithium-ion batteries

(LIBs) have become the dominant power sources for por-

table electronic devices and electric vehicles. In particular,

the emergence of large-scale applications in electric vehicles

and hybrid electric vehicles requires LIBs of high energy and

power density. So the demands for new electrode materials

with high capacity and high energy density become more and

more urgent [1–4]. The nanostructured transition metal

oxides have attracted extensive interest for LIBs, because

they have the good advantages of high surface-to-volume

ratio and short path length for electrons and ions diffusion

compared with those of bulk counterparts. Compared with

conventional graphite (372 mA h g-1), these nanosized

metal oxides as anode materials for LIBs, such as Fe3O4 [5],

SnO2 [6], Co3O4 [7], MnO2 [8], exhibit high reversible

capacities (500–1,000 mA h g-1). Of all the oxides studied,

nanostructured Co3O4 has shown high theoretical specific

capacity, excellent cycling performance, and good rate

capability. For example, Tarascon’s team has reported that

the cycling capacity of cubic spinel Co3O4 was as high as

*900 mA h g-1 at a rate of 0.2 �C and still remained stable

up to 25 cycles [9]. Yang’s team has also reported a capacity

value as high as 1,200 mA h g-1 at a current density of

50 mA g-1 and for up to 20 cycles [10].

In this paper, we report a typical and simple method to

synthesize Co3O4 with a novel dendritic structure. The

temperature and the dropping speed of mixed solution play

the very important roles in synthesizing Co3O4 with dif-

ferent morphologies. Although the structure of Co3O4 has
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been widely investigated as anode materials for LIBs over

the past decade, the dendritic crystal Co3O4 is rarely

reported. What’s more, the co-precipitation method is

suitable for mass production. The result shows that the as-

prepared dendritic crystal Co3O4 used as the working

electrode exhibits high reversible specific capacity, excel-

lent cycling performance, and good rate capability.

2 Experimental

2.1 Preparation of dendritic crystal Co3O4

For the precursor preparation, 0.2 mmol cobalt chloride

(CoCl2�6H2O, Aladdin, 99.9 %) and 0.2 mmol oxalic acid

(C2H2O4, Aladdin, 99.9 %) were, respectively, dissolved

in 90 mL deionized water. Then 90 mL CoCl2�6H2O

aqueous solution was added dropwise to the oxalic acid

aqueous solution with constant stirring at 80 �C. After

stirring for another 1 h, the mixture turned into a pale

pink emulsion solution which was separated by centrifu-

gation, washed by deionized water and ethanol several

times to remove any impurities, and then heated to

120 �C for keeping overnight in an electric oven followed

by natural cooling. Finally, to obtain the dendritic nano-

structure, the as-prepared precursor was calcined to

500 �C with a heating rate of 2 �C min-1 and kept for 2 h

in ambient air.

2.2 Structural characterization and electrochemical test

The crystallographic information of the as-prepared pre-

cursor and as-prepared products were established by

powder X-ray diffraction (XRD; PANalytical X’Pert

PRO, Cu/K radiation, k = 1.5406 Å). Field emission

scanning electron microscopy (FESEM; ZEISS ULTRA

55) was employed to examine the morphologies of the

samples. Structural and compositional investigations were

carried out by high-resolution transmission electron

microscopy (TEM; JEM-2100HR). Thermogravimetric

analysis (TGA-2050 (TA Corp.)) was also conducted to

analyze thermal stability of products. The specific Bru-

nauer–Emmett–Teller (BET) surface area was character-

ized using a Colter SA 3100 surface area analyzer, and

the pore size distribution curve was derived from the

Barrett–Joyner–Halenda (BJH) method based on the

adsorption branch.

The electrochemical tests were performed using half-

cells (CR2430) with lithium serving as the counter elec-

trode as well as the reference electrode. The working

electrode was made by mixing 80 wt% Co3O4, 10 wt%

acetylene black as conducting agent, and 10 wt% LA132 as

binder. The electrode slurry was fully mixed and was

evenly coated on copper foils which were dried under a

vacuum at 80 �C for 12 h. The electrolyte used in the cells

was 1 M LiPF6 in a mixture of EC/DEC/EMC (1:1:1 by

volume, provided by Chei Industries Inc., South Korea).

The separator we used is Celgard-2400. Finally, all the

cells were assembled in an argon-filled glove box.

The cyclic voltammetry (CV) was performed using an

electrochemical system (Solartron 1470E) with a voltage

window of 0.01–3.0, and the charge/discharge was con-

ducted using a battery testing system (LAND CT2001A)

with a voltage window of 0.01–3.0 at a setting current

rate.

Fig. 1 a Crystal structure of Co3O4. b Schematic representation for the formation process of Co3O4

Fig. 2 a XRD patterns of Pre-Co3O4. b XRD patterns of the as-

prepared Co3O4
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3 Results and discussion

3.1 Phase and microstructures

The crystal structure of spinel Co3O4 with cubic nano-

structure is shown in Fig. 1a. Co3O4 takes a cubic spinel

structure (space group: Fd-3m) with Co2? and Co3? being

located at tetrahedral and octahedral sites, respectively.

The schematic procedure for the formation of dendritic

structure Co3O4 prepared by co-precipitation method is

shown in Fig. 1b. First, Cobalt chloride and oxalic acid

solution were mixed and formed a mass of nanoflakes with

the Co nuclei connecting with each other along the same

direction by complex agent. Subsequently, after thermal

treatment, the decomposition of complex agent formed the

final dendritic crystal.

The Co3O4 precursor was prepared by co-precipitation

method using oxalic as complex agent, followed by cal-

cining at 500 �C for 2 h to get dendritic crystal Co3O4.

Both of them were examined by XRD. Figure 2a shows the

power XRD pattern of the precursor which exhibits all of

the diffraction peaks can be indexed to C2CoO4�2H2O

(JCPDS No. 25-0250). The XRD pattern of heat treated

sample is shown in Fig. 2b in which all the peaks are

perfectly consistent with the cubic spinel Co3O4 (JCPDS

No. 42-1467). The observed diffraction peaks at 2h values

of 19.0�, 31.4�, 36.8�, 38.5�, 44.8�, 55.7�, 59.3�, and 65.2�
agree with the lattice planes of (111), (220), (311), (222),

(400), (422), (511), and (440), respectively. No other dif-

fraction peaks from impurities are detected, indicating the

complete transformation of precursor into the Co3O4 phase

and the formation of pure cobalt oxides after calcination.

The narrow diffraction peaks suggest that the material is

well crystallized. The average crystallite size of the as-

prepared Co3O4 is about 23.1 nm, which is calculated by

Scherrer equation using all diffraction peaks among the

XRD pattern.

The morphologies of obtained samples were investi-

gated by SEM. In Fig. 3a, the precursor consists of irreg-

ular and inhomogeneity nanosized flakes. The mean

thickness of nanoflakes with smooth surfaces is estimated

to be *70 nm from the high magnification SEM image in

Fig. 3b. After the flake-like precursor was calcined, the

nanoflakes were transformed into dendritic crystal. The

decomposition of the precursor generates a large amount of

water vapor, carbon monoxide, and carbon dioxide gas,

Fig. 3 SEM images of pre-Co3O4 (a, b) and the as-prepared Co3O4 (c, d)
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which plays a major role in the formation of the final

nanostructure. As shown in Fig. 3c, d the dendritic crystal

is composed of Co3O4 nanocrystals interconnecting each

other with a diameter of 20–50 nm, forming a three-

dimensional network architectural structure. Obviously,

this novel dendritic nanostructure with enough free space is

beneficial to improve the electrochemical performance

because of the confining dimension effect and high specific

surface area of the novel nanostructure, which could

decrease the diffusion lengths for both Li? and e- and

increase the active sites for Li? insertion or extraction

reactions [11]. Also, the adequate free spaces can alleviate

the volume changes during continuous rapid charge/dis-

charge processes [12].

To accurately reveal the microstructure of these aniso-

tropic Co3O4 nanoflakes, TEM characterizations were

carried out. Figure 4a shows a typical low-magnification

image of Co3O4 nanoflakes, from which it can be clearly

detected that the product is mainly composed of hexagon

nanocrystals with a size of 20–50 nm. The relevant

HRTEM images as shown in Fig. 4b–d indicate a highly

crystalline character with a considerably distinct lattice

fringes. The lattice fringes with a spacing of 0.244 and

0.286 nm are well matched with the d values between the

(311) planes and the (220) planes shown in the XRD pat-

tern. Therefore, it can be concluded that the co-precipita-

tion method can produce Co3O4 nanocrystals with high

purity and crystallinity.

Figure 5 shows the thermal property of the Co3O4 pre-

cursor characterized by TG/DTG technique. TG/DTG

analysis was conducted to follow the heat treatment pro-

cess from room temperature to 700 �C at a heating rate of

5 �C min-1 in air atmosphere. It can be seen clearly that

the TG curve exhibits two distinct weight loss steps due to

dehydration and decomposition of the Co3O4 precursor.

The initial weight loss of *19.8 % at the low temperature

(70–250 �C) can be attributed to the loss of the evaporation

of moisture and the decomposition of crystal water in the

Fig. 4 a, b TEM and HRTEM images of Co3O4. c, d High magnification TEM images of regions A and B in Fig. 4b

Fig. 5 TG-DTG curves for the as-prepared Co3O4 precursor
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precursor, and a short broad endothermic peak appears in

the corresponding DTG curve. While the sharp weight loss

of *36.4 % in the temperature range of 250–300 �C is

assigned to the conversion of anhydrous solid precursor to

Co3O4 crystals, at the range of 300 and 600 �C, weight loss

is barely changed in the TG curve and the final residue of

Co3O4 crystal is *43.8 %. Therefore, it can be concluded

that the thermal temperature of 500 �C in this experiment is

enough to remove the complex agent among precursor

completely and obtain the pure Co3O4 crystal. The two

weight loss steps mentioned above are well consistent with

the theoretical value. The decomposition of Co3(C2O4)3-

6H2O can be expressed as the following reactions.

Co3ðC2O4Þ3 � 6H2O ! Co3ðC2O4Þ3 þ 6H2O " ð1Þ

Co3ðC2O4Þ3 þ O2 ! Co3O4 þ 4CO2 " þ 2CO " ð2Þ

To further investigate the specific surface area and the

pore size distribution of the dendritic crystal Co3O4, the

nitrogen adsorption–desorption isotherm performed at

77 K is shown in Fig. 6a. The isotherm is characteristic of

type IV with a distinct hysteresis loop in the range of

0.9–1.0 P/P0. The BET specific surface area of the sample

is 39.76 m2 g-1. In addition, the pore size distribution

diagram based on BJH method is shown in Fig. 6b. The

narrow pore size distribution (inset of Fig. 6b) at about

3 nm is possibly due to the interstitial space between the

nanocrystals. Because of interspace between nanowires, the

sample also has a broad pore distribution in the range of

10–180 nm, which is in good agreement with the SEM

observations. These results show that the Co3O4 has a

relatively large specific surface area which is attributed to

the existence of complex agent and the release of CO and

CO2 in the process of calcination.

3.2 Electrochemical analysis

It is well known that nanosized transition metal oxides can

serve as electrode materials for LIBs. Nanostructures have

received considerable research attentions over the past

decade. Therefore, to evaluate the electrochemical proper-

ties of cobalt-oxide-based nanostructures for LIB applica-

tions, the galvanostatic charge/discharge measurements at a

current density of 100 mA g-1 in a voltage range of

0.01–3.00 V are conducted at room temperature. The 1st,

2nd, and 30th cycle charge/discharge curves are recorded in

Fig. 7a. For the first discharge curve, it is observed that

there is a distinct plateau located at 1.1 V and the other

unclear plateau at 1.2 V, which corresponds to the reduction

processes of CoO to Co and Co3O4 to CoO, respectively [9,

13, 14]. The overall capacity for the first discharge is as high

as 1,307.8 mA h g-1, and the subsequent charge curve

shows a steady voltage increase with a charge specific

capacity of 1,040.1 mA h g-1, showing a capacity loss of

267.7 mA h g-1, and an initial coulombic efficiency of

79.5 %. For the second discharge, the potential plateau

shifts upward to near 1.25 V with a more sloping profile

accompanied by a capacity loss. Nevertheless, the overall

capacity of 1,126.3 mA h g-1 in the second discharge

process is retained. Even after the 30th cycle, the overall

discharge capacity is still kept at 1,314.7 mA h g-1. It has

been proved that the irreversible capacity for the first cycle

is related to the formation of a solid electrolyte interface

(SEI) film on the surface of active materials, the reduction

of metal oxide to metal with Li2O formation, and the

decomposition of electrolyte [15–18]. Also, it can be seen

that the charge/discharge voltage plateaus are well consis-

tent with the peaks in the CV curves as shown in Fig. 7b.

Figure 7b presents the typical first three cycles per-

formed at a scanning rate of 0.2 mV s-1 from 0.01 to

3.0 V. The first cycle for the dendritic crystal Co3O4

exhibits an irreversible reduction peak which is large,

broad, and center at 0.7 V. The first cycle is completely

different from the followed cycles onward, and the

Fig. 6 Nitrogen absorption–desorption isotherms (a) and BJH

absorption pore size distribution (b) of the dendritic crystal

nanostructure Co3O4
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reduction peak at 0.7 V can be attributed to the initial

reduction of Co3O4 to metallic cobalt, the electrochemical

formation of amorphous Li2O and a partially irreversible

SEI layer [15]. In the subsequent cycles, the reduction

peaks are observed at about 1.1 and 2.2 V, which arise

from no formation of SEI film [18] and two complete

multistep redox reactions [19]. In the oxidation scan, the

oxidation peaks are almost no shift and overlap very well

from 1st to 3rd. The oxidation peak with a main peak

around 2.13 V corresponds to the reverse process where Co

was oxidized to Co3O4 again [20]. Furthermore, the CV

curves of the subsequent cycles after the first cycle overlap

very well, indicating good electrochemical reversibility in

the Li? insertion and extraction reactions, and the stability

of the assembled structure. For the Co3O4 investigated in

the present work, Li ion storage might follow the redox

reaction mechanism as shown in Eqs. 3–4, which has been

previously reported in the literature [10, 21–24].

Co3O4 þ 8Liþ þ 8e� $ 3Coþ 4Li2O ð3Þ

CoOþ 2Liþ þ 2e� $ Coþ Li2O ð4Þ

Figure 7c shows the corresponding charge/discharge

cycle performance and the coulombic efficiency of the

dendritic crystal Co3O4 at a current density of 100 mA g-1.

Apart from the first cycle (about 1,307 mA h g-1), it can be

observed that the reversible capacity exhibits an obvious

increasing tendency from 2nd to 30th cycle and finally

reaches a very high value of about 1,336.1 mA h g-1 after

30th cycle. This behavior can be attributed to the formation

of a polymeric surface film attached to the active material

[16, 25, 26] and the gradual activation of the electrode [27].

The same issue is also mentioned in previous papers [28],

and all of them offer the same explanations [29–31].

Whereafter, the specific capacity begins to decrease and

maintains at about 951.7 mA h g-1 after 100 cycles, indi-

cating good cycle life and high capacity retention. The

Fig. 7 a Charge/discharge profiles of the as-prepared Co3O4 elec-

trodes in the 1st, 2nd, and 30th cycles at a constant current of

100 mA g-1. b CV profiles of the as-prepared Co3O4 electrodes in the

1st, 2nd, and 3rd cycles at a scan rate of 0.2 mV s-1 between 0.01 and

3.0 V. c Cycling performance of the as-prepared Co3O4 electrodes for

the first 100 cycles and the corresponding coulombic efficiency.

d Rate performance of the as-prepared Co3O4 electrodes at current

densities of 500, 1,000, 2,000, 4,000, and 8,000 mA g-1, respectively
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capacity fade from 30th to 80th cycle is attributed to the

destruction of Co3O4 architectural structure caused by the

repeated Li? insertion and extraction during the charge/

discharge cycles [32]. In addition, Fig. 7c presents the

corresponding coulombic efficiency in the process of

charge/discharge, which demonstrates the good electro-

chemical performance once again. The high reversible

capacity and good cycle life show the advantages of the

dendritic crystal Co3O4, in which there are shorter length of

Li? transport and more interfacial bonding for extra active

sites of Li? insertion [33]. To better understand the elec-

trochemical behavior of the dendritic crystal Co3O4, we also

investigated its rate performance as shown in Fig. 7d. The

Co3O4 electrode was cycled at various current densities

(500–8,000 mA g-1). The Co3O4 electrode shows good

rate performance with average discharge capacity of

1,062.4, 1,075.0, 978.4, and 487.2 mA h g-1, when the

current density increased stepwise to 1,000, 2,000, 4,000,

and 8,000 mA g-1, respectively. Upon altering the current

density back to 500 mA g-1, the specific capacity can be

rebounded to 995.1 mA h g-1 after 80 cycles.

4 Conclusion

In this paper, the Co3O4 with a dendritic crystal nano-

structure has been successfully synthesized by a simple

typical co-precipitation method and followed by calcining

in air atmosphere. The XRD analysis exhibits high pure-

phase Co3O4 powders, and the SEM and TEM results

indicate that the dendritic crystal Co3O4 is composed by

Co3O4 nanoparticles with a diameter of 20–50 nm. Such a

unique structure not only favors the fast Li? transport but

also accommodates the volume expansion/contraction

during charge/discharge processes. When used as anode

material for LIBs, it shows a high capacity, excellent

cycling stability, and superior rate capacity. The improved

electrochemical performance enables such dendritic crystal

Co3O4 to be a promising anode material for next-genera-

tion high power LIBs.
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the reduction by lithium of a-Fe2O3 with various particle sizes.

J Electrochem Soc 150:A1643–A1650. doi:10.1149/1.1622959

24. Poizot P, Larunelle S, Grugeon S, Tarascon JM (2002) Rationali-

zation of the low-potential reactivity of 3d-metal-based inorganic

compounds toward Li. J Electrochem Soc 149:A1212–A1217.

doi:10.1149/1.1497981

25. Shaju KM, Jiao F, Debart A, Bruce PG (2007) Mesoporous and

nanowire Co3O4 as negative electrodes for rechargeable lithium

batteries. Phys Chem Chem Phys 9:1837–1842. doi:10.1039/

b617519h

26. Grugeon S, Laruelle S, Dupont L, Tarascon JM (2003) An update

on the reactivity of nanoparticles Co-based compounds towards

Li. Solid State Sci 5:895–904. doi:10.1016/S1293-2558(03)

00114-6

27. Tao LQ, Zai JT, Wang KX, Zhang HJ, Xu M, Shen J, Su YZ,

Qian XF (2012) Co3O4 nanorods/graphene nanosheets nano-

composites for lithium ion batteries with improved reversible

capacity and cycle stability. J Power Sources 202:230–235.

doi:10.1016/j.jpowsour.2011.10.131

28. Liu J, Xia H, Lu L, Xue DF (2010) Anisotropic Co3O4 porous

nanocapsules toward high-capacity Li-ion batteries. J Mater

Chem 20:1506–1510. doi:10.1039/b923834d

29. Luo W, Hu XL, Sun YM, Huang YH (2012) Electrospun porous

ZnCo2O4 nanotubes as a high-performance anode material for

lithium-ion batteries. J Mater Chem 22:8916–8921. doi:10.1039/

c2jm00094f

30. Du N, Xu YF, Zhang H, Yu JX, Zhai CX, Yang DR (2011)

Porous ZnCo2O4 nanowires synthesis via sacrificial templates:

high-performance anode materials of Li-ion batteries. Inorg

Chem 50:3320–3324. doi:10.1021/ic102129w

31. Liu B, Zhang J, Wang XF, Chen G, Chen D, Zhou CW, Shen GZ

(2012) Hierarchical three-dimensional ZnCo2O4 nanowire arrays/

carbon cloth anodes for a novel class of high-performance flex-

ible lithium-ion batteries. Nano Lett 12:3005–3011. doi:10.1021/

n1300794f

32. Yang XL, Fan KC, Zhu YH, Shen JH, Jiang X, Zhao P, Li CZ

(2012) Tailored grapheme-encapsulated mesoporous Co3O4

composite microspheres for high-performance lithium ion bat-

teries. J Mater Chem 22:17278–17283. doi:10.1039/c2jm32571c

33. Tian L, Zou HL, Fu JX, Yang XF, Wang Y, Guo HL, Fu XH,

Liang CL, Wu MM, Shen PK, Gao QM (2010) Topotactic con-

version route to mesoporous quasi-single-crystalline Co3O4

nanobelts with optimizable electrochemical performance. Adv

Funct Mater 20:617–623. doi:10.1002/adfm.200901503

788 J Appl Electrochem (2014) 44:781–788

123

http://dx.doi.org/10.1088/0957-4484/19/03/035711
http://dx.doi.org/10.1088/0957-4484/19/03/035711
http://dx.doi.org/10.1149/1.1353566
http://dx.doi.org/10.1016/j.electacta.2007.10.020
http://dx.doi.org/10.1016/j.electacta.2007.10.020
http://dx.doi.org/10.1039/b810093
http://dx.doi.org/10.1039/b810093
http://dx.doi.org/10.1149/1.1622959
http://dx.doi.org/10.1149/1.1497981
http://dx.doi.org/10.1039/b617519h
http://dx.doi.org/10.1039/b617519h
http://dx.doi.org/10.1016/S1293-2558(03)00114-6
http://dx.doi.org/10.1016/S1293-2558(03)00114-6
http://dx.doi.org/10.1016/j.jpowsour.2011.10.131
http://dx.doi.org/10.1039/b923834d
http://dx.doi.org/10.1039/c2jm00094f
http://dx.doi.org/10.1039/c2jm00094f
http://dx.doi.org/10.1021/ic102129w
http://dx.doi.org/10.1021/n1300794f
http://dx.doi.org/10.1021/n1300794f
http://dx.doi.org/10.1039/c2jm32571c
http://dx.doi.org/10.1002/adfm.200901503

	A novel dendritic crystal Co3O4 as high-performance anode materials for lithium-ion batteries
	Abstract
	Introduction
	Experimental
	Preparation of dendritic crystal Co3O4
	Structural characterization and electrochemical test

	Results and discussion
	Phase and microstructures
	Electrochemical analysis

	Conclusion
	Acknowledgments
	References


