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Core-shell Co3O4/ZnCo2O4 coconut-like hollow spheres with 

extremely high performance as anode materials for lithium-ion 

batteries 

Qiang Wang, Binwei Yu, Xiao Li, Lili Xing* and Xinyu Xue* 

Core-shell Co3O4/ZnCo2O4 coconut-like hollow spheres are synthesized by a facile two-step method. As the anode of 

lithium-ion batteries, their reversible capacity is up to 1278 mAh g-1 at 0.1C rate and keeps at 1093 mAh g-1 after 50 cycles, 

much higher than that of pure Co3O4. Even after 300 cycles (cycling for more than 4 months), their reversible capacity can 

maintain at 934 mAh g-1 at 0.2C rate. Such superior electrochemical performance (high reversible capacity, excellent long-

term cycling stability and good rate capability) can be ascribed to the unique core-shell hollow structure, complex 

synergistic effect, good electrical conductivity and interfacial charging mechanism. The present results demonstrate that 

the core-shell Co3O4/ZnCo2O4 hollow spheres are promising anode materials for high-performance lithium-ion batteries. 

Introduction 

Rechargeable lithium-ion batteries (LIBs) have been regarded 

as an excellent power source for portable electronics due to 

their advantages of high energy density, no memory effect, 

long lifespan, little self-discharge and environmental 

benignity.1-6 Recently, various transition metal oxides as 

promising alternatives to the commercial graphite anode have 

attracted much attention because of their high theoretical 

capacity and energy density.4-13 Among these transition metal 

oxides, cobalt oxide (Co3O4) is one of the most widely studied 

materials due to its high theoretical capacity of 890 mAh g-1 

(about two times higher than 372 mAh g-1 of commercial 

graphite).14-21 However, as anodes for LIBs, the poor cycling 

stability and low rate capability of Co3O4 materials (arising 

from poor electrical conductivity and large volume expansion) 

restrain their practical application.22-26 

Some effective strategies have been proposed to solve 

these problems, such as preparing low-dimensional 

nanostructures, coating carbon on the surface and fabricating 

hollow structures.25-28 For example, Lou et. al. reported that 

the hollow structures can provide large interfacial contact area 

and short lithium transport distance, leading to high rate 

capabilities; meanwhile, the void space in the hollow 

nanostructures can also buffer the huge volume changes of 

the material and alleviate the pulverization, leading to good 

cycling stability.26-28 Nowadays, much research effort has also 

been made to investigate the ternary metal oxides materials as 

the anode of LIBs for their complementary behavior and 

synergistic effect between the two metal elements, such as 

CoMn2O4, ZnCo2O4, NiCo2O4 and MnCo2O4.29-32 Among them, 

ZnCo2O4 anode materials have received special attention 

because of their unique crystalline structure and remarkable 

electrochemical reaction mechanism toward lithium ions.33 In 

the cubic spinel ZnCo2O4 structure, the Zn2+ ions occupy the 

tetrahedral sites and the Co2+ ions hold the octahedral sites.34 

Since both Zn and Co have electrochemically activity to 

lithium, a complementary manner can contribute to the 

enhanced lithium-storage performance.30,35 At the same time, 

such complex ternary compound can possess high electronic 

conductivity.31-37 Thus, it is highly expected that core-shell 

Co3O4/ZnCo2O4 hollow-structure composites could have high 

storage capacity, excellent cycling stability and good rate 

capability due to their unique hollow structure and the 

complex synergistic effect. 

In this work, core-shell Co3O4/ZnCo2O4 coconut-like hollow 

spheres have been fabricated by a simple two-step method, 

and as the anode of LIBs, superior performance with high 

reversible capacity, excellent long-term cycling stability and 

good rate capability has been achieved. 

Experimental 

All the chemical reagents were of analytical grade and directly 

used without any further purification. 

Synthesis of pure Co3O4 hollow spheres 

Pure Co3O4 hollow spheres were synthesized by a 

hydrothermal method. In a typical process, 1.324 g 

Co(NO3)2·6H2O, 0.448 g C6H5Na3O7·2H2O and 0.321 g C6H12N4 

were added into 35 mL deionized water. After stirring for 20 
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min, the solution was kept at 100°C for 24 h in a 50 mL Teflon-

lined stainless steel autoclave. After being cooled down to 

room temperature, the precipitates were collected by 

centrifugation, washed for several times with deionized water 

and absolute ethanol, and then dried in vacuum at 60°C for 12 

h. Finally, the products were annealed at 200oC in air for 3 h. 

Synthesis of core-shell Co3O4/ZnCo2O4 hollow spheres 

Core-shell Co3O4/ZnCo2O4 hollow spheres were prepared via a 

wet-chemical route. Firstly, as-prepared Co3O4 hollow spheres 

(0.200 g) were dispersed in 20 mL deionized water under 

ultrasonic treatment for 30 min. Then, 0.447 g Zn(NO3)2·6H2O 

and 0.224 g C6H5Na3O7·2H2O were added to the solution. After 

magnetically stirring at 90°C for 12 h, the products were 

collected, washed with deionized water and absolute ethanol 

for several times, and dried in vacuum at 60°C for 12 h. Finally, 

the products were calcined at 400oC in air for 3 h. 

Materials characterization 

The crystal structures of pure Co3O4 and core-shell 

Co3O4/ZnCo2O4 hollow spheres were characterized by X-ray 

power diffraction (XRD, D/max 2550V, CuKα Radiation, 

λ=1.5416 Å) in 2θ range from 10o to 90o. The morphology and 

microstructure of the samples were examined using scanning 

electron microscope (SEM, Hitachi S4800) with an energy 

dispersive X-ray spectrometer (EDX) and transmission electron 

microscope (TEM, JEOL JEM-2010), respectively. 

Electrochemical measurement 

The working electrodes were prepared by mixing active 

material, conductive graphite and carboxymethyl cellulose 

(CMC) with a mass ratio of 80:10:10. The mixture was painted 

onto copper foils with a diameter of 15 mm, and dried at 100oC 

under vacuum for 12 h. The liquid electrolyte was composed of 

1 mol L-1 LiPF6 in the mixture of 50 vol% ethylene carbonate 

(EC) and 50 vol% dimethyl carbonate (DMC). Standard 2016 

coin-type cells were assembled in an argon filled glove box. 

Pure lithium foils were used as the counter electrodes. The 

galvanostatic charge/discharge tests were carried out in the 

voltage range of 0.001 to 3.000 V versus Li+/Li under room 

temperature at various current rates. 

Results and discussion 

Fig. 1 shows the XRD patterns of pure Co3O4, pure ZnCo2O4 and 

core-shell Co3O4/ZnCo2O4 hollow spheres. In curve a, all the 

diffraction peaks can be indexed to cubic spinel Co3O4 crystal 

with a space group of Fd3m (JCPDS card No. 42-1467). The 

diffraction peaks in curve b can be well indexed to the cubic 

ZnCo2O4 phase (JCPDS card No. 23-1390). The diffraction peaks 

in curve c can be indexed to Co3O4 and ZnCo2O4 phases, and no 

additional diffraction peaks from other impurities can be 

observed, indicating that the as-synthesized core-shell 

Co3O4/ZnCo2O4 hollow spheres have high phase purity. 

The morphology and structure of pure Co3O4 hollow spheres 

are shown in Fig. 2. The typical SEM images of pure Co3O4 

hollow spheres (Fig. 2a-c) show that the surface of pure Co3O4 

 

Fig. 1 XRD diffraction patterns of (a) pure Co3O4, (b) pure 

ZnCo2O4 and (c) core-shell Co3O4/ZnCo2O4 hollow spheres. 

 

 

Fig. 2  (a, b, c, d) SEM, (e) elemental mapping and (f) TEM 

images of pure Co3O4 hollow spheres. (g) HRTEM image of 

pure Co3O4 hollow sphere. Inset: selected area electron 

diffraction (SAED) pattern. 
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Fig. 3 (a-d) SEM images, (e) elemental mapping, (f) EDX 

spectrum, (g, h) TEM images, (i) HRTEM image and (j) SAED 

pattern of core-shell Co3O4/ZnCo2O4 hollow spheres. 

 

hollow spheres is smooth and the diameter is in the range of 

1~3 μm. From Fig. 2d, the hollow structure can be clearly 

observed from the broken sphere. The element mapping 

results (Fig. 2e) indicate the uniform distribution of O and Co 

elements in the composite. The typical TEM image of pure 

Co3O4 hollow spheres is presented in Fig. 2f, confirming the 

spherical structure. Fig. 2g is high resolution TEM (HRTEM) 

image of a Co3O4 hollow sphere. The crystal lattice fringes of 

0.243, 0.285 and 0.466 nm agree well with (311), (220) and 

(111) planes of cubic spinel Co3O4 crystal, respectively. The 

inset of Fig. 2g is the corresponding selected area electron 

diffraction (SAED) pattern. 

The SEM images of core-shell Co3O4/ZnCo2O4 coconut-like 

hollow spheres are displayed in Fig. 3a and 3b. The diameter of 

core-shell Co3O4/ZnCo2O4 hollow spheres ranges from 1.2 to 

3.5 μm. The high-magnification SEM images of a single (Fig. 3c) 

and a broken (Fig. 3d) core-shell Co3O4/ZnCo2O4 hollow 

spheres show that the whole surface of Co3O4 hollow spheres 

are uniformly coated with ZnCo2O4 nanoparticles. The 

elemental mapping results and EDX spectrum of a core–shell 

Co3O4/ZnCo2O4 hollow sphere are shown in Fig. 3e and 3f, 

respectively. The O, Co and Zn elements are uniformly 

distributed along the sphere, indicating that the whole surface 

of Co3O4 hollow spheres are coated with ZnCo2O4 

nanoparticles. The EDX spectrum also reveals that the final 

product consists of the three elements. From the typical TEM 

images of core-shell Co3O4/ZnCo2O4 hollow spheres (Fig. 3g 

and 3h), it can be clearly seen that a large amount of ZnCo2O4 

particles are uniformly distributed on the whole surface of 

Co3O4 spheres. The hollow space is about 52% of total volume 

of the sphere. Fig. 3i is the HRTEM image of the selected areas. 

The crystal lattice fringes of 0.468, 0.244 and 0.234 nm agree 

well with the spacing of (111), (311) and (222) planes of cubic 

ZnCo2O4 crystal, respectively. The SAED pattern of core-shell 

Co3O4/ZnCo2O4 hollow spheres is shown in Fig. 3j. The two 

different crystal natures can be indexed to cubic spinel Co3O4 

and cubic ZnCo2O4 phases, respectively. 

The growth mechanism of core-shell Co3O4/ZnCo2O4 hollow 

spheres is schematically illustrated in Fig. 4. At the initial stage, 

during the hydrothermal process, C6H12N4 generates many 

formaldehyde (HCHO) gas bubbles and slowly releases OH− 

ions through thermal treatment ( C�H��N� � 6H�O

→ 6HCHO�gas� � 4NH� , NH� � H�O → NH�
� � OH� ).39-41 

Then, Co(NO3)2·6H2O is used as the source of CO
2+ ions, and 

CO
2+ ions react with OH− ions to form Co(OH)2 nanoparticles in 

solution (Co�� � 2OH� → Co�OH��).16,43,44 Consequently, the 

Co(OH)2 nanoparticles tend to attach on the surface of HCHO 

gas bubbles. With the reaction time prolonging, lots of Co(OH)2 

 

 

Fig. 4 Schematic illustrations of the growth mechanism for 

core-shell Co3O4/ZnCo2O4 hollow spheres. 
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nanoparticles aggregate around the gas bubble surface. This 

process continues until the formation of hollow spheres. And 

Co3O4 hollow spheres are formed after annealing in air 

(6Co�OH�� � O� → 2Co�O� � 6H�O).16,44 After Zn(NO3)2·6H2O 

is added to the solution containing as-synthesized Co3O4 

hollow spheres, many Zn2+ ions can be absorbed on the 

surfaces of Co3O4 hollow spheres. Then these Zn2+ ions can 

react with Co3O4, resulting in the formation of ZnxCo3–xO4 

nanoparticles on the surface.33,45,46 With the reaction time 

prolonging, more and more ZnxCo3–xO4 nanoparticles are 

formed on the surface to build a shell of ZnxCo3–xO4. Finally, 

core-shell Co3O4/ZnCo2O4 hollow spheres are obtained after 

annealing in air at 400°C. 

The electrochemical performances of pure Co3O4 and core-

shell Co3O4/ZnCo2O4 hollow spheres are shown in Fig.5. Fig. 5a 

shows the discharge/charge capacities versus the voltage of 

Co3O4/ZnCo2O4 hollow spheres at 0.1C rate (10 hours per half 

cycle). A clear potential plateau at ~0.98 V is observed for 1st 

cycle in the discharge curve. And the discharge potential 

plateau shifts to ~1.07 V for the subsequent cycles. The initial 

discharge/charge capacities of core-shell Co3O4/ZnCo2O4 

hollow spheres are 1831/1186 mAh g-1 with a large irreversible 

capacity loss of 645 mAh g-1 and a low coulombic efficiency of 

65%. The large capacity loss can be ascribed to the formation 

of solid electrolyte interphase (SEI) layer, the inactivation of 

some inserted Li-ion and the reduction of electrolyte.43-49 The 

discharge/charge capacities of 2nd, 10th, 30th and 50th cycles 

are 1278/1233, 1130/1109, 1144/1132 and 1093/1090 mAh g-1, 

respectively. Fig. 5b shows the cycling performances of pure 

Co3O4 and core–shell Co3O4/ZnCo2O4 hollow spheres at 0.1C 

rate for 50 cycles. For pure Co3O4 hollow spheres, the 

reversible discharge capacity (the second discharge capacity) is 

856 mAh g-1, and its discharge capacity reduces rapidly to 435 

mAh g-1 after 50 cycles with low capacity retention of 51%. For 

core–shell Co3O4/ZnCo2O4 hollow spheres, the reversible 

discharge capacity is 1278 mAh g-1, much higher than the 

theoretical capacities of Co3O4 (~890 mAh g-1)27 and ZnCo2O4 

(~900 mAh g-1).33-35 After 50 cycles, the discharge  capacity 

keeps at 1093 mAh g-1 with high capacity retention of 86%. 

Fig. 5c and 5d are the cycling performances of pure Co3O4 

and core-shell Co3O4/ZnCo2O4 hollow spheres during 50 cycles 

at different current rates, respectively. For pure Co3O4 hollow 

spheres, after 50 cycles, the discharge capacities rapidly 

decrease to 435, 421, 330, 257 and 182 mAh g-1 at 0.1C, 0.2C, 

0.3C, 0.5C and 1C rates, respectively. The core-shell 

Co3O4/ZnCo2O4 hollow spheres (Fig. 5d) can deliver the 

discharge capacities of 1093, 1024, 965, 805 and 598 mAh g-1 

at 0.1C, 0.2C, 0.3C, 0.5C and 1C rates after 50 cycles, 

respectively. Furthermore, long-term cycling performance of 

core-shell Co3O4/ZnCo2O4 hollow spheres is investigated at 

0.2C, 0.3C and 0.5C rates for 300 cycles as shown in Fig. 5e. 

After 300 cycles (cycling for more than 4 months), the 

reversible capacities of core-shell Co3O4/ZnCo2O4 hollow 

spheres can still reach 934, 784 and 697 mAh g-1 with the 

capacity retentions of 78%, 68% and 81% at 0.2C, 0.3C and 

0.5C rates, respectively. The discharge capacity keep constant 

from 20th cycle to 300th cycle and the capacity retentions are 

96%, 90% and 91% at 0.2C, 0.3C and 0.5C rates, respectively. 

The rate capabilities of pure Co3O4 and core-shell 

Co3O4/ZnCo2O4 hollow spheres are shown in Fig. 5f. The 

discharge capacities of pure Co3O4 hollow spheres are 869, 802, 

682, 595, 397 and 192 mAh g-1 at 0.1C, 0.2C, 0.3C, 0.5C, 1C and 

2C rates, respectively. When the rate returns to 0.2C and 0.1C, 

the capacities recover to merely 490 and 519 mAh g-1, 

respectively. For core-shell Co3O4/ZnCo2O4 hollow spheres, the 

discharge capacities are 1238, 1056, 959, 845, 770 and 644 

mAh g-1 at 0.1C, 0.2C, 0.3C, 0.5C, 1C and 2C rates, respectively. 

After the rate return to 0.2C and 0.1C, the capacities recover 

to 1059 and 1131 mAh g-1, respectively. Compared with pure 

Co3O4 hollow spheres, the core-shell Co3O4/ZnCo2O4 hollow 

spheres exhibit higher capacity and better cycling performance. 

The conductivities of pure Co3O4 and Co3O4/ZnCo2O4 

electrodes are investigated by electrochemical impedance 

spectroscopy (EIS) measurements after 10 cycles at 0.1C rate. 

Fig. 5g gives the Nyquist plots for the two electrodes. The inset 

of Fig. 5g is the equivalent electrical circuit, which includes the 

ohmic resistance RΩ, the Faradic charge transfer resistance Rct, 

the Warburg impedance W and the double layer capacitance 

CPE.50 The Nyquist plots consist of a semicircle in the high-to-

medium frequency region and a sloping long line in the low-

frequency region, which are attributed to the charge-transfer 

process and the mass transfer of lithium ions, respectively.50,51 

Obviously, the semicircle diameter of Co3O4/ZnCo2O4 electrode 

is smaller than that of pure Co3O4 electrode, indicating that 

Co3O4/ZnCo2O4 electrode possesses a more stable surface film 

(including the SEI layer) and faster charge-transfer at the 

electrode/electrolyte interface than pure Co3O4 electrode.33 

Table 1 shows the comparison of the electrochemical 

performances between core-shell Co3O4/ZnCo2O4 hollow 

spheres and other previously results (Co3O4- or ZnCo2O4-based 

nanocomposites). It can be seen that the core-shell 

Co3O4/ZnCo2O4 hollow spheres exhibit good long-term cycling 

stability. 

To further understand the electrochemical behavior during 

discharge/charge process, the XRD measurements of pure 

Co3O4 and Co3O4/ZnCo2O4 electrodes are carried out after 10 

cycles at 0.1C rate, as shown in Fig. 6. In the XRD patterns, the 

peaks of Cu and C arise from copper foil and conductive 

graphite. For pure Co3O4 hollow spheres, after discharge 

process (Fig. 6a), the diffraction peaks can be indexed to Li2O 

(JPCDS File No. 12-0254) and Co (JPCDS File No. 65-9722). After 

charge process (Fig. 6b), the diffraction peaks of Co3O4 (JPCDS 

File No. 42-1467) and CoO (JPCDS File No. 42-1300) can be 

observed. For core-shell Co3O4/ZnCo2O4 hollow spheres, after 

discharge process (Fig. 6c), the diffraction peaks can be 

indexed to Li2O (JPCDS File No. 12-0254), Co (JPCDS File No. 

65-9722), Zn (JPCDS File No. 04-0831) and LiZn (JPCDS File No. 

03-0954). After charge process (Fig. 6d), the diffraction peaks 

of Co3O4 (JPCDS File No. 42-1467), CoO (JPCDS File No. 42-

1300), ZnO (JPCDS File No. 36-1451) and Zn (JPCDS File No. 04-

0831) are observed. No peaks of Li2O can be observed, 

indicating that almost all of Li2O reversibly convert into Li+. 

 

Page 4 of 10Journal 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



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5 

Please do not adjust margins 

Please do not adjust margins 

 

 

Fig. 5 (a) The discharge/charge voltage profiles of Co3O4/ZnCo2O4 at 0.1 rate. (b) The cycling performance and coulombic 

efficiency of Co3O4/ZnCo2O4 at 0.1C rate. The cycling performances of (c) pure Co3O4 and (d) Co3O4/ZnCo2O4 hollow spheres at 

0.1C, 0.2C, 0.3C, 0.5C and 1C rates. (e) The cycling performance of Co3O4/ZnCo2O4 for 300 cycles at 0.2C, 0.3C and 0.5C rates. (f) 

The rate capabilities of pure Co3O4 and Co3O4/ZnCo2O4 at various current rates. (g) The Nyquist plots of pure Co3O4 and 

Co3O4/ZnCo2O4 electrodes after 10 cycles at 0.1C rate. 
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Table 1 Comparison of electrochemical performances between 

core-shell Co3O4/ZnCo2O4 hollow spheres and other previously 

results. 

Electrode material Capacity Current density Cycles References 

Co3O4/ZnCo2O4 1051 mAh g-1 

934 mAh g-1 

0.2C (230 mA·g-1) 

0.2C (230 mA·g-1) 

100 

300 

This work 

This work 

Co3O4 hexapods 800 mAh g-1 100 mA·g-1 40 [6] 

Co3O4 hollow spheres 866 mAh g-1 178 mA·g-1 50 [17] 

Co3O4 flowers 694 mAh g-1 100 mA·g-1 100 [24] 

Co3O4/onion-like carbon 632 mAh g-1 200 mA·g-1 100 [22] 

Double-shelled Co3O4 1303 mAh g-1 50 mA·g-1 30 [52] 

Co3O4 nanoflakes 806 mAh g-1 0.1C 300 [53] 

SnO2@Co3O4 spheres 962 mAh g-1 100 mA·g-1 100 [54] 

ZnCo2O4 hollow powders 586 mAh g-1 3000 mA·g-1 200 [55] 

Mesoporous ZnCo2O4 721 mAh g-1 100 mA·g-1 80 [36] 

ZnCo2O4 nanoflakes 750 mAh g-1 80 mA·g-1 50 [61] 

ZnCo2O4 nanowires 890 mAh g-1 200 mA·g-1 50 [56] 

ZnxCo3-xO4 dodecahedra 990 mAh g-1 100 mA·g-1 50 [57] 

ZnCo2O4 twin spheres 831.7 mAh g-1 1000 mA·g-1 100 [58] 

ZnCo2O4 /carbon cloth 1200 mAh g-1 200 mA·g-1 160 [59] 

 

 

Fig. 6 XRD patterns of (a, b) pure Co3O4 and (c, d) core-shell 

Co3O4/ZnCo2O4 hollow spheres electrodes after 10 cycles at 

0.1C rate. 

 

The differential capacity curves (dC/dV vs. potential) of pure 

Co3O4, pure ZnCo2O4 and Co3O4/ZnCo2O4 electrodes are 

investigated in the voltage range from 0.001 to 3.000 V. Fig. 7a 

is the differential capacity curves of pure Co3O4 electrode for 

1st, 2nd, 10th, 30th and 50th cycles. In the first discharge (Li 

insertion) process, an irreversible peak at 0.92 V is observed, 

which can be attributed to the conversion from Co3O4 to 

intermediate-phase CoO, and then to metallic Co with the 

formation of SEI films.23,60 In the subsequent processes, the 

reduction peak is shifted to 1.04 V, which corresponds to the 

reduction reactions of CoO and Co3O4 to metallic Co.21,60 

During the charge (Li extraction) processes, a main broad 

oxidation peak around 2.01 V is observed, which can be 

ascribed to the multistep oxidation reactions of Co to CoO and 

 

Fig. 7 The differential capacity curves (dC/dV vs. potential) of 

(a) pure Co3O4, (b) pure ZnCo2O4 and (c) core-shell 

Co3O4/ZnCo2O4 hollow spheres for the 1st, 2nd, 10th, 30th and 

50th cycles. 

 

Co3O4. The electrochemical reactions are presented as 

follows:21,23,60 

Co�O� � 8Li� � 8e� ↔ 3Co � 4Li�O																													�1� 

CoO � 2Li� � 2e� ↔ Co � Li�O																																						�2� 

Fig. 7b shows the differential capacity curves of pure ZnCo2O4 

electrode. In the first discharge process, an irreversible 

reduction peak located at 0.56 V is observed, which can be 

assigned to the reduction of ZnCo2O4 to Zn and Co with the 

formation of SEI films.33,61 In the following discharge processes, 

two reduction peaks at 1.02 V and 0.91 V can be observed. The 

peak at 1.02 V can be attributed to the reduction of ZnO and 

CoO/Co3O4, and the peak at 0.91 V is probably due to alloying 

reaction of Li-Zn.60-62 Two oxidation peaks located at 1.67 V 
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and 2.02 V are observed during the charge processes. The peak 

at 1.67 V probably corresponds to the dealloying process of Li-

Zn and the broad peak at 2.02 V can be attributed to the 

oxidation of Zn and Co.60-62 Fig. 7c is the differential capacity 

curves of core-shell Co3O4/ZnCo2O4 hollow spheres electrode. 

Two reduction peaks located at 0.98 V and 0.53 V are observed 

in the first discharge process. The peak at 0.98 V can be 

attributed to the reduction of Co3O4 to CoO and Co with the 

formation of SEI films.23,60 The peak at 0.53 V can be attributed 

to the irreversible reduction of ZnCo2O4 to Zn and Co.33,61 In 

the following discharge processes, it can be observed that the 

reduction peaks are shifted to 1.07 V and 0.94 V. The main 

peak at 1.07 V is probably due to the reduction of ZnO and 

CoO/Co3O4, and the weak peak at 0.94 V can be attributed to 

the reversible alloying reaction of Li-Zn.60-62 During the charge 

processes, the peak observed at 1.63 V probably arises from 

the dealloying process of Li-Zn.60-62 The broad peak around 

2.01 V can be attributed to the oxidation of Zn and Co.60-62 The 

lithium insertion and extraction reactions for ZnCo2O4 can be 

illustrated as follows: 61-63 

ZnCo�O� � 8Li� � 8e� → Zn � 2Co � 4Li�O															�3� 

Zn � Li� � e� ↔ LiZn																																																										�4� 

Zn � Li�O ↔ ZnO � 2Li� � 2e� 																																							�5� 

Co � Li�O ↔ CoO � 2Li� � 2e�																																							�6� 

CoO � 1 3⁄ Li�O ↔ 1 3⁄ Co�O� � 2 3⁄ Li� � 2 3⁄ e�				�7� 

The ex-situ SEM images of core-shell Co3O4/ZnCo2O4 hollow 

spheres after 100 cycles at 0.5C rate are shown in Fig. 8. It can 

be seen that the samples are still mainly dominated by 

spherical structures after 100 cycles. After discharge process 

(Fig. 8a), the average diameter of spheres is about 2.23 μm, 

and the average diameter after charge process (Fig. 8b) is 

about 2.04 μm. The volume expansion rate is about 131%. 

These results demonstrate that core-shell Co3O4/ZnCo2O4 

hollow structures can accommodate the strain and keep the 

structural integrity during cycles. 

 

 

Fig. 8 Ex-situ SEM images of Co3O4/ZnCo2O4 core-shell hollow 

spheres after (a) discharge process and (b) charge process of 

the 100th cycle at 0.5C rate. 

 

Fig. 9 Schematic illustration of the Li insertion/extraction 

mechanism for core-shell Co3O4/ZnCo2O4 hollow spheres. 

 

Li insertion/extraction processes of Co3O4/ZnCo2O4 hollow 

spheres are schematically illustrated in Fig. 9. After the first 

discharge process, the materials undergo an irreversible 

reaction between Li+ and Co3O4/ZnCo2O4 to form the 

nanodispersed metallic particles (Co, Zn), LiZn alloy and Li2O. 

According to Eqn. 3, ZnCo2O4 can provide extra Li2O by the 

initial irreversible reaction. In the following cycles, the 

nanodispersed metallic particles (Co, Zn) can probably make 

these extra Li2O reversibly convert to Li+, which can enhance 

the reversible capacity. At the same time, the extra alloying 

step of Zn and Li (Eqn. 4) can provide extra capacity.13,33 On the 

other hand, the nanodispersed Co and Zn metal particles can 

enhance the electrical conductivity, resulting in high cycling 

performance.61-66 

The superior electrochemical performance of core-shell 

Co3O4/ZnCo2O4 hollow spheres can be mainly associated with 

the following factors: (1) The core-shell hollow structures have 

large interfacial surface areas which can shorten diffusion 

distance of lithium and accommodate the huge volume 

changes during the cycles, resulting in good cycling stability 

and rate capability.26-28,67 (2) In ZnCo2O4 shell, since both Zn 

and Co have electrochemically activity to lithium, they can 

improve the lithium-storage performance by the 

complementary manner and the synergistic effect.30,35 The 

reversible alloying/dealloying reactions of Li-Zn can also 

provide extra storage capacity.33,37,45 ZnCo2O4 can provide 

extra Li2O by the irreversible initial reaction, and the 

nanodispersed Zn and Co metal particles can make these extra 

Li2O reversibly convert to Li+ during the subsequent cycles.9-15 

Lithium ions can be stored at the large interfacial space 

between the ZnCo2O4 shell and the Co3O4 core, leading to 

extra capacity.68 (3) The enhanced cycling performance can 

also be attributed to good electronic conductivity of core-shell 

Co3O4/ZnCo2O4 hollow spheres. The ZnCo2O4 shells possess 

high electrical conductivity and can facilitate the charge 

transfer at the electrode/electrolyte interface.61,69 
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Conclusions 

In summary, core-shell Co3O4/ZnCo2O4 coconut-like hollow 

spheres have been successfully fabricated via a simple two-

step method. As anode of LIBs, core-shell Co3O4/ZnCo2O4 

hollow spheres exhibit high reversible capacity (1198 mAh g-1 

at 0.2C), good cycling stability (934 mAh g-1 after 300 cycles) 

and excellent rate capability. The improved performance can 

be attributed to the unique core-shell hollow structures, 

complex synergistic effect, good electrical conductivity and 

interfacial charging mechanism. The core-shell Co3O4/ZnCo2O4 

hollow spheres are promising anode materials for the next-

generation of high-performance LIBs. 
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Core-shell Co3O4/ZnCo2O4 hollow spheres exhibit superior electrochemical performance with 

high reversible capacity, excellent cycling stability and good rate capability.  
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