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Abstract  

In this article, we demonstrate a simple solvothermal method towards in situ 

growth of hierarchical CoFe2O4 nanoclusters on graphene aerogels (GAs). SEM and 

TEM results confirm that CoFe2O4 nanoclusters are well wrapped by the graphene. As 

an anode material for lithium-ion batteries, CoFe2O4/GAs composite displays a stable 

cycling performance with a reversible capacity of after 100 discharge/charge cycles at 

the current density of 0.1 A g
-1

, much higher than that of CoFe2O4 nanoclusters. 

Moreover, the reversible capacity of CoFe2O4/GAs composite exhibits 966 mAh g
-1 

after 300 cycles even at a high current density of 0.5 A g
-1

. Most important of all, a 

new CoFe2O4/GAs//LiCoO2 full cell was successfully assembled, and exhibited 

excellent electrochemical performance. The superior electrochemical performance of 

the CoFe2O4/GAs composite in half and full cells can be attributed to the synergistic 

interaction between the uniform CoFe2O4 nanoclusters and GAs, the high electrical 

conductivity, and three-dimensional hierarchically porous structure, which can not 

only facilitate the diffusion of Li ions and electrolyte into the electrodes, but also 

prevent volume expansion/contraction upon prolonged discharge/charge cycling.  

Keywords: CoFe2O4/GAs composite; solvothermal; anode material; electrochemical 

performance 
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1. Introduction 

Lithium-ion batteries (LIBs) have become the predominant power source for 

portable electronics, smart grids, pluging hybrid EVs, and so forth.
1,2

 The 

ever-increasing market demands for LIBs have greatly stimulated extensive research 

into advanced electrode materials with higher energy and power densities.
3,4

 

Transition metal oxides (TMOs), such as Fe3O4, NiO, Co3O4 and CuO, have been 

considered as alternative potential alternatives for anode materials due to their high 

theoretical capacities and natural abundance.
5-9

 Besides these simple TMOs, 

considerable research efforts have been focused on developing novel ternary oxides. 

Recently, Fe-based TMOs with a spinel structure (e. g. NiFe2O4, CuFe2O4, ZnFe2O4) 

have recently attracted significant research interest owing to the synergic effects of 

multiple metal species and their complex chemical composition, which have shown 

much enhanced LIBs performance.
10-12

 Among a variety of candidates, ternary 

CoFe2O4 has been well regarded as a distinguished anode in view of its low cost, high 

chemical stability and good environmental benignity. Importantly, CoFe2O4 possesses 

a high theoretical capacity of 914 mAh g
-1

, which is about three-times higher than that 

of the conventional graphite-based materials.
13

 Regrettably, like other TMOs, the 

intrinsic poor electric conductivity and electrode pulverization induced by huge 

volume variations and particle aggregation during cycling process can lead to 

dramatic capacity fading, poor cycling stability and rate capability.
14,15

 It is greatly 

hampered the practical application of CoFe2O4-based electrodes. To address these 

problems, many strategies have been developed significantly. One potential strategy is 

to design CoFe2O4 with various morphologies on the nanoscale (such as nanosheets, 

nanospheres, nanotubes and nanorods).
16-19

 These nanostructured materials are 

beneficial to shorten the lithium ion diffusion distance and buffer the mechanical 
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 4

strain during cycles. Another effective strategy is to construct hybrid electrodes 

composed of CoFe2O4 and carbon materials (graphene, carbon nanotubes, graphitic 

carbon, etc.), thus improving the conductivity and providing rapid electron channel.
20

 

Graphene is an intriguing two-dimensional material and has attracted great research 

interest due to its outstanding characteristics, including large surface area, chemical 

and thermal stability and high electric conductivity.
21,22

 Importantly, graphene can not 

only improve the electric conductivity, but also prevent self-aggregation and volume 

expansion/extraction of nanoparticles during the cycling process.
23 

So far, intensive 

efforts have been devoted to preparing graphene-based transition metal oxide 

composites, which exhibited a great improvement in their electrochemical 

performance of high lithium storage capability.
24-27 

Compared with two-dimensional 

(2D) graphene, three-dimensional (3D) graphene aerogels (GAs) have attracted much 

more attention due to its unique 3D interconnected framework, high surface area, fast 

mass and electron transport rate and good flexibility.
28

 Therefore, it is still desirable to 

develop a simple method to achieve 3D hierarchical CoFe2O4/GAs composite with 

longer cycling life and higher rate performance.  

Herein, we demonstrate a simple one-step solvothermal method for in situ 

preparation of hierarchical CoFe2O4/GAs. This unique structure of the obtained 

CoFe2O4/GAs composite cannot only effectively prevent the aggregation of CoFe2O4 

nanoclusters but also greatly improve the electronic conductivity compared to the 

independent CoFe2O4 nanoclusters. When evaluated as an anode material in half cells 

for LIBs, the CoFe2O4/GAs composite exhibits a high reversible capacity of 1070 

mAh g
-1

 at 0.1 A g
-1 

after 100 cycles. In order to prove the feasibility practical 

applications of CoFe2O4/GAs composite, full cells were assembled by using 

commercial lithium cobalt oxides (LiCoO2) cathode and CoFe2O4/GAs as the anode. 
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 5

To the best of our knowledge, there is still no published study using CoFe2O4/GAs 

composite as anode in full cells. The CoFe2O4/GAs//LiCoO2 full cell also exhibits a 

relatively high capacity of 803 mAh g
-1

 at 0.1 A g
-1

 over 50 cycles. The remarkable 

electrochemical performance in both half and full cells demonstrate that hierarchical 

CoFe2O4/GAs composite has potential applications in high performance LIBs. 

2. Experimental       

2.1 Synthesis of CoFe2O4/GAs composite  

Graphite oxide (GO) was synthesized from commercial graphite using a modified 

Hummers method.
29

 In a typical procedure, 1.4 mmol of FeCl3·6H2O and 0.7 mmol 

of CoCl2·6H2O were dissolved in GO solution (45 mg of GO was dispersion in 20 ml 

Ethylene glycol solution) under stirring for 30 min. Then 100 mg sodium citrate and 

600 mg sodium acetate was slowly added to form a stable complex solution. After 

mechanical stirring for 30 min, the resulting suspension was transferred into a 40 ml 

Teflon-lined stainless autocalave, sealed and maintained at 200 
o
C for 12 h. After 

cooling to room temperature, the obtained CoFe2O4/GAs was washed with deionized 

water and ethanol several times, and freeze dried. As a reference, pure CoFe2O4 

nanoclusters were prepared using with the same experimental condition without GO. 

2.2 Material Characterization 

X-ray powder diffraction (XRD) patterns were recorded using a diffractometer 

(Rigaku) with Cu Kα radiation at a scanning step of 0.03
o
 s

-1 
in the 2θ range from 10 to 

80
o
. Morphology features of the obtained materials were investigated by filed 

scanning electron microscopy (SEM, FEI Quanta 400 ESEM-FEG) and 

high-resolution transmission electron microscopy (TEM, JEOL JEM-3010). Raman 

spectra were conducted on a Nicolet Almega dispersive Raman spectrometer with 532 

nm laser excitation. X-ray photoelectron spectroscopy (XPS) was determined on a 
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 6

PHI-5400 electron spectrometer with Mg Ka X-ray as the excitation source. The 

surface area and pore size distribution were determined by nitrogen adsorption 

through Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) methods. 

Thermogravimetric analysis (TGA, Q 600) was carried out from room temperature to 

800
 o

C under an air flow with a heating rate of 10 
o
C min

-1
.  

2.3 Electrochemical measurements 

The electrochemical properties of materials for half cells were carried out using 

CR2025 coin-type cells and lithium foil was used as the counter electrode. The 

working electrodes were obtained by mixing active materials, acetylene black and 

polyvinylidene fluoride (PVDF) at a weight ratio of 80:10:10, and dissolved in 

N-methyl-2-pyrrolidinone (NMP). Then, the obtained slurries were spread on nickel 

foam with 14 mm diameter and dried at 100 
o
C for 12 h under vacuum to remove the 

solvent. The mass loading on each current collector is about 2 mg cm
-2

. The 

electrolyte solution was 1 M LiPF6 dissolved in a mixture of dimethyl carbonate 

(DMC), diethyl carbonate (DEC) and ethylene carbonate (EC) (1:1:1 by volume). The 

separator was microporous polypropylene membrane. In addition, the coin-type full 

cells were fabricated by using the CoFe2O4/GAs composite as the anode, the 

commercial LiCoO2 as the cathode. The other conditions were the same as those used 

for half cells. Before constructing full cell, the CoFe2O4/GAs anode was 

electrochemically activated for in half-cell at a current rate of 0.1 A g
-1

, and then the 

cell was disassembled and re-collected in a full cell. The fabricated full cell was 

slightly anode limited and cycled at 0.1 A g
-1

. All the test cells were assembled in a 

glove box filled with high-purity argon. All galvanostatic discharge/charge tests were 

conducted on a LAND CT 2001A battery system tester at various current rates in a 

cut-off voltage window of 0.005-3.0 V for the half cells and 1-3.8 V for the full cells. 
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 7

Cyclic voltammetry (CV) experiments were recorded using a CHI 660D 

electrochemical workstation at a scanning rate of 0.1 mV s
-1

. Electrochemical 

impedance spectroscopy (EIS) measurements were carried on the same 

electrochemical workstation over the frequency range between 100 kHz and 0.01 Hz. 

3. Results and discussion 

 

 

 

 

 

 

 

 

 

Fig. 1 Schematic illustration of the synthesis of the CoFe2O4/GAs composite. 

Synthesis of CoFe2O4/GAs composite is illustrated in Fig. 1. Firstly, Fe
3+

 and Co
2+

 

cations are adsorbed onto the surface of GO sheets duo to electrostatic interactions. 

Secondly, CoFe2O4 nanoclusters were grown on the surface accompanied with 

reduction of GO to GAs under a solvothermal treatment. Finally, black CoFe2O4/GAs 

was obtained after the freeze drying process. The XRD patterns of bare CoFe2O4 

nanoclusters and CoFe2O4/GAs composite are shown in Fig. 2a. It can be clearly seen 

that the CoFe2O4/GAs shows similar diffraction peaks to the CoFe2O4. The five main 

characteristic diffraction peaks at 30.1, 35.4, 43.1, 57.0 and 62.6
o
 are ascribed to the 

(220), (311), (400), (511) and (440) planes of a face-centered cubic spinel CoFe2O4 

(JCPDS No. 22-1086) with the Fd3m space group.
30

 No typical diffraction peaks of 

Co
2+           Fe

3+           

Absorbing            

GO            

CoFe2O4/GAs            

 

Precursor            

CoFe2O4 nanoclusters 

Solvothermal            
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 8

GO (Fig. S1) are observable in the XRD pattern of the composite, which indicates the 

successful reduction of GO during the synthesis process. Additionally, no obvious 

diffraction peak at 26
o
 corresponding to graphene was detected in the CoFe2O4/GAs 

composite, suggesting that the graphene sheets are well-separated by numerous 

CoFe2O4 nanoclusters.
30,31

 The results confirmed that CoFe2O4 was successfully 

formed on GAs by the solvothermal method.  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 (a) XRD patterns of CoFe2O4 nanoclusters and CoFe2O4/GAs composite. (b) 

TGA profiles of CoFe2O4/GAs composite. (c) Raman spectra of GO and 

CoFe2O4/GAs composite. 

2θ (degree)          
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 9

TG analysis was carried out to calculate the amount of carbon present in the 

CoFe2O4/GAs composite. According to the TG result (Fig. 2b), the weight of 

graphene sheets in the composite was estimated to be about 32%. Raman spectra of 

GO and CoFe2O4/GAs composite are shown in Fig. 2c. The two samples show the D 

band at approximately 1349 cm
-1

and the G band at approximately 1583 cm
-1

. Notably, 

the ID/IG rations were 0.80 and 1.02 for GO and GAs. The higher ID/IG ration of 

CoFe2O4/GAs is attributed to a increase number of sp
2
 domains during the reduction 

reactions, confirming the successfully reduction of GO.
32

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 (a) SEM image of the CoFe2O4/GAs composite. (b-d) TEM and HRTEM 

images of CoFe2O4/GAs composite. Inset of (a) is a digital photo of the resulting 

CoFe2O4/GAs composite. Inset of (b) is the diameter distribution of CoFe2O4. Inset of 

(d) is the corresponding SAED pattern of CoFe2O4. 

The morphology and microstructure of CoFe2O4/GAs and CoFe2O4 were 

investigated by SEM, TEM, and high resolution TEM (HRTEM). As shown in Fig. 3a, 
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 10

CoFe2O4 nanoclusters are uniformly distributed within the graphene matrix and well 

wrapped by the stacked graphene. The CoFe2O4 nanoclusters in the CoFe2O4/GAs 

composite perform a uniform size distribution from 150 nm up to 250 nm, which is 

similar to that of pure CoFe2O4 nanoclusters (Fig. S2a). The inset in Fig. 2a shows a 

digital photo of the resulting CoFe2O4/GAs composite. From it one can see that the 

composite displays an aerogel state. A typical EDS spectrum from Fig. S3b suggests 

the presence of C, Fe, Co, and O elements in the as-prepared CoFe2O4/GAs composite, 

which is consistent with the XRD analysis. The Cu peak is induced by the spattering 

Cu metal used for SEM analysis. The corresponding elemental mapping images (Fig. 

S3c-f) demonstrate that C, Fe, Co and O elements are homogeneously distributed over 

the composite. Moreover, the TEM images (Fig. 3b and c) reveal that CoFe2O4 

nanoclusters are well distributed on the graphene. The diameter distribution of 

CoFe2O4 nanoclusters was measured, as shown in the inset of Fig. 3b, and the average 

size is mainly within the range of 150-250 nm. The HRTEM image in Fig. 3d clearly 

suggests that CoFe2O4 nanoclusters are made up of many numbers of small CoFe2O4 

nanoparticles (5 nm). Obviously, CoFe2O4 nanoclusters have porous structure and the 

lattice is clear. The inset of Fig. 3d shows a very light ring-pattern of SAED. The 

diffraction rings can be indexed to (220), (311), (400), (422), (511) and (440) planes 

of CoFe2O4, which are in accordance with the XRD analysis. 

The chemical composition and valence state of the obtained CoFe2O4/GAs 

composite were examined by XPS. As shown in Fig. 4a, signals of Co, Fe, C as well 

as O can be identified from the survey spectrum. The peaks centered at 782.7 and 

796.8 eV in Fig. 4b are assigned to Co 2p3/2 and Co 2p1/2, respectively. The satellite 

peaks at 788.5 and 785.9 eV are two shake-up type peaks of Co at the high binding 

energy side of the Co 2p3/2 and Co 2p1/2 edge, which demonstrate the presence of Co
2+
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 11 

in the sample.
33

 The Fe 2p spectrum in Fig. 4c shows that the peaks at binding energy 

of 710.6 and 717.2 eV correspond to Fe 2p3/2 and its shakeup satellites, respectively, 

and those at 724.9 and 732.8 eV correspond to Fe 2p1/2 and its shakeup satellites, 

respectively.
34

 The presence of the satellite peaks in Fig. 4c confirms the chemical 

state of Fe
3+

. The major peak located at 284.0 eV for C 1s is assigned to C=C and C-C 

of aromatic rings (Fig. 4d). The other weaker peaks are related to the C-O bond (285.2 

eV), the carbonyl group (C=O, 286.1 eV) and the carboxyl group (O-C=O, 287.5 

eV).
35 

The result proves that most of the oxygen-containing groups are removed after 

the solvothermal process. Moreover, the high-resolution spectrum for O 1s shows the 

oxygen contribution (Fig. 4e). The XPS results strongly indicate that the 

as-synthesized composite is composited of CoFe2O4 and GAs, which is consistent 

with the XRD results. The BET specific surface area and pore size distribution of the 

CoFe2O4/GAs composite were investigated by nitrogen adsorption-desorption 

measurement. As shown in Fig. 4f, the BET specific surface area of CoFe2O4/GAs 

composite is calculated to be 185.4 m
2 

g
-1

, which is much higher than that of pure 

CoFe2O4 (38.3 m
2 

g
-1

, Fig. S4). The pore size for CoFe2O4/GAs (inset in Fig. 4d) is 

mainly in the range of 4-5 nm, which contributes to the pores existing between the 

CoFe2O4 nanoparticles. The wide pores size distribution from 50 nm to 120 nm 

attribute to the pores existing between CoFe2O4 nanoclusters and 3D graphene. 

Combining the result with TEM measurement, the hierarchical porous structure 

demonstrates that the synergistic effect of mesopores and macropores may permit 

easy access for electrons and ions to the electrode/electrolyte and accommodate the 

volume change of the CoFe2O4 nanoclusters during discharge/charge cycles. This 

feature should be beneficial to realize the material with high lithium storage property.  

 

Page 11 of 24 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 12

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 XPS spectra of CoFe2O4/GAs composite: (a) survey spectrum, (b) Co 2p 

spectrum, (c) Fe 2p spectrum, (d) C1s spectrum, (e) O 1s spectrum, and (f) Nitrogen 

adsorption/desorption isotherms and corresponding BJH pore size distribution curve 

of CoFe2O4/GAs composite. 

The electrochemical performance of the as-synthesized CoFe2O4/GAs composite as 

anode material for LIBs was first investigated in a half-cell test. Fig. 5a shows the 

first three cycles of CV curves of the CoFe2O4/GAs electrode at a scan rate of 0.1 mA 

s
-1

 in the potential range from 3 to 0 V vs Li/Li
+
. The CV curves of the CoFe2O4 
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electrode can be found in Fig. S5a. In the first cathodic process, two peaks appeared at 

approximately 0.59 V and 1.52 V is attributed to the conversion reactions of Fe
3+

 and 

Co
2+

 to their metallic states and the formation of an solid electrolyte interphase (SEI) 

layer by the reaction CoFe2O4 + 8Li
+
 + 8e

- 
→ 2Fe + Co +4Li2O.

36
 In the first anodic 

scan, the broad peak at approximately 1.6-1.9 V can be attributed to the reversible 

oxidations Fe
0
→Fe

3+
 and Co

0
→Co

2+
, respectively. In the second cycle, the cathodic 

peaks shift to approximately 0.75 V and 1.4 V, while the anodic process is almost 

without changes. The significance difference between the peaks in the 1st and the 

following cycles is related to activation processes, which causes a degree of 

irreversible capacity loss in the first discharge and charge process.
35 

Fig. 5b shows the discharge and charge profiles of the CoFe2O4/GAs composite for 

different cycles at a current density of 0.1 A g
-1

 with a voltage range of 0.005-3 V.  

The initial discharge curve of the CoFe2O4/GAs composite exhibits a long voltage 

plateau at ～0.75 V, followed by sloping down to the cut-off voltage of 0.005 V. In 

the subsequent discharge steps, the plateau shifts to 1.4-0.8 V, corresponds to the 

reduction reaction. The broad plateau around 1.6-1.9 in the charge steps can be 

ascribed to the oxidation of Fe to Fe
3+

 and Co to Co
2+

, which showed no obviously 

shift in the subsequent cycles. The reaction can be described as: Co + 2Fe + 4Li2O = 

CoO + Fe2O3 +8Li
+
 + 8e

-
. The initial discharge and charge capacities of 

CoFe2O4/GAs composite are 1828 and 1221 mAh g
-1

, with an initial coulombic 

efficiency of 67%. However, the initial discharge and charge capacities of CoFe2O4 

are only 1336 and 789 mAh g
-1

 (Fig. S5b). Accordingly, the columbic efficiency of 

CoFe2O4 electrode can be calculated to be 59%, which is lower than the result 

obtained from CoFe2O4/GAs electrode. The irreversible capacity loss and low 

coulombic efficiency for both electrodes in the first discharge/charge process could be 
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attributed to the formation of SEI layer on the surface of the electrode, which is 

commonly observed in most anode materials.
37

 Compared to the theoretical capacity 

of CoFe2O4 (916 mAh g
-1

) and graphene (744 mAh g
-1

),
38,39

 the extra reversible 

capacity may be attributed to the formation of a pseudo-capacitive gel like film, which 

have been observed before for other metal oxide anodes.
40

 In the subsequent cycles, 

the discharge/charge capacity of CoFe2O4/GAs decreases slightly, while the capacity 

of pure CoFe2O4 decreases obviously. This result implies CoFe2O4/GAs could exhibit 

higher initial capacities and better reversibility than pure CoFe2O4.  

The cycling performance of CoFe2O4/GAs and CoFe2O4 at current density of 0.1 A 

g
-1 

are shown in Fig. 5c. It can be seen that the reversible capacity of CoFe2O4/GAs 

electrode is 1070 mAh g
-1

 after 100 cycles, and the coulombic efficiency remains 

100% upon cycling. Unsurprisingly, CoFe2O4 electrode exhibits much lower 

reversible capacity and faster capacity fading. It can be clearly seen that the capacity 

of the pure CoFe2O4 decreases to 473 mA h g
-1

 after 100 cycles at the current density 

of 0.1 A g
-1

. The specific reversible capacity of 1070 mAh g
-1

 after 100 cycles for 

CoFe2O4/GAs is 2.2 times higher than that of pure CoFe2O4 and 3 times greater as 

compared to the theoretical capacity of graphite (372 mAh g
-1

). Most notably, the 

capacity and cycle performance of CoFe2O4/GAs composite is much better than those 

of the previously reported CoFe2O4/carbon anode materials, such as 

CoFe2O4/nanotube, CoFe2O4/C, and CoFe2O4/graphene, etc. (Table S1).
30,41-47

 The 

greatly enhanced cycle stability of the CoFe2O4/GAs electrode can be attributed to the 

synergistic effect between CoFe2O4 and GAs. The GAs can effectively prevent the 

volume change and aggregation of CoFe2O4 electrode during the repeated Li
+
 

insertion/extraction processes. Meanwhile, the CoFe2O4 nanoclusters uniformly 

distributed within the graphene matrix can reduce the restacking of the neighboring 
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graphene sheets. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5 (a) CV profiles of the CoFe2O4/GAs electrode at a scan rate of 0.1 mV s
-1

. (b) 

Discharge/charge profiles of the CoFe2O4/GAs electrode. (c) Cycle performance of 

the CoFe2O4/GAs and CoFe2O4 electrodes at a current density of 0.1 A g
-1

. (d) Rate 

capabilities of the CoFe2O4/GAs electrode. (e) Long-term cycle performance of the 

CoFe2O4/GAs electrode at a current density of 0.5 A g
-1

.  

The rate capabilities of the as-prepared CoFe2O4/GAs electrode were evaluated by 
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discharge/charge experiments at various current densities, as shown in Fig. 5d. With 

the increasing current densities from 0.1 to 8 A g
-1

, the corresponding average 

reversible capacities of CoFe2O4/GAs electrode are 1124, 924, 776，616，534，341 and 

221 mAh g
-1 

at 0.1, 0.2, 0.5, 1, 2, 4 and 8 A g
-1

, respectively. Notably, the reversible 

capacity swiftly recovers to 1085 mAh g
-1

 when the current density is restored to 0.1 

A g
-1

, indicating good reversibility and robustness of the composite. Additionally, the 

long-term cycling performance and the corresponding coulombic efficiency of the 

CoFe2O4/GAs composite at a current density of 0.5 A g
-1

 are shown in Fig. 5e. It is 

obvious that the reversible lithium storage capacity for CoFe2O4/GAs electrode 

decays before 100 cycles and then gradually increases in the following cycles. The 

charge capacity reaches up to 966 mAh g
-1 

after 300 cycles, with the columbic 

efficiency 99.5%. The similar phenomenon that the reversible capacity of transition 

metal oxide electrode increases during cycling has been reported in previous studies.
48 

The possible reason would be the electrode activation process.  

 

 

 

 

 

 

 

Fig. 6 (a) Nyquist plots of CoFe2O4/GAs electrode at different states of 

discharge/charge cycling, and (b) SEM image of the CoFe2O4/GAs electrode after 100 

cycles at a current density of 0.1 A g
-1

. Inset of (b) shows the TEM image of the 

CoFe2O4/GAs electrode after 100 cycles. 

1 µm      

(b)         
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To gain insight into the reason why CoFe2O4/GAs electrode displays such excellent 

performance compared to pure CoFe2O4 electrode, EIS analysis was carried out at 

room temperature in the frequency range of 0.01 Hz to 100 kHz.
  

The Nyquist plots 

of the CoFe2O4/GAs and CoFe2O4 electrodes before cycling are shown in Fig. 6a. All 

impedance spectra consist of a single semicircle in the high-middle frequency region 

and a sloping line in the low-frequency region, representing the charge-transfer 

impedance in the electrode/electrolyte and lithium-diffusion process of the electrodes. 

It is clearly seen that the diameter of the semicircle in the high-middle frequency 

region for the CoFe2O4/GAs electrode before cycling is smaller than that of pure 

CoFe2O4 electrode, indicating that the CoFe2O4/GAs electrode possess a lower contact 

and charge-transfer resistance. On the other hand, the EIS profile of CoFe2O4/GAs 

electrode before cycling exhibits a higher low-frequency slope angle compared with 

that of CoFe2O4 electrode, indicating faster lithium-diffusion process of the 

CoFe2O4/GAs electrode. On the basis of the above result, the GAs can greatly 

improve the electrical conductivity of the CoFe2O4/GAs electrode and help to 

decrease the charge-transfer resistance, resulting in significant improvement in the 

cycling and rate performance. In addition, the diameter of the semicircle in the 

high-middle frequency region is decrease with increasing cycle number, revealing the 

existence of the activating process of the electrode during repeated lithium 

insertion/extraction processes.
49

 The results indicate that CoFe2O4/GAs electrode 

exhibits excellent electrochemical performance as anode material for LIBs. 

Meanwhile, SEM and TEM images of the CoFe2O4/GAs electrode after 100 cycles at 

a constant current density of 0.1 A g
-1

 are shown in Fig. 6b. It is obvious that the 

structure of the CoFe2O4/GAs electrode still maintains its original structure, 

highlighting the stability of the unique structure. These results demonstrate that the 
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3D GAs can effectively accommodate the strain of volume change and suppress the 

agglomeration of the CoFe2O4 during cycling, which consequently enhances the 

cyclic stability and rate capability. 

 

 

 

 

 

 

 

Fig. 7 (a) The charge (LiCoO2 electrode in half-cell, upper) and discharge 

(CoFe2O4/GAs electrode in half-cell, lower) curves. (b) The discharge (LiCoO2 

electrode in half-cell, upper) and charge (CoFe2O4/GAs electrode in half-cell, lower) 

curves.  

To evaluate the practical performance of CoFe2O4/GAs composite in commercial 

batteries, full cell was assembled by using the commercial LiCoO2 as the cathode and 

CoFe2O4/GAs as the anode. The discharge curve of the CoFe2O4/GAs anode and the 

charge curve of the LiCoO2 cathode in their respective half cells are shown in Fig. 7a. 

And Fig. 7b displays the charge curve of CoFe2O4/GAs anode and the discharge curve 

of the LiCoO2 cathode in their respective half cells. According to the results obtained 

in Fig.7, the charge voltage plateaus of CoFe2O4/GAs//LiCoO2 full cell should be 

about 2.6 and 3.2 V, while the discharge voltage plateau is about 2.0 V. Therefore, we 

designed that the practical working voltage of the CoFe2O4/GAs//LiCoO2 full cell 

ranges between 1 and 3.8 V for different current densities.  
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Fig. 8 (a) Schematic of the CoFe2O4/GAs//LiCoO2 full-cell. (b) Digital image of a 

light-emitting diode lighted by the CoFe2O4/GAs//LiCoO2 full-cell. (c) CV profiles of 

the initial three cycles for the CoFe2O4/GAs//LiCoO2 full-cell. (d) Charge and 

discharge profiles of the CoFe2O4/GAs//LiCoO2 full-cell. (e) Cycle performance and 

coulombic efficiency of the CoFe2O4/GAs//LiCoO2 full-cell. (f) Rate performance of 

the CoFe2O4/GAs//LiCoO2 full-cell at various rates. 

Fig. 8a shows the structure of an assembled full-cell with CoFe2O4/GAs anode and 

LiCoO2 cathode. The digital image of a light-emitting-diode (LED) lighting by the 

(b)      (a)      

Separator       

CoFe2O4/GAs       

Ni foam      

LiCoO2      

Al foil       
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CoFe2O4/GAs//LiCoO2 full cell is shown in Fig. 8b. To avoid the large capacity loss 

during the first charge process in full cell, the CoFe2O4/GAs electrode is 

electrochemically activated for three cycles in a half cell at a current rate of 0.1 A g
-1

. 

The full cell was slightly anode limited and was cycled at a current density of 0.1 A 

g
-1

 (based on the anode weight). The CV curves of CoFe2O4/GAs//LiCoO2 full cell in 

the first three cycles are shown in Fig. 8c at a scanning rate of 0.1 mV s
-1

. In the first 

cycle, two peaks at 2.5 and 3.2 V appear in anode scan and one broad peak at 1.7～

2.4 V in cathodic scan. In the following cycles, no obvious potential shift can be 

found in these peaks. The CV curve shape of CoFe2O4/GAs//LiCoO2 full cell is 

consistent with that of the CoFe2O4/GAs anode half cell. Fig. 8d reveals the 

representative charge/discharge voltage profiles of the CoFe2O4/GAs//LiCoO2 full cell. 

The corresponding two charge plateaus at 2.7 and 3.2 V and a broad discharge plateau 

at about 2.4～1.8 V are observed during the lithium insertion/extraction processes, 

which agree well with the CV results. The cycling performance and the corresponding 

coulombic efficiency of CoFe2O4/GAs//LiCoO2 full cell are shown in Fig. 8e. The 

first charge/discharge capacities are 1197 mAh g
-1

 and 1100 mAh g
-1 

(based on the 

active mass of the CoFe2O4/GAs electrode), with a coulombic efficiency of 92%. The 

irreversible capacity loss may be due to SEI film formation at the LiCoO2 cathode 

side in the first charge process. It is noted that the reversible capacity slowly reduces 

to 803 mAh g
-1

 in the 50
th

 cycle, whereas the coulombic efficiency increases to 99%. 

The rate performance of the CoFe2O4/GAs//LiCoO2 full cell from 0.1 to 8 A g
-1

 was 

tested, as shown in Fig. 8f. The discharge capacities of CoFe2O4/GAs//LiCoO2 full 

cell are about 881, 666, 492, 368, 246 and 146 mAh g
-1 

at current densities of 0.2, 0.5, 

1, 2, 4 and 8 A g
-1

, respectively. It can be seen that the electrode recovers the capacity 

and reaches nearly 978 mAh g
-1

, when the current density is returned to the initial 0.1 
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A g
-1

, indicating the good rate capability and stability of the electrode material. 

Considering the favorable operation of CoFe2O4/GAs in the full cell system, it is 

believed the composite may have potential application in commercial LIBs. 

4. Conclusions 

We have developed a simple and scalable method to prepare novel and unique 

CoFe2O4/GAs composite as an anode material for LIBs. The GAs as an underlying 

substrate can not only effectively prevent the aggregation of CoFe2O4, but also 

provide excellent flexibility and elasticity to accommodate the mechanical stress 

caused by the volume change during the discharge and charge processes. Meanwhile, 

the hierarchical CoFe2O4 nanoclusters uniformly encapsulated in GAs can suppress 

the stacking of the neighboring graphene sheets. Benefiting from this remarkable 

synergy, the CoFe2O4/GAs electrode exhibits high specific capacity, excellent cycling 

stability and superior rate capabilities in both half and full cell systems. We believe 

that the novel and simple preparation method introduced here could be extended to 

design other ternary iron oxides/GAs composites.  
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