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mposites of hypergravity induced
Co3O4 nanoparticles and natural gels as Li-ion
battery anode materials with high capacitance
and low resistance†

Jie Yang,a Xinhua Liu,a Jianliya Tian,b Xiao Ma,b Baofeng Wang,*b Wenjun Li *a

and Qigang Wang *a

An adhesive composite of hypergravity induced Co3O4 nanoparticles and natural xanthan gum (XG) was

prepared and applied as the anode electrode of a Li-ion battery for the first time. The Co3O4

nanoparticles were hydrothermally prepared and assembled on the water–oil interface with the

assistance of hypergravity. The discharge capacity of the final nanocomposite anodes with the xanthan

gum binder can reach 742.5 mA h g�1 after 50 cycles at a charge–discharge rate of 0.5 C, whereas the

Co3O4 working electrode with a traditional PVDF binder only displayed a lower capacity of 219.9 mA h

g�1. The addition of the XG binder can improve the electrochemical performance of the hypergravity

Co3O4 anode due to its high viscosity, which can relieve the volume expansion of the Co3O4 particles

during charge–discharge cycles. What's more, the XG can efficiently transfer Li-ions to the surface of the

Co3O4 like polyethylene oxide (PEO) solid electrolytes.
1. Introduction

Rechargeable lithium ion batteries with high energy density and
stability have attracted a great deal of attention and have been
commonly applied in energy storage devices, including electric
vehicles, hybrid electric vehicles, and portable electronic devices.1–3

The design of novel anode materials to replace the commercial
graphite is the key factor for the development of the next-
generation Li-ion batteries with higher capacity and stability.4–6

Cobalt oxide (Co3O4), a kind of transition metal oxide, has drawn
great attention as an alternative anode active material for Li-ion
batteries due to its high theoretical lithium-storage capacity of
890 mA h g�1, low cost, good safety and environment-friendly
property.7,8 The main disadvantage of Co3O4 anode materials is
their poor cyclic stability due to their low electronic conductivity
and severe volume changes in charging-discharging process.9,10

To address this issue, some investigations have been carried
out to improve the cyclic stability of Co3O4 anode materials for Li-
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ion batteries. Nanosized anode materials are rstly found to
improve the cycling stability and rate capability owing to the
shorter electron/ion diffusion length and the larger surface
area.11–14 Further, active materials with special feature structure,
such as hollow micro/nanostructures,14,15 porous,16,17 sheet,18

hollow sphere19 and hierarchical arrays20 can endow the elec-
trodes with large surface areas, fast ion transport, efficient elec-
tron transfer and good strain accommodation. The composite of
active materials and carbon materials21,22 can also increase
conductivity of resulting electrode materials. The current efforts
mainly focus on the design of 3D porous active materials, the
optimization of electrode binder23 and the molding process of
nal electrodes, which can relieve the volume expansion and
shrinkage for the improvement of cyclic stability. Polyvinylidene
uoride (PVDF) is the commercial available binder for the tradi-
tional electrodesmolding process. Conductive polymer gels as the
binder including polypyrrole and polyaniline24,25 have exhibited
excellent electrochemical performance. The current challenge is
to look for novel binders, which not only are green and environ-
mentally friendly, but also can adhere the binders to the metal
oxide and to current collectors well. Recently, various natural
polysaccharide gels including guar gum and sodium alginate have
drawn great attention as water-soluble binders for the molding of
electrodes due to their high viscosity.26 At the same time, they are
also good ion conductive materials due to the functional groups
of hydroxide and carboxyl, which can coordinate with the lithium
ions and transfer them to the surface of active materials in elec-
trodes similarly to the PEO polymer electrolyte.27,28
RSC Adv., 2017, 7, 21061–21067 | 21061

http://crossmark.crossref.org/dialog/?doi=10.1039/c7ra02725g&domain=pdf&date_stamp=2017-04-11
http://orcid.org/0000-0002-7397-5162
http://orcid.org/0000-0002-4026-3337
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra02725g
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007034


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
A

pr
il 

20
17

. D
ow

nl
oa

de
d 

on
 1

2/
5/

20
25

 1
0:

00
:5

6 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Hypergravity hydrothermal method is the modulated hydro-
thermal method applying centrifugal force as super gravity in the
growth process of crystallites, which have been used to synthesize
the metal oxide and metal sulde.29,30 Our group had synthesized
MnCO3 polycrystalline microspheres.31 XG, a kind of natural gel
with the advantages of excellent viscosity and stability of resis-
tance to acid, alkali and high temperature, is consisted of D-
glucose, D-mannose, D-glucuronic acid, acetyl and pyruvic acid.32

Similar to PEO polymer electrolytes, XG can transfer Li-ion
owning to the large amounts of polar hydroxyl and carboxyl
groups in its molecule chains.27,28,33,34 Here, we optimized the Li-
ion batteries anode electrode by the hypergravity–hydrothermally
prepared Co3O4 and the Xanthan gum (XG) binder based
molding process, which have the excellent ion conductivity and
the high viscosity, respectively. It was shown that the cycling
stability and the rate capability of the hypergravity Co3O4 anode
electrodes were markedly enhanced with the XG as binder in
comparison to the PVDF as binder.
2. Experimental
2.1 Materials

The Co(NO3)2$6H2O, CO(NH)2 and 1,2-dichlorobenzene were
used as starting compounds for preparation of Co3O4 nano-
particles. Xanthan gum (XG) and PVDF were applied as binder
of the Li-ion battery. Acetylene black was the conductor for
battery. Anhydrous N-methyl-2-pyrrolidone (NMP) was used to
dissolve PVDF. All the reagents were of analytical grade and
purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). All chemical agents in our experiment were
used without further purication.
Fig. 1 (a) The synthesis process of Co3O4 nanoparticles prepared by
hypergravity hydrothermal method based on the water–oil interface,
(b) schematic diagram of the preparation of hypergravity Co3O4/XG
gel electrodes.
2.2 Preparation of Co3O4 and molding of electrode

The Co3O4 powders were hydrothermally synthesized on oil/
water interface via 1000 g (1 g ¼ 9.8 m s�2) hypergravity,
which was generated by turbine type ultracentrifuge. In the
unique synthesis process of Co3O4 precursor, 0.875 g
Co(NO3)2$6H2O and 0.9 g CO(NH)2 were dissolved in 6 mL
deionized water and transferred the red mixture solution to
Teon-lined stainless steel autoclave with 12.0 mL capacity.
Then, 2 mL 1,2-dichlorobenzene was added into the autoclave.
The mixture solution acting as aqueous phase was on the top of
1,2-dichlorobenzene oil phase. The tight autoclaves were placed
in hypergravity reaction equipment with a titanium alloy rotor
and heated to 100 �C as well as kept the temperature for 30
minutes. Aer reaction, the autoclaves were cooled to room
temperature naturally. Due to the effect of high gravity eld, the
purple precursor powders were formed on the interface between
the aqueous phase and oil phase ultimately. The purple sedi-
ments were washed with absolute alcohol and distill water
several times to remove 1,2-dichlorobenzene and superuous
reagents. Then the purple precursor was calcined at 400 �C for
3 h under the air condition and the black Co3O4 particles were
obtained. The preparation mechanism of the hypergravity
Co3O4 with the water–oil interface and the 1000 g�1 high gravity
eld was shown in Fig. 1a. The non-hypergravity Co3O4 particles
21062 | RSC Adv., 2017, 7, 21061–21067
with the water–oil interface and the non-hypergravity Co3O4

particles without the water–oil interface were synthesized by the
same way but with the high gravity eld of 0 g�1.

In our study, the two set of Co3O4 working electrodes were
prepared via various molding processes. Our molding process: 70
wt%hypergravity Co3O4 + 15 wt%acetylene black +15 wt%XG (XG
was dissolved into water that formed 1 wt% solution) was stirred
into uniform slurry. It was because that XG had high viscosity, the
XG binder can adhere on the surface of the hypergravity Co3O4

nanoparticles and acetylene black particles well. Due to the van
der Waals and hydrogen bond between the XG molecules, the XG
has a natural networks, the schematic diagram of the preparation
of hypergravity Co3O4/XG gel electrodes was shown in Fig. 1b. The
traditional process: 70 wt% Co3O4 (hypergravity or non-
hypergravity) +15 wt% acetylene black +15 wt% PVDF (PVDF
was dissolved into NMP that formed 2.5 wt% solution), were mix
into homogeneous slurry. The two kinds of slurry were bladed
onto cleanly copper foil current collectors respectively and then
were placed in a convection oven at 80 �C for 12 h to dry.
2.3 Material characterization

The X-ray powder diffraction (XRD) was used to study the crystal
phases of the as-prepared Co3O4 and carried out on a D8
Advance testing machine (Bruker) with the 2q range of 10�to
80�with Cu Ka radiation (l ¼ 0.154060 nm), with a step size of
0.02 and employing a scanning rate of 0.02 s. The as-prepared
samples were dried and ground adequately before test.

The scanning electron microscope (SEM) tests were carried
out on the Hitachi S4800 eld emission SEM. The samples were
sprayed gold before test.

The viscosity and the rheological properties analysis of the
XG and PVDF were evaluated by the RS6000 rheometer (Thermo
This journal is © The Royal Society of Chemistry 2017
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Scientic, Germany). For the dynamic frequency sweep of the
viscosity and the rheological properties analysis, the all stress
value was 0.1 Pa and the scan range from 0 S�1 to 100 S�1 and
0.01 Hz to 10 Hz respectively.

The JEM-2100 TEM of JEOL (Japan) was used to study the
transmission electron microscopy (TEM) image of the
composite of the Co3O4 particles and the XG binder. The Co3O4/
XG composite hydrocolloid was dispersed in ethanol. And then
the dispersion liquid was dropped on the copper grid, dried the
sample 12 h under vacuum conditions before the measurement.
2.4 Electrochemical measurements

The electrochemical performance of the working electrodes was
evaluated by CR2016 coin-type half-cell. The working electrodes
were assembled into half-cell in an argon glove box using
lithium metal foil as another electrode. The liquid solution of
1 M LiPF6 in ethylene carbonate, dimethyl carbonate and ethyl
methyl carbonate. (EC : DMC : EMC ¼ 1 : 1 : 1 in volume) was
applied as the electrolyte of the half-cell. The Land CT2001A
battery tester system (Wuhan, China) was used to test the gal-
vanostatic discharge/charge performance within the voltage
range between 0.01 V and 3.0 V. The cyclic voltammetry (CV) was
carried out on the Autolab PGSTAT 302N within the voltage
window of 0.01–3.0 V at a scanning rate of 0.1 mV s�1 and
0.2 mV s�1. Electrochemical impedance spectroscopy (EIS) was
also performed on the Autolab PGSTAT 302N over a frequency
range between 100 kHz and 0.01 Hz.
Fig. 3 HRTEM images of as-prepared Co3O4 particles based on the
water–oil interface: (a) non-hypergravity Co3O4, (b) hypergravity
Co3O4.
3. Results and discussion
3.1 Crystal structure and morphology of Co3O4

The X-ray diffraction images of the Co3O4 particles prepared by
the hypergravity hydrothermal method at the 1,2-
dichlorobenzene/water interface were shown in Fig. 2. Repre-
sentative diffraction peaks were observed at 19.0�, 31.3�, 36.87�,
38.57�, 44.91�, 55.56�, 59.43�, 65.3� and 77.39�, accordance with
cubic type Co3O4 phase (111), (220), (311), (222), (400), (422),
(511), (440), (533) faces, respectively (JCPDS No. 42-1467). In
Fig. 2 XRD patterns of Co3O4 particles based on the water–oil
interface prepared by hypergravity hydrothermal method with the
assistance of 0 g�1 and 1000 g�1 respectively.

This journal is © The Royal Society of Chemistry 2017
addition, no other redundant diffraction peaks were observed
in the XRD image. The crystallite size of Co3O4 powders by the
hypergravity hydrothermal method at the hypergravity of 0 g�1,
1000 g�1 was 28 nm, 30 nm respectively according to the
Scherrer's formula. As shown in Fig. 3, the high-resolution TEM
(HRTEM) images of the non-hypergravity Co3O4 and hyper-
gravity Co3O4 exhibit clear lattice fringes with spacings of
0.244 nm and 0.242 nm, which could be corresponded to the
(311) planes of cubic Co3O4. Fig. S2 and S3† showed the XRD
and SEM images of the Co3O4 particles prepared by traditional
hydrothermal method in the aqueous solution of Co(NO3)2-
$6H2O and CO(NH)2, which illustrated the crystallite size of
Co3O4 powders was about 50 nm, which was bigger than that at
the 1,2-dichlorobenzene/water interface. Above results indicate
that the existence of the 1,2-dichlorobenzene limits the growth
of Co3O4 crystallites, the super gravity eld almost has no effect
on the size of Co3O4 crystallites prepared at the 1,2-
dichlorobenzene/water interface.

However, the morphology of as-prepared Co3O4 particles,
which were assembled by crystallites, was different at the 1,2-
dichlorobenzene/water interface. Fig. 4 show the scanning
electron microscope (SEM) images of Co3O4 particles at the 1,2-
dichlorobenzene/water interface in the assistance of
Fig. 4 SEM images of as-prepared Co3O4 particles by the hypergravity
hydrothermal method in the following conditions: (a) 0 g�1, broken
cross-section; (b) 1000 g�1, broken cross-section; (c) 0 g�1, surface
and (d) 1000 g�1, surface.

RSC Adv., 2017, 7, 21061–21067 | 21063
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Fig. 5 (a) Dynamic frequency sweep between 0.01 Hz to 1 Hz of the 1
wt% XG binder and the 2.5 wt% PVDF binder; (b) TEM image of the
mixture of hypergravity Co3O4 and the XG binder with the ratio of
7 : 1.5.

Fig. 6 (a) Cycling performance of different Co3O4 anode electrodes
with PVDF binder at the rate of 0.5C (Co3O4: acetylene black: PVDF ¼
80 wt%: 10 wt%: 10 wt%); (b) CV curves of the hypergravity Co3O4

electrode with XG binder at a scanning rate of 0.1 mV s�1; (c)
compared CV curves of hypergravity Co3O4 electrode with XG binder
and pure XG; (d) cycling performance of hypergravity Co3O4/XG and
hypergravity Co3O4/PVDF (hypergravity Co3O4: acetylene black: XG/
PVDF ¼ 70 wt%: 15 wt%: 15 wt%).
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hypergravity of 0 g�1 and 1000 g�1, respectively. As shown in
Fig. 4a and (c), the Co3O4 particles prepared at the supergravity
of 0 g�1 were the Co3O4 sheet of smooth broken cross-section
and no obvious pores can be observed, indicating the forma-
tion of sheets by densely packing together of Co3O4 crystallites
at the 1,2-dichlorobenzene/water interface. The morphology of
Co3O4 particles by the hypergravity hydrothermal method at the
supergravity of 1000 g�1 was the ower with the rough broken
cross-section and obvious pores were observed as shown in
Fig. 4b and (d), so, we can conrm that the hypergravity Co3O4

particles showed 3D porous structure at the supergravity of 1000
g�1. The formation of Co3O4 precursor particles consists of the
growth of Co3O4 precursor crystallites in the aqueous solution
and their assemble or Ostwald ripening at the 1,2-
dichlorobenzene/water interface. With the assistance of hyper-
gravity, the Co3O4 precursor crystallites fast deposited at the 1,2-
dichlorobenzene/water interface have poor crystalline and then
the ower particles form by the Ostwald ripening of the Co3O4

precursor crystallites, while when the supergravity is 0 g�1, the
crystallites deposited at the 1,2-dichlorobenzene/water interface
have good crystalline, and then densely packed together at the
interface due to no obvious coalescence and growth through
boundary diffusion of crystallites. Their schematic mechanism
for the formation is shown in Fig. S1.†

3.2 The rheological properties and morphology of the XG
and the XG/Co3O4 nanocomposites

The rheological properties analysis was used to study the gelation
kinetics by frequency sweep tests using a rheometer that moni-
toring the storage modulus (G0) and loss modulus (G00), as
a function of frequency in Fig. 5a. It showed that the values of
storage modulus (G0) of the XG was higher than its loss modulus
(G00) between 0.01 Hz and 10 Hz, illustrating that the XG was
a kind of gel-like state. However, the values of storage modulus
(G0) of the PVDF was smaller than its loss modulus (G00), showing
that the mechanical properties of the XG was more robust than
the PVDF. The dynamic viscosity of the XG and the PVDF binder
with the scan range from 0 S�1 to 100 S�1 was shown in Fig. S4.† It
was observed that the viscosity of 1 wt% XG was higher than the
viscosity of 2.5 wt%PVDF. The TEM image of Co3O4/XG composite
was displayed in Fig. 5b. It was shown that the XG coated on the
outside of the Co3O4 particles and the XG binder can accelerate
the Li-ion transfer to the surface of the Co3O4 particles.

3.3 Electrochemical characterization

The electrochemical performance of the Co3O4 particles is
related to the assembling structure of crystallites. The electro-
chemical performance of the Co3O4 anode electrodes with the
PVDF and the XG as the binder was shown in Fig. 6. Fig. 6a
presented the galvanostatic discharge curves of the different
Co3O4 anode electrodes with PVDF binder at the rate of 0.5C. It
was found that cycling performance of the Co3O4 anodes with
the high gravity eld and the water–oil interface was better than
the non-hypergravity Co3O4 anode electrodes. Aer 50 cycles,
the discharge capacities of the hypergravity Co3O4 anode with
the water–oil interface had reached 237.7 mA h g�1 whereas the
21064 | RSC Adv., 2017, 7, 21061–21067
non-hypergravity Co3O4 anode with the water–oil interface had
only 107 mA h g�1 and the non-hypergravity Co3O4 anode
without the water–oil interface had a limited value of 54 mA h
g�1. The discharge capacities of Co3O4 anode with the assis-
tance of 1000 g�1 were more than 3 times higher than the other
Co3O4 anodes, illustrating that Co3O4 particles with 3D porous
This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Charge–discharge curves of the hypergravity Co3O4 electrode
with PVDF binder (a) and XG binder (b); (c) rate capability of hyper-
gravity Co3O4/XG electrode and hypergravity Co3O4/PVDF electrode;
(d) EIS spectra of the hypergravity Co3O4 anode electrode with the XG
binder and the PVDF binder in the frequency range from 0.01 Hz to
100 kHz.
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structure have a higher discharge capacity than that of dense
parking Co3O4 crystallites. It is because that the large size of the
non-hypergravity Co3O4 particles without the water–oil interface
make it have the smaller specic surface and longer electron/
ion diffusion length, which can result in lower electron/ion
diffusion efficiency and more severe volume expansion and
shrinkage during charge–discharge process. The non-
hypergravity Co3O4 with the water–oil interface have the larger
sheet structure consisted of many Co3O4 nano-particles, which
may be easy to be fractured and separated from the current
collector during charge–discharge process, thus its capacity was
reduced fast. In comparison with the two kinds of Co3O4 nano-
particles above, the hypergravity Co3O4 nano-particles with the
smaller size and 3D porous structure have the larger surface
area and the shorter electron/ion diffusion length, which will
accelerate the electron/ion diffusion, thus it had a higher
discharge capacity.

The cyclic voltammetry (CV) curve of the hypergravity Co3O4

anode electrodes that XG as the binder in Fig. 6b was evaluated
at a voltage window range of 0.01 to 3.0 V vs. Li/Li+ at a scanning
rate of 0.1 mV s�1. In the rst scan, a strong reduction peak at
0.8 V was noticed, it was illustrated that the initial reduction of
Co3O4 to metal Co and the formation of Li2O.35 During the
process, the irreversible solid-electrolyte-interface (SEI) layer
was also formed. In the following anodic scan, a peak can be
observed at about 2.1 V, which was owe to the reversible
oxidation of Co into cobalt oxide.36 The reduction peak was
evolved into two peaks at about 0.9 V and 1.2 V and the reduc-
tion peak at 0.9 V was disappeared in the second and the third
cathodic cycle, indicating the changes of the amorphization and
crystallization in the Co3O4 particles. Starting from the second
anodic scan, the anode peaks were shown at about 2.1 V and
overlapped well. The electrochemical reaction mechanism can
be summarized as follows:

Co3O4 + 8Li+ + 8e� 4 3Co + 4Li2O

In order to study the electrochemical performance of the
pure XG, the CV of the pure XG binder evaluated between 0.01 V
and 3.0 V in the Fig. S6† indicated that the XG binder was
electrochemically inactive illustrated by the very short oxidation
and reduction current. It was revealed intuitively and clearly
from the comparison diagram of the CV of pure XG and Co3O4

anodes with XG as the binder shown in the Fig. 6c. Therefore,
the capacity of the XG binder was ignorable likened to the
capacity of the whole working electrodes.

The cycle performance of hypergravity Co3O4 anode elec-
trodes at the rate of 0.5C made by different binders was dis-
played in Fig. 6d. It was observed that the hypergravity Co3O4

working electrodes with traditional PVDF binder, only displayed
a low capacity of 219.9 mA h g�1 aer 50 cycles. By contrast, the
hypergravity Co3O4 anode electrodes with XG binder can
maintain a relatively stable reversible capacity of 742.5 mA h g�1

with a columbic efficiency over 97.1% aer 50 cycles, which
were more than 3 times higher than the PVDF-based electrode.
As shown in Table S1,† the higher capacity and cycle stability of
This journal is © The Royal Society of Chemistry 2017
the hypergravity Co3O4 with XG binder is superior to the
previous study.37–39 The superior cycle stability of the XG-based
electrode should be attributed to the higher viscosity and
stronger toughness than PVDF, which can stick with hyper-
gravity Co3O4 particles and current collectors well and retard
the volume change of hypergravity Co3O4 particles during the
cyclic process of charge and discharge. And the amount of the
isolate hypergravity Co3O4 nanoparticles were decreased, thus
improved its capacity.40,41 What's more, because the oxygen
heteroatoms in the XG molecule can coordinate with the
lithium ions similarly to the PEO solid electrolyte, the polari-
zation of the hypergravity Co3O4 electrode was decreased, which
also contributed to a high capacity.33,42

Fig. 7a and b, showed the charge and discharge proles of
the hypergravity Co3O4 anode electrodes with PVDF and XG as
binder respectively (hypergravity Co3O4: acetylene black: XG/
PVDF ¼ 70 wt%: 15 wt%: 15 wt%), in the 1st, 10th, 20th and
30th cycles.

Comparing the two images, it is presented that the capacity
decrease of the hypergravity Co3O4 anode electrodes with PVDF
binder was much more serious, illustrating that the binding
ability of XG wasmuch stronger than that of PVDF because of its
higher viscosity and robust mechanical property. And with the
increase of the cycling, the discharge capacity of the hyper-
gravity Co3O4 anode electrodes with XG binder is enhancive
gradually between 1st cycle and 30th cycles consistent with the
cycling performance in Fig. 5d, which can be explained by the
electrolyte deposition mechanism previously reported: during
the charge and discharge process, a gel-like polymeric layer on
the surface of the active material particles, which is believed to
enable additional lithium storage on its surface in a capacitive
way, thus contributing to the observed gradually increasing
trend.43 The rate performance of hypergravity Co3O4 electrode
with the XG binder and the PVDF binder respectively studied at
RSC Adv., 2017, 7, 21061–21067 | 21065
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the rate of 0.1C, 0.2C, 0.5C, and 0.1C was shown in Fig. 7c. From
the gure, we can observe that the rate capability of using XG as
the binder was much more excellent than using PVDF as the
binder, indicating that XG as binder of the working electrode in
the lithium-ion battery can keep electrochemical performance
more stable than the traditional PVDF binder.

In order to have an insight into the stable electrochemical
performance of the hypergravity Co3O4 anodes with the XG
binder clearly, the electrochemical impedance spectroscopy (EIS)
of the hypergravity Co3O4 anodes with the XG binder and the
PVDF binder aer the 1st and 50th cycles were measured in the
frequency range from 100 kHz to 0.01 Hz, which showed the
typical Nyquist plots of the two electrodes in the Fig. 7d. It was
observed that the diameter of the semicircle of the hypergravity
Co3O4 electrode with the PVDF binder was much longer than the
electrode with the XG binder aer the 1st cycle, indicating that
the Rct (charge transfer resistance) value of the electrode with the
traditional PVDF binder wasmuch higher compared with the XG-
based electrode. We can also observed that the Rct of the hyper-
gravity Co3O4 anode with the PVDF binder have a large increase
aer 50 cycles, while the Rct of the electrode with the XG binder
almost remain the same value. It may be attributed to the higher
viscosity of the XG binder, which can adhere on the surface of the
hypergravity Co3O4 nanoparticles tightly and decrease the
contact between the hypergravity Co3O4 nanoparticles and the
electrolyte, thus, the decomposition of the electrolyte at the
hypergravity Co3O4 nano-particles surfaces was reduced.42,44 In
addition, the tough mechanical strength of XG-based electrode
can also help to maintain the structure of the hypergravity Co3O4

electrode. Therefore, the XG as binder applied in the lithium ion
battery electrode not only improved the electronic conductivity of
Co3O4, but also kept stable electrochemical performance.

Fig. 8 displayed the SEM image of 3D porous structured
hypergravity Co3O4 electrodes with PVDF binder and XG binder
aer 50 charging with the electric current density of 890mA g�1,
in comparison with the SEM images of the hypergravity Co3O4
Fig. 8 SEM images of hypergravity Co3O4 electrodes (a and b) before
cycling with PVDF binder (a) and XG binder (b) and (c and d) after 50
cycles with the electric current density of 890 mA g�1 with PVDF
binder (c) and XG binder (d).

21066 | RSC Adv., 2017, 7, 21061–21067
working electrodes before cycling. As shown in Fig. 8a and c,
obvious holes and cracks can be observed in the surface of the
PVDF-based hypergravity Co3O4 electrode aer 50 charging and
discharging cycles at the current density of 890 mA g�1, and the
electrode with PVDF binder was broken into small bulks
because of the weak connection between PVDF and hypergravity
Co3O4 particles. However, it can be found that aer 50 cycles at
890 mA g�1, both the size of hypergravity Co3O4 particles and
the morphology of XG-based whole electrode have no obvious
change owing to the higher viscosity of the XG binder (Fig. 8b
and d). The electrode with XG binder can keep a certain degree
of integrity without pulverization, due to the more robust
interaction between the XG binder and the hypergravity Co3O4

particles, which can effectively retard the large volume change
of hypergravity Co3O4 particles during the process of charge–
discharge.
4. Conclusions

In this work, the Co3O4 particles with 3D porous conguration
were prepared by hypergravity hydrothermal method based on
the oil/water interface. The electrochemical performance of the
Co3O4 anodes with 3D porous conguration was better than the
dense sheet Co3O4 anodes. The 1 wt% XG binder displayed
higher viscosity and more robust mechanical properties in
comparison with the 2.5 wt% PVDF binder. The hypergravity
Co3O4 anode with the XG binder delivered a capacity of 742.5
mA h g�1 aer 50 charging and discharging cycles at the rate of
0.5C due to many functional groups of hydroxide and carboxyl
of the XG molecule, while the hypergravity Co3O4 anode with
the PVDF binder only displayed a lower capacity of 219.9 mA h
g�1. Because of the robust strength and the high ion conduc-
tivity, the rate capability and the conductivity of the hypergravity
Co3O4 anode with the XG binder was much more excellent and
stable contrasting with using the PVDF binder. Therefore, the
study provided a new approach to prepare Co3O4 particles by
hypergravity hydrothermal method based on the oil/aqueous
interface, and a promising way to decrease the volume change
and enhance the stability of Co3O4 anode during charge–
discharge process that composed Co3O4 and natural gels with
higher viscosity and higher ion conductivity.
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