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NiO/Co;0, composite nanosheets have been synthesized via a facile method at low temperature for the first time. The as prepared
materials were characterized by X-ray powder diffraction (XRD) and transmission electron microscopy (TEM), and the perfor-

mance of Li-ion batteries (LIBs) as anode materials were also studied. By controlling the atom ratio of Ni: Co, not only the size of
the nanosheets can be controlled, the electrode’s conductivity and stability could also be greatly improved. The composite materi-
al showed a stable capacity retention during cycling (87% of the second capacity was retained after 15 cycles) even at a relatively
large current rate (400 mA/g). The NiO/Co3;0, nanosheet might be promising candidate anode materials in high performance

Li-ion batteries.
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Transition metal oxide materials have been widely used in
catalysts, gas sensors, electrochromic devices, etc. [1-4],
and it was proved that many transition metal oxides could
also be used as anode materials for lithium ion batteries
(LIBs). Compared with commercially graphite anode, these
materials possessed much higher theoretical specific capacity
[5]. However, there are still many challenges for the practi-
cal use of transition metal oxide materials in LIBs, such as
the large expansion in volume, the serious aggregation or
pulverization of active particles during charge—discharge,
and their poor conductivity [6]. Many efforts have been
tried to solve these problems, such as controlling the mor-
phologies of materials, doping ions and coating carbon ma-
terials [7—12], all of these are trying to improve the structure
stability or conductivity.

Among these transition metal oxides, Co;O, has been
demonstrated to be one of the most promising electrode
materials for LIBs due to its high theoretical specific capacity
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(890 mAh/g) [13]. However, cobalt is toxic and expensive,
so one of the worthwhile efforts is to partially replace the
Co in Co30,4 by Ni, Zn, Cu, etc., because they are cheaper,
eco-friendly and electrochemically active for Li insertion
and extraction [14]. In addition, the cycle performance of
Co;0,4 as anode materials for LIBs is usually poor. As is
known, the morphology of electrode materials played an
important role in determining the performance of LIBs. In
recent years, nanosheet materials have attracted much inter-
est in energy storage and conversion field due to their spe-
cial properties [15,16]. They are very attractive as lithium
storage materials because the crystallographic transfor-
mation of these materials can minimize the volume change
during cycling and the large surface area and offer more
active cites for the accommodation of lithium ions [17]. In
this paper, we designed NiO/Co;04 composite nanosheets
via a facile method to reduce the cobalt usage and improve
its stability and conductivity. The electrochemical experi-
ments were carried out and the result proved that the com-
posites with larger nanosheets demonstrated greatly improved
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cycle performance.

1 Materials and method
1.1 Reagents

Co(NO3), - 6H,0 (98%, Beijing Chemical Co. Ltd.), Ni(NOs),
6H,0 (98%, Beijing Chemical Co. Ltd.), HTM (98%, Sin-
apharm Group Co. Ltd.) and H,O, (30 wt% solution in wa-
ter, Sinapharm Group Co. Ltd.) were used as received.

1.2 Preparation of NiOQ/Co30, composite nanosheets

The procedures of Co;0, nanosheet’s synthesis is: 0.01
mol/L. Co(NOs), - 6H,O was dissolved in 50 mL demonized
water to form the solution A. Then 5 mmol HMT dissolved
in 50 mL deionized water to form the solution B, both of
solution A and B were stirred separately for 30 min at room
temperature then subsequently mixed together and stirred
for another 30 min, after that, 0.5 mL (30 wt%) H,O, was
added drop by drop for 30 min. Then the mixture was
transferred to an oil bath reactor and stirred at 80°C for 3 h,
the black precipitate from the reactor were centrifuged,
washed several times with demonized water and ethanol,
and dried at 80°C overnight. The NiO/Co;04 composite
nanosheets’ syntheses were almost in the same procedure
except the formation of solution A. To form these compo-
sites some Ni(NOs), - 6H,O were added and the total metal
ions amounts were still controlled at 0.01 mol/L. Two dif-
ferent Co?*/Ni** mole ratios (3:1; 2:1) condition were used,
and the result was defined as NiO/Co;04 composite nanosheet-
1 (NCCS-1), NiO/Co;30,4 composite nanosheet-2 (NCCS-2),
respectively. All the samples were annealed at 400°C for
2 h before electrochemical measurements.

1.3 Characterization

X-ray power diffraction (XRD) was performed on a Bruker
D8-Advance X-ray powder diffractometer with monochro-
matized CuKo. radiation (1=1.5406 A). The scattering an-
gles (26) used in the measurements was from 10 to 80°. The
morphology of the prepared samples was observed through
transmission electron microscope (TEM) performed on
H-7650B at an accelerating voltage of 100 kV.

1.4 Electrochemical measurements

Electrochemical measurements were carried out using two-
electrode Swagelok type cells with lithium metal as the
counter electrode and reference electrode. The electrode
pellet was fabricated by pressing a mixture of 80 wt% active
materials, 10 wt% acetylene black, and 10 wt% poly (vi-
nylidene fluoride) (PVDF) onto a copper foil. The pellet and
the Li metal were held apart with Celgard 2402 separator.
The electrolyte solution was 1 mol/L. LiPFg dissolved in a
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mixture of ethylene carbonate (EC) and dimethyl carbonate
(DMC), in a volume ratio of EC/DMC=1:1. Capacity cycle
performances were recorded between 3.0 and 0.1 V at a cur-
rent density of 400 mA/g, using a Land CT2001A test sys-
tem (Wuhan, China). Electrochemical impedance measure-
ments were carried out on a PARSTAT 2273 Potenti-
ostat/galvanostat (Princeton applied research, USA) by ap-
plying an AC voltage of 5 mV amplitude in the frequency
range of 100 kHz to 100 mHz. All measurements were car-
ried out at room temperature.

2 Results and discussion

As seen from Figure 1, most of the peaks can be readily
indexed to a spinel-type oxide Co;0, (JCPDS card No. 42-
1467, cubic, space group: Fd3m, a=8.084 A), After adding
the Ni content, some of the NiO peaks such as (220) ap-
peared (JCPDS card No. 01-1239). According to calculation
using the Rietveld method, the weight ratio of NiO:Co3;04
for NCCS-1 and NCCS-2 were 36:64, 47:53, respectively.
It is also found that XRD peaks broaden and slightly shift
toward a lower diffraction angle after adding Ni contents,
indicating that crystallinity of materials gets worse. The
lattice constant Cos0, is 8.06 A, while those of NCCS-1
and NCCS-2 are 8.09 and 8.11 A, respectively, which sug-
gests that lattices expanded after introduction of Ni. This
should be caused by partial substitution of Co ions by Ni
ion due to the similar properties of Ni and Co.

Figure 2(a) shows the TEM images of as prepared pure
Co;0,4 nanosheets. With the increasing of NiO content, the
diameters of nanosheets become larger (Figure 2(b),(c)),
from several up to hundreds nanometers. The thicknesses
for all these samples are less than 10 nm, and thin nanostruc-
ture is favorable to electrochemical performance. It is also
found that the nanosheets become wrinkle-like folded paper
sheets with the increase of the size [18].
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Figure 1 XRD patterns of the Co;04 nanosheets (a), NCCS-1 (b) and
NCCS-2 (c).
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Figure 2 TEM images of the Co;O4 nanosheets (a), NCCS-1 (b) and NCCS-2 (c).

The cycle performance (Figure 3) clearly showed that
after Ni doping, the capacity of the anode material could
retained steadily. When the reaction proportion of Ni and
Co added up to 1:2 (NCCS-2), the material showed a stable
capacity retention during cycling (87% of the second capacity
was retained after 15 cycles), considering the inherent irre-
versible reaction such as the formation of SEI, that was a
very good result for this kind of materials. The enhanced
cycle performance might be due to composition with NiO
and the lager particle size. Furthermore, transition metal like
Ni has the catalytic activity to facilitate Li,O decomposition
and help the electrode reaction 4Li,0+3Co—8Li+Co0;0, to
go easily [19], leading improved cycle performance.

The AC impedance spectra of the synthesized materials
are shown in Figure 4. As shown in the curves, both of the
impedance spectra consist of one semicircle in the high fre-
quency region and an inclined straight line in the low fre-
quency. The semicircle in the high frequency region is at-
tributed to the charge-transfer resistance (R.), related to the
charge transfer through the electrode/electrolyte interface.
The inclined line corresponds to solid-state diffusion of
lithium-ion (Warburg impedance) in the electrode materials.
The intercept at Z. in high frequency region was related to
the resistance of the electrolytes (R;). The two electrodes’
impedance spectra can be analyzed by the equivalent circuit
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Figure 3 Capacity versus cycle number plot for Co;O4 nanosheets (a),
NCCS-1 (b) and NCCS-2 (c) in the voltage range 0.1-3.0 V at current rate,
400 mA/g.
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Figure 4 Nyquist plots of the Co;O, nanosheets (a), NCCS-1 (b) and
NCCS-2 (c). Voltage perturbation amplitude: 5 mV, frequency range: 100
kHz to 100 mHz (inset: equivalent circuit mode plot; R, resistance of the
electrolytes; R, charge-transfer resistance; Z,, Warburg resistance; C,
constant phase element).

mode in inset of Figure 4. A constant phase element (C) was
used to instead of capacitance caused by the double layer.
As seen from the Nyquist plot, charge-transfer resistance
decreased sharply for the NiO/Co;0,4 composites compared
with that of pure Co;0, nanosheets. The decreased resistance
might be attributed to the larger 2D nanosheets structure, Ni
doping and composition with NiO [20-22].

3 Conclusions

In summary, we have succeeded in developing a simple
method to synthesize NiO/Co3;0, nanosheets at low temper-
ature. It is found that the size of NiO/Co;0, composites
nanosheets can be controlled via adjusting the ratio of rea-
gents within a certain range. And the electrochemical results
indicated that NiO/Co;04 composites nanosheets had im-
proved cycle performance and the increased conductivity as
anode materials for LIBs, compared with those of the Co;0,
nanosheets materials. The NiO/Co;0, composite nanosheets
may be promising candidate anode materials for high per-
formance Li-ion batteries.
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