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Two kinds of the NiCo,04 nanosheets constructed by interconnected nanoparticles with different mi-
crostructures, including ultrathin NiCo;04 nanosheets (NiCo,04-UNSs) and common NiCo,04 nanosheets
(NiCo204-NSs), were controllably synthesized by a facile method. The structure and morphology of the
NiCo,04 nanosheets were analyzed and characterized by XRD, SEM and TEM. NiCo,04-UNSs possess a
large surface area (119 m? g~!) and narrow pore distribution (around 5 nm). Subsequently, the Na-ion

storage properties of such NiCo,04 nanosheets were investigated by sodium half-cells. The ultrathin
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NiCo0,04 nanosheets (NiCo,04-NSs) exhibit much improved performance than that of NiCo,04-NSs with a
high reversible capacity of 690.4 mA h g~! at 100 mAg ! and 141.8 mA h g~ at the current density of
1000 mA g ! in the voltage window of 0.01—2.5 V. Furthermore, a reversible capacity of about
203.7 mA h g~! can be remained after 50 cycles at 200 mAg .

© 2015 Published by Elsevier B.V.

1. Introduction

Taking into account the consumption of the fossil fuels and the
pollution of the greenhouse gas emissions, it has created a demand
to seek the new energy storage systems and renewable energy
resources, such as solar power, water power and so on. Lithium ion
batteries (LIBs) have been considered as the next generational en-
ergy storage and conversion devices with high energy and power
density [1,2]. LIBs have been widely used in the electronics industry
in the past two decades. However, with the development of the
electronics industry, the demand of the lithium ion batteries has
been significantly increasing. Although LIBs have an excellent
cycling performance and high energy density, there is an increasing
concern about the cost and the abundance of the lithium reserves
[3,4]. Therefore, many of scientists have already made great efforts
to explore a new energy storage device.

In view of the natural abundance and the electrode potential of
sodium resources, Na-ion batteries (NIBs) were considered as a
promising battery system to replace Li-ion battery [5—7]. The
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concept of sodium ion batteries was first proposed by Doeff et al.
[8]. However, because of the larger diameter of the Na-ion (0.97 A)
compared to Li-ion (0.68 A), it's difficult to develop the suitable host
for Na-ion storage [9]. Now, a major challenge in realizing NIBs was
the absence of suitable anode (negative) materials [7]. Hard carbon
and some graphite as anode materials for NIBs were reported,
however, they presented limited capacity at a high current rate
[10,11]. Our study and other group's research found that TiO,
nanostructures displayed a stable cycling stability for Na-ion stor-
age, but it's theoretical capacity is not high enough (ca.
170 mA h g ') [12—14]. Recently, some alloying (Sn and SnO,)
[15,16] and conversion reactions (CuO and MoS;) [17,18] anode
materials were studied, which exhibited a high initial capacity.
However, many of them suffered from poor cycling performance
due to the large volume change. In particular, a class of spinel AB;04
materials, for example, Co304 nanostructures were used as prom-
ising anode material for NIBs owing to its high theoretical capacity
0f 890 mA h g~! [19,20]. However, because of toxic nature of cobalt
and the volume change among the batteries charge and discharge,
Co304 has not been considered as an alternative anode material for
large-scale manufacture [21].

Ternary metal oxide, NiCo,04, has been reported that it has
more advantages in promoting the electrochemical performance
than those of binary nickel oxides and cobalt oxides [22—25].
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Nevertheless, the Na-ion storage performance of NiCoy04 was
relatively rare investigated [26—28]. Recently, it's demonstrated
that NiCo;O4 with two-dimensional nanosheets morphology
exhibited superior lithium storage performance [21,29,30]. How-
ever, the Na-ion storage properties of NiCo,04 nanosheets have
never been reported. In this study, ultrathin NiCo,04 nanosheets
with mesoporous structure and a large surface area were fabricated
by a facile method. When evaluated as anode material for sodium
ion batteries, the ultrathin NiCo,04 nanosheets exhibited a high
reversible capacity of 690.4 mA h g~ ! at 100 mAg~! and good rate
performance in the voltage window of 0.01-2.5 V.

2. Experimental section
2.1. Materials synthesis

Two kinds of porous NiCo,04 nanosheets with different micro-
structures, including ultrathin NiCo,04 nanosheets (NiCo204-UNSs)
and common NiCo,04 nanosheets (NiCo,04-NSs) were prepared by
a facile method under different reaction temperature. Synthesis of
ultrathin NiCo,04 nanosheets (NiC0o;04-UNSs): 1 mmol of
Ni(NOs3),-6H20, 2 mmol of Co(NOs);-6H,O and 4.5 mmol of
hexamethylenetetramine are dissolved in the solution, consisting
of 20 mL ethanol and 40 mL deionized (DI) water, then transferred
into 100 mL Teflon-lined. After that, the solution was stirred at
90 °C for one day under magnetic stirrer. After cooling to room
temperature, the precipitates were collected by centrifugation and
washed with DI water and ethanol for several times. The product
was then dried in the blast oven at 60 °C for 12 h. Finally, the
product was annealed at 350 °C for 2 h in air in order to obtain
NiCo,04-UNSs. Synthesis of NiCo,04 nanosheets (NiCo;04-NSs):
the synthesis process was similar to that of NiCo,04-UNSs besides
that it was putted into stainless steel autoclave and heated at 150 °C
for two days in the blast oven.

2.2. Characterizations of the samples

Scanning electron microscopy (SEM, SU8000 instrument) and
Transmission electron microscopy (TEM, FEI F20 S-TWIN instru-
ment) were applied for the structural characterization of the
resulting nanosheets. X-ray diffraction (XRD) patterns were recor-
ded on a PANalytical X'Pert spectrometer using the Co Ko radiation
(A = 1.78897 A), and the data were changed to Cu Ko data. N;
adsorption—desorption analysis was measured on a Micro-meritics
Tristar II 3020 instrument (USA). The pore size distributions of the
as-prepared samples were analyzed using the Barrett Joyner
Halenda (BJH) method.

2.3. Electrochemical measurements

For the electrochemical measurement of sodium half-cells, both
of mesoporous NiCo,04 nanosheets were admixed with acetylene
black carbon and polyvinylidene fluoride (PVDF) binder in a weigh
ratio of 70:20:10. The mixtures were spread and pressed on copper
foil circular flakes as working electrodes (WE), and dried at 120 °C
in vacuum for 12 h. Sodium ion batteries were assembled in coin-
type cells (CR 2025) with a Na metal foil as the counter electrode,
glass fiber separator (Whatman GF/F), and 1 M NaClOy4 in ethylene
carbonate (EC) and diethyl carbonate (DEC) (1/1 in volume) as the
electrolyte. The cells were assembled in a glove box filled with
highly pure argon gas (O, and H,O levels < 1 ppm), and charge/
discharge tests were performed in the voltage range of 0.01-2.5 V
(Na'/Na) on a Land automatic batteries tester (Land CT 2001A,
Wuhan, China). Cyclic voltammetry (CV) measurements were per-
formed on Zennium (Zahner).

3. Results and discussion

Two kinds of the NiCo;04 nanosheets with different micro-
structures, including ultrathin NiCo,04 nanosheets (NiCo204-UNSs)
and common NiCo,04 nanosheets (NiCo;04-NSs), were synthe-
sized under different reaction temperature. The crystalline struc-
ture and phase purity of the NiCo,04 materials were characterized
by XRD. Fig. 1 shows the XRD patterns of the NiCo,04 nanosheets.
Eight distinct diffraction peaks are observed at 26 values of 19.3°,
31.2°, 36.8°, 38.5°, 44.8°, 55.8°, 59.3°, and 65.2° can be indexed to
the (111), (220), (311), (222), (400), (422), (511), and (440) crystal
planes of NiCo,04 (JCPDS No. 20-0781), respectively. Moreover, no
other impurity peaks were observed from the XRD patterns, which
revealed that both of the two samples were pure spinel NiCo,04. It
could be observed from Fig. 1 that NiCo204-UNSs prepared under
90 °C exhibited much broader diffraction peaks than that of
NiCo,04-NSs prepared under 150 °C, indicating the smaller crys-
tallite size of this material. In addition, the average sizes of
NiC0,04-UNSs and NiCo,04-NSs were calculated to be ca. 10 nm
and ca. 13 nm, respectively, using the Scherer equation based on
(311) diffraction peak from Fig. 1.

The low-magnification and high-magnification scanning elec-
tron microscopy (SEM) images of the NiCo,04-UNSs were depicted
in Fig. 2a and Fig. 2b. It's shown clearly that the numerous nano-
sheets interconnected with each other were formed. The porous
nature of nanosheets could be observed for the high-magnification
SEM image (Fig. 2b). From a top view SEM image (inset of Fig. 2b), it
could be revealed that the thickness of the ultrathin nanosheets
was found to be less than 10 nm. The transmission electron mi-
croscope (TEM) images were used to further characterize the
microstructure of the nanosheets, as shown in Fig. 2c and d. It could
be clearly observed that NiCo204-UNSs are constructed by NiCo,04
nanoparticle subunits interconnected to each other, leading to the
formation of a large number of interparticle pores. Such porous
nanostructures could provide extra space to store more sodium
ions and high level of contact between the electrode and electro-
lyte. Fig. 2d shows the HRTEM image of NiCo,04-UNSs, which
obviously reveals the clear lattice fringes of ca. 0.25 nm, corre-
sponding to the (311) crystal plane of spinel NiCo,04. In order to
compare with the NiCo,04-UNSs, the SEM and TEM images of
NiCo,04-NSs are shown in Fig. 3. NiCo,04-NSs synthesized under
150 °C also have a nanosheet morphology with porous structure, as
depicted in Fig. 3a and b. However, such nanosheets display a larger
thickness (about 20 nm) than that of NiCo,04-UNSs. Meanwhile,
TEM image (Fig. 3c) further revealed that the nanosheets were
composed of nanoparticle subunits. The porous nature could be
further opened up from the HRTEM image (Fig. 3d), and the clear
lattice fringes of the (220) crystal plane for the NiCo,04-NSs with a
spacing of ca. 0.29 nm can be also observed. Herein, the results

10 20 30 40 50 60 70
2 Theta (degree)

Fig. 1. XRD patterns of the NiCo,04-UNSs and the NiCo,04-NSs synthesized at 90 °C
(a) and 150 °C (b).
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Fig. 3. SEM (a—b), TEM (c) and HRTEM (d) images of the NiCo,04-NSs. The inset (b) is a high magnification SEM image.
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Fig. 4. Nitrogen adsorption/desorption isotherms and BJH pore size distributions (inset) of the NiCo,04-UNSs (a) and the NiCo,04-NSs (b).

demonstrate that the porous NiCo;04 nanosheets with different
thickness were successfully prepared.

To confirm the porous nature of the NiCo,04 nanosheets, the
nitrogen adsorption—desorption isotherms were measured, as
presented in Fig. 4. Both of the isotherms in Fig. 4a and b can be
categorized as same type of isotherm (type IV) with H1 hysteresis
loop, which indicates a characteristic mesoporous structure. As
shown in the insets of Fig. 4a and b, the mesoporous structure of

the NiCoy04 UNSs and NSs are further confirmed by the Bar-
rett—Joyner—Halenda (BJH) pore size distribution data. It is worth
mentioning that the pore size distribution of the NiCo,04-UNSs is
relatively narrow with most of the pore size around 5 nm, but the
pore distribution of the NiCo,04-NSs is evenly distributed in the
range of 5—10 nm. Thus, it's suggested that the pore size distribu-
tion of the NiCo,04-UNSs is more uniform than the NiCo;04-NSs. In
addition, the Brunauer—Emmett—Teller (BET) surface area and pore
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Fig. 5. (a) First five consecutive CV curves of the NiCo,04-UNSs at a scan rate of 0.5 mV/s, galvanostatic discharge and charge profiles at the 1st, 2nd and 5th cycle of NiCo,04-UNSs
(b) and NiCo,04-NSs (c), (d) rate performance for the NiCo,04-UNSs (blue) and the NiCo,04-NSs (red) at the current densities from 100 to 1000 mA/g, (e) cycling performance of the
NiCo,04-UNSs electrode at a current density of 100 and 200 mA/g. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article).
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volume of the NiCoy04-UNSs are 119 m? g! (67 m? g~ ! for
NiC0,04-NSs) and 0.31 cm® g~! (0.21 cm® g~! for NiC0,04-NSs),
respectively. Because the more outstanding mesoporous feature
and larger surface area facilitate the Na™ ion diffusion and inter-
calation as well as well contacts between electrode-electrolyte, it's
expected that the NiCo,04-UNSs could present more excellent
electrochemical performance than the NiCo;04-NSs.

In order to test the electrochemical performance of the UNSs,
the cyclic voltammetry (CV) was conducted. Fig. 5a shows the first
five CV curves of the NiCo,04 UNSs in the potential window of
0.01-2.5 V. In the first cycle of the NiCo;O4 UNSs, as shown in
Fig. 53, the intense cathodic peak located at 0.4 V may result from
the reduction of mixed oxide to metallic Co and Ni, respectively.
The anodic peak is observed at 1.5 V, which could be attributed to
the oxidation of metallic Ni and Co to nickel oxides and cobalt
oxides. In the next four cycles, the redox peaks around 0.6 V and
1.6 V correspond to the reduction and oxidation of the nickel oxides
and cobalt oxides [24,31]. This result is corresponding to the pre-
vious reports [26—28]. In other words, the Na-ion storage process
for NiCo,04 electrode is similar to that of Li-ion.

Fig. 5b and c¢ show the charge—discharge profiles of the
NiCo,04-UNSs and NiCo,04-NSs electrodes at a current density of
100 mA g~ ! in the potential window of 0.01—2.5 V, respectively. In
the first discharge process, both of the electrodes exhibit a potential
plateau around 0.2 V, which may be due to the phase decompose of
the spinel structure. Similar results were also found for Co304
anode for Na-ion storage [31]. In Fig. 5b, the first discharge capacity
of the NiCo,04-UNSs canreach 1143.5mAh g*l and the consequent
charge capacity can reach 690.4 mA h g~!. Meanwhile, the capacity
reduced gradually with the increase of the cycle number, the
discharge and charge capacity were reduced to 563 mA h g~ and
507.2 mA h g~ ! at the fifth cycle. As for NiCo204-NSs (see Fig. 5¢),
the first discharge capacity of the NSs is 10171 mA h g~ ! and the
consequent charge capacity is 557.4 mA h g~. Similarly, the dis-
charge—charge capacity also reduced to 3089 mA h g~ ! and
278.2 mA h g at the fifth cycle. Thus, the initial coulombic effi-
ciency of the NiCo,04 UNSs and NSs are a little low, but it was
remarkably improved after five cycles, close to 100%. This may be
due to the irreversible reaction for the electrode material and solid
electrolyte interface (SEI) formed on the surface of the electrode at
the first cycle [27,28]. It could be also obtained that the capacity of
the NiCo,04-UNSs decayed more slowly than that of NiCo04-NSs.
Next, the current rate capability of the UNSs and NSs were
measured, respectively. As shown in Fig. 5d, NiCo,04-UNSs exhibit
much better rate capability than that of NiCo,04-NSs at different
current densities ranging from 100 to 1000 mA g~ . At the current
density of 1000 mA g~ !, the NiCo,04-UNSs still delivers a reversible
capacity of 141.8 mA h g, while the capacity of NiCo,04-NSs was
only 57.2 mA h g~ ! at the same condition. The enhanced sodium-
ion storage performance of NiCo,04-UNSs could be largely due to
the larger surface and more outstanding mesoporous feature,
which provide much more active sites and a better accessibility for
the electrolyte, leading to a high reversible capacity and improved
rate capability. Fig. 5e presents the cycling performance of the
NiCo,04-UNSs at a constant current rate of 200 mA g~ . Before 20
cycles, the capacity of the UNSs reduces relatively quickly, but the
capacity tended to keep relatively stability after the consequent
cycles. Furthermore, a reversible capacity of about 207.1 and
203.7 mA h g~! can be remained after 50 cycles at 100 and
200 mAg ', respectively.

4. Conclusions

In conclusion, two kinds of the NiCo,04 nanosheets (NiCo;04-

UNSs and NiCo204-NSs) composed of interconnected nanoparticles
with different microstructures were controllably synthesized by a
facile method. NiCo;04-UNSs with ultrathin thickness have a
mesoporous structure, large surface area (119 m? g~ ') and narrow
pore distribution (around 5 nm). Then, these NiCo,04 nanosheets
were used for the first time as the anode materials for NIBs.
NiCo,04-UNSs exhibited a high reversible capacity of
690.4 mA h g~! at 100 mAg~! in the voltage window of 0.01-2.5 V
and good rate performance. The enhanced sodium-ion storage
performance of NiCo;04-UNSs could be largely due to the larger
surface and more outstanding mesoporous feature, which provide
more active sites and a good accessibility for the electrolyte, leading
to a high reversible capacity and better rate capability.
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