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HIGHLIGHTS

e Porous Co304 hexagonal nanodiscs were prepared by a template-free hydrothermal method.
e The Co304 hexagonal nanodiscs are about 20 nm in thickness and the pore diameters range from several nm to 30 nm.
e The Co304 hexagonal nanodiscs exhibit excellent electrochemical performance as anode materials for lithium ion batteries.
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In this article, two-dimensional, Co304 hexagonal nanodiscs are prepared using a hydrothermal method
without surfactants. X-ray diffraction (XRD), scanning electron microscopy (SEM), and transmission
electron microscopy (TEM) have been employed to characterize the structural properties. As revealed by
the SEM and TEM experiments, the thickness of our as-fabricated Co304 hexagonal nanodiscs is about
20 nm, and the pore diameters range from several nanometers to 30 nm. As an anode for lithium-ion
batteries, porous Co304 nanodiscs exhibit an average discharge voltage of ~1 V (vs. Li/Li") and a high
specific charge capacity of 1161 mAh g~ after 100 cycles. They also demonstrate excellent rate perfor-
mance and high Columbic efficiency at various rates. These results indicate that porous Co304 nanodiscs
are good candidates as anode materials for lithium-ion batteries.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

High energy storage systems are needed to reduce our reliance
on fossil fuels and minimize environmental pollution associated
with the use of fossil fuels [1]. Because of the high energy density,
long cycle life, and flexible design, lithium-ion batteries have
become the dominant power sources for high-end consumer
electronic devices such as cell phones, laptop computers, and, more
recently, hybrid and electrical vehicles. However, the need to pro-
vide higher energy and power levels becomes more acute with
rapidly increasing demand for applications such as long-range
electrical vehicles. The specific capacity achievable with conven-
tional graphite anodes used in commercial lithium-ion batteries is
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limited (<370 mAh g~1). Various materials—for example, graphitic/
non-graphitic carbons [2], silicon- or tin-based lithium alloys [3—
6], transition-metal oxides [7—10], and nitrides [11]—have been
studied as alternative anode materials for lithium-ion batteries
because they can provide higher capacities. As an important p-type
semiconductor, cobalt oxide has gained extensive interest as an
anode material for lithium-ion batteries because of its high theo-
retical capacity (890 mAh g~') [12,13]. However, the electro-
chemical performance, such as specific capacity and cycling
stability, degrades rapidly because of the large volume expansions/
contractions associated with the lithium-ion injection and extrac-
tion processes [14—16] and side reactions, such as the reductive
decomposition of the electrolyte [17]. Nanomaterials are favored
because of their novel properties, such as larger surface areas,
shorter lithium-ion-diffusion and electron-transportation dis-
tances, and better ability to accommodate volume changes that
occur during charge/discharge cycles [15]. Therefore, enabling
long-term cycle stability of a Co304-based anode material is still a
significant challenge. Up till to now, Co304 nanomaterials of
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different morphologies, such as zero-dimensional nanoparticles
[18]; one dimensional nanowires [19—21]; nanorods [22,23];
nanotubes [23,24]; nanoneedles [25], two-dimensional nanodiscs,
nanosheets, nanomesh, or nanoplatelets [26—29]; three-
dimensional nanocubes; and hierarchical nanoflowers [17], have
been fabricated. It has been found that capacity, rate capability, and
capacity retention are strongly dependent on the morphologies of
the Co304 nanomaterials. Nanomaterials with porous structures
have attracted much attention because they possess higher surface
areas and available pathways for rapid penetration of electrolytes
[24,25,29]. Wang et al. [29] reported successful synthesis of a two-
dimensional functional Co304 nanomesh with the highest docu-
mented surface area (382 m? g') and an extremely high specific
capacity (~1800 mAh g~'). However, the capacity quickly fades to
~800 mAh g~ ! at 50 cycles, and the Columbic efficiency is relative
low (90%). This performance degradation is probably associated
with electrolyte decomposition and side reactions caused by the
high surface area. Therefore, better cycling stability would be ex-
pected for materials with lower surface areas. Also, the purity of the
active materials is another key factor to obtaining stable perfor-
mance. To synthesize a nanoparticle with a particular shape, a
surfactant typically is employed as a soft template during synthesis
[17,30,31]. However, the surfactant must be removed, and incom-
plete removal may result in inferior performance of the material
because of the impurity and low crystallinity. Introduction of the
surfactant removal process makes fabrication more complicated
and expensive.

In this article, we report a facile approach for synthesizing
porous Co304 hexagonal nanodiscs without using a surfactant. Our
as-prepared nanomaterials have low surface areas and a high pu-
rity, which reduces side reactions, such as electrolyte decomposi-
tion. The structure of the Co304 nanodiscs is characterized and
excellent electrochemical performances of the Co3z04 nanodiscs
after activation are reported.

2. Experimental section

Co(OH); nanorods as the precursor for Co304 were prepared
using a hydrothermal process. Co(NO3),-6H,0 (1.26 g) was dis-
solved in 20 mL distilled water, and then, a 20-mL NaOH (0.432 g)
aqueous solution was added drop by drop. The mixture was stirred
30 min to form a brown color before it was transferred to a 40-mL,
teflon-lined, stainless-steel autoclave. The reaction was maintained
at 140 °C for 12 h. After cooling to room temperature, Co(OH); that
had precipitated from the solution was washed with distilled water
and collected by vacuum filtration several times. The resulting film
was dried under vacuum at 80 °C overnight and then baked in air at
450 °C for 2 h.

The crystalline structure of the as-prepared Co(OH), precursor
and its annealed products in air were determined by XRD analysis
using a Scintag XDS2000 #—6 powder diffractometer equipped with
a germanium (lithium) solid-state detector and a copper Ko sealed
tube (1 = 1.54178 A). The samples were scanned in the range be-
tween 10° and 70° (26), with a step size of 0.02° and an exposure
time of 10 s. SEM analysis was carried out on an FEI Helios 600
Nanolab FIB-SEM, 3 KV to characterize the particle morphology,
while TEM analysis was carried out on a Jeol JEM 2010 microscope
fitted with a LaBg filament and at an acceleration voltage of 200 kV.
Nitrogen adsorption—desorption measurements were conducted at
77 K (NOVA 4200e, Quantachrome Instruments). Co304 was
degassed at 200 °C for 18 h before adsorption and desorption
measurements. The sample weight for nitrogen adsorption—
desorption analysis is about 200 mg.

To prepare the electrode, Co304 was mixed with Super P carbon
and poly(vinylidene fluoride) (PVDF) binder (at a weight ratio of

8:1:1) in N-methyl-2-pyrrolidone to make a slurry that was cast
onto copper foil and dried in a vacuum oven at 100 °C overnight.

Electrodes were tested in coin cells (2325 coin cell, National
Research Council, Canada) assembled in a glove box (MBraun, Inc.)
filled with ultra-high-purity argon. The cells used polypropylene
membrane (Celgard 3501) as the separator, lithium metal as the
anode, and 1-M LiPFg in ethyl carbonate/dimethyl carbonate (1:1 v/
v) as the electrolyte. The electrochemical performances of the
electrodes were evaluated in an Arbin Battery Tester BT-2000
(Arbin Instruments) at room temperature. The cobalt oxides cells
were tested in a voltage range of 0.01-3 V vs. Li/Li™ at various
charging/discharging rates. The capacity reported in this work is
based on the total weight of Co304 and conductive carbon. The
loading of the cathode materials is 1—2 mg cm~2 with the thickness
of 5 um.

3. Results and discussions

Fig. 1 shows the XRD patterns for the hydrothermally prepared
precursor and its annealed products in air at 450 °C for 2 h. Most of
the precursor’s peaks, assigned to Co(OH), (JCPDS card No. 45-0031,
space group P — 3m1), have been indexed. However, a small amount
of Co304 phase also is detected as indicated by the arrows, sug-
gesting that the Co®t has been partially oxidized to Co>* in the
precursors. The XRD pattern for the annealed sample aligns well
with the standard XRD pattern of Co304 (JCPDS card No. 43-1003,
space group Fd3m), and no other phase is detected. This result in-
dicates full oxidation of Co?" and the high purity level of the Co304
nanodiscs.

Fig. 2 shows the morphologies and structure information of as-
prepared Co3z04 nanodiscs. As shown in Fig. 2a, most of the particles
are hexagonal in shape with some small particles attached on the
surface. Large spaces between hexagonal nanodiscs also are
observed clearly. Fig. 2b shows the TEM image of nanodiscs. The
cross section of the nanodiscs is well-presented with a thickness of
~20 nm. Fig. 2c and d shows the face-up TEM images for Co304
nanodiscs. The width of the nanodisc is ~200 nm. We also observe
that these nanodiscs exhibit a porous structure with the pore size
ranging from a few nanometers to ~20 nm.

Fig. 3 shows the nitrogen adsorption—desorption isotherms and
the pore size distributions for Co304 nanodiscs. Using the Bru-
nauer—Emmett—Teller (BET) method, the surface area of the Co304
hexagonal nanodiscs is measured to be 60 m? g~ 1. According to the
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Fig. 1. XRD patterns of the precursor (a) prepared by hydrothermal method and (b) its
annealed product in air at 450 °C for 2 h.
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300 nm

Fig. 2. SEM image (a) and TEM (b, c, d) images of Co304 nanodiscs annealed in air at 450 °C for 2 h.

pore size distribution and the isotherms, most of the pore sizes
range from 2 to 30 nm. This result correlates well with TEM results
indicating that most of the pores are relatively large in size. The
pore volume is 0.233 cm® g~ . All of these characteristics favorably
accommodate the volumetric changes that occur in electrode ma-
terials during charge/discharge cycles. Furthermore, the relative
low surface area would reduce the risk of electrolyte decomposition
and increase the Columbic efficiency [16].

Fig. 4 shows the cycling performance of Co304 nanodiscs when
cycled between 0.01 and 3 V vs. Li/Li" at a current density of
100 mA g~ !. The initial discharge and charge capacities of the Co304
nanodiscs are of 1417 mAh g~ ! and 1023 mAh g, respectively,
based on the total weight of Co304 and conductive carbon. This
value is larger than the theoretical capacity of 890 mAh g~! for
Co304. The extra capacity measured in this work can be attributed
to the initial solid electrode interface (SEI) structure stabilization
during the formation process. Our nanodisc electrode has a much
better initial Columbic efficiency (72%) when compared with that of
the nanomesh electrode (~50%) [29].

The better reversibility exhibited by our porous Co304 nano-
discs can be attributed to their much lower surface area. As
indicated by nitrogen adsorption—desorption measurements, the
Co304 nanodiscs have a surface area of 60 m? g~ 1. The capacity
decrease for the first cycles can be attributed to the formation of
the SEI layer and the consumption of electrolytes. After 5 cycles,
the capacities begin to increase steadily. The Columbic efficiency
increases to 99% after 4 cycles and remains very stable. After 100
cycles, the specific discharge/charge capacities are 1180 mAh g~!
and 1161 mAh g, respectively. This improvement is attributed
to the activation process of the electrode materials by deeper
cycling and electrochemical grinding. A similar phenomenon was

observed by Xia and co-workers in hollow Co304 nanowire arrays
[21]. In their report, the capacities continue to increase to 1000
cycles, at which point the capacities become quite stable. After
activation, the specific capacities detected at various rates
doubled. The high reversible capacity beyond the theoretical
capacity can probably be attributed to the porous structures of
the nanodiscs. In the nanostructured systems, lithium surface
storage may play an important role in the overall capacity [32].
The pores within the nanodiscs can provide extra sites for the
lithium surface storage during cycling, thus higher capacity
larger than the theoretical capacity are delivered. Similar phe-
nomenon has been reported for nanometer-sized LigTi5Oq3
electrodes in activated carbon/LisTis01; batteries based on
nonaqueous electrolytes [33]. The specific capacities obtained in
our work are three times more than the theoretical capacity of
commercially used graphite (372 mAh g~') anode [13]. This
result also is better than the electrochemical performance re-
ported for pompon-like microspheres [30], which exhibit a rapid
decrease in capacity after 30 cycles and deliver a specific capacity
of 800 mAh g~! after 50 cycles. Porous Co304 nanoneedle arrays
prepared directly on copper foil [25] exhibit ultra-fast charging/
discharging performance. However, only 70% percent of the first
charge capacity is retained. This decrease in performance is
attributed to the presence of broken nanoneedle thin tips in the
electrolyte. As mentioned above, porous nanomesh electrodes
show extremely high capacities at the initial cycles; however, it
degrades rapidly to 800 mAh g~ ! after 50 cycles [29]. In our case,
the charge capacities continue to increase, which suggests that
the two-dimensional Co304 nanodiscs are better at maintaining
the integrity of the nanoparticles. Fig. 4b shows the discharging
and charging curves for the 1st, 20th, 50th, and 100th cycles. In
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Fig. 3. Nitrogen adsorption—desorption isotherms (a) along with the corresponding
pore size distributions (b) of the Co304 nanodiscs calcined at 450 °C.

the first discharge curve, two well-defined voltage plateaus at
approximately 1.2 and 1.0 V correspond to the reduction pro-
cesses to CoO and metallic cobalt [34,35]. According to Fig. 4b, it
seems that the increased capacity is attributed to the increased
lithiation capacity above ~1.2 V by comparison of the 20th, 50th
and 100th cycles. The results can be explained by the decreased
polarization of the Co304 nanodiscs electrode upon cycling. Ac-
cording to the TEM images, nanopores are clearly observed
within the Co304 nanodiscs. It is believed that the wettability of
the Co304 nanodiscs can be improved upon cycling and electro-
chemical grinding, thus lower polarization can be achieved.

Fig. 5 shows the rate capability of Co304 nanodiscs between
0.01 and 3 V vs. Li/Li*. After discharging/charging at 100 mA g~
for 5 cycles, the electrode cycled at a current density of
500 mA g~ . The continuous capacity increase is similar to the
phenomenon shown in Fig. 4. The improved wettability of the
electrolyte—solid electrode interphase and the activation of the
electrode materials by cycling would be the main reasons for the
capacity increase. At the 50th cycle, a specific charge capacity of
1009 mAh g~! was delivered. After another 50 cycles at 1 A g1,
the nanodiscs released a specific charge capacity of 926 mAh g,
The electrodes then were discharged/charged for 50 cycles at a
current densityof 2Ag~',4Ag~!, and 8 A g~! and demonstrated
a specific charge capacity of 800 mAh g~!, 560 mAh g, and
347 mAh g, respectively. After 250 cycles, the current density
decreased to 500 mA g~ . It exhibits an extremely high specific
charge capacity of 1086 mAh g, nearly 100% Columbic effi-
ciency, and good cycle stability. To the best of our knowledge, this
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Fig. 4. The cycling performance (a) of Co304 nanodiscs and (b) the discharge/charge
curves of 1st, 20th, 50th, and 100th cycles at 100 mA g~ between 0.01 and 3 V vs. Li/
Lit.

performance is among the best ever reported for a cobalt-based
anode. These results demonstrate that porous hexagonal nano-
discs show promise as anode materials for lithium-ion batteries.
The excellent rate capability and cycle stability are attributed to
following factors: (1) the high purity and the relatively small
surface area decrease the risk of electrolyte decomposition; (2)
the nano-sized thickness (~20 nm) of the hexagonal nanodiscs
reduces the lithium ions diffusion and electron-transportation
distances; (3) the porous structures within the hexagonal
nanodiscs facilitate the electrolyte penetration and provide extra
sites for lithium surface storage.
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4. Conclusions

In summary, we have successfully fabricated Co304 hexagonal
nanodiscs by annealing a hydrothermally prepared Co(OH), pre-
cursor (without using any surfactant) in air at 450 °C for 2 h. The as-
synthesized Co304 porous nanodiscs are ~20-nm thick, and the
surface area is 39 m? g~ L. The pore size of the porous Co30,4 ranges
from a few nanometers to 20 nm. The Co304 nanodiscs exhibit a
specific charge capacity of 1161 mAh g~ after 100 cycles at a cur-
rent density of 100 mA g~ ! and good reversibility. It delivers spe-
cific charge capacities of 1009, 926, 800, 560, and 347 mA h g~ ! at
current densities of 0.5, 1, 2, 4, and 8 A g™, respectively. These re-
sults demonstrate that porous Co304 nanodiscs synthesized using
our template-free method are promising anode materials for
lithium-ion batteries.
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