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ABSTRACT: Through a facile hydrothermal method with a special surfactant triethanolamine (TEA) followed by thermal
treatment, monodispersed micro-/nanostructured Co;0, powders with unique morphology (cube) have been synthesized
successfully as anode material for Li-ion batteries (LIBs). The regular Co;0, microcubes (~2.37 ym in the average side length)
consist of many irregular nanoparticles (20—200 nm in diameter, 30—40 nm in thickness) bonded to each other, which greatly
inherit the morphology and size of the precursor CoCO;. The specific surface area of Co;0, powders is about 5.10 m*-g~" by the
Brunauer—Emmett—Teller (BET) method, and the average pore size is about 3.08 nm by the Barrett—Joyner—Halenda (BJH)
method. In addition, the precursor is verified as a single-crystal, while the mesoporous cubic Co;O, is a polycrystalline
characteristic assembled by numerous single-crystal nanoparticles. More remarkable, the high performance of the micro-/
nanostructured cubic Co;0, powders has been obtained by the electrochemical measurements including high initial discharge
capacities (1298 mAhg ™" at 0.1 C and 1041 mAhg™" at 1 C), impressive rate capability, and excellent capacity retention (99.3%,
97.5%, 99.2%, and 89.9% of the first charge capacities after 60 cycles at 0.1 C, 0.2 C, 0.5 C, and 1 C, respectively).
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B INTRODUCTION

High performance Li-ion batteries (LIBs) for application in
electric vehicles (EVs) and hybrid electric vehicles (HEVs)
require the development of new electrode materials with good
cyclin§ stability, high energy density, and rapid-rate capa-
bility.”* Transition metal oxides™ (Co,0,,> Co0,° Fe;0,
Fe203,8 NiO,” MnO," CuO,"! Cu,0,"? et al.) are accounted as
promising anode materials for these LIBs owing to the higher
theoretical capacities (>600 mAhg™") than commercial graphite
(<372 mAhg™"'). Among them, Co;0,, which can store eight
lithium atoms per formula unit and possess almost the highest
reversible capacity (~890 mAhg™'), has been extensively
investigated for many years.>”"> Nevertheless, its capacity
retention is barely satisfactory due to its large volume expansion
upon insertion of lithium-ions and poor electrical conductiv-
ity.'® With the purpose of improving the cycling stability, many
researchers have focused on studying nanostructures such as
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nanospheres,17 nanowires,'® nanoplatelets,19 nanorods,”® nano-
sheets,*"** nanocages,23 nanotubes,”* nanocubes,>**® and some
other more complex ones.””?® The results indicated that the
initial charge capacities increased obviously (mostly between
800 mAhg™' and 1000 mAhg™"), and the capacity retention
ratios were improved (>85% after 40 or 50 cycles) at low rates
such as 0.1 and 0.2 C. Basically, three superiorities of the
nanostructured materials are here as follows: (1) the huge
surface area increases the area of interface and the number of
reaction sites between electrolyte and active materials; (2)
compared to normal sized particles, the nanoscale components
can make diffusion lengths to be shorter and lithium-ions to
diffuse much easier; (3) along with lithium-ions inserting and
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Scheme 1. Preparation Process and Possible Growth Mechanism of Mesoporous Co;0, Cubes with Micro-/Nanoscale
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extracting, the big interior space among nanoparticles can
accommodate the volume expansion much better.”” However,
the data at high rates such as 1 and 2 C with long cycles (>30
cycles) were very rare in the literature. In other words, the
cycling stability of nanostructured Co;O, may be still imperfect
at fast discharge and charge process. Some new problems would
be brought at the moment: (1) the nanoscale ingredients
perhaps agglomerate and fuse easily due to the excessive surface
energy; (2) it is easy to increase side reactions and byproducts
with too many reaction sites.>® Therefore, researchers had to
mix Co;0, with other anode materials such as carbon,'®?’
carbon nanotubes,” and graphene’®** to enhance its rate
capability; and it is still a great challenge to synthesize a single
Co;0, anode with high reversible capacity, excellent rate
capability, and improved capacity retention simultaneously.

On the other hand, micro-/nanostructured materials, which
are constituted to microscale particles by nanoscale compo-
nents orderly, can both inherit the advantages of nanomaterials
and avoid all of their above shortcomings due to the synergetic
effect of integral microstructures, short diffusion lengths among
the nanoblocks, and enough small openings to buffer the
volume variation.***” $n0,/C double-shelled hollow spheres
have been synthesized by Lou et al>® The special spheres
possess good cycling stability (73% of the initial charge capacity
after more than 100 cycles at 0.8 C), and CoMn,0, spinel
hierarchical microspheres (4—6 ym in diameter) consisting of
many porous nanosheets (~350 nm in thickness) have
achieved enhanced rate capability (894 mAhg™, 94.9% of the
second discharge capacity after 65 cycles at 100 mAg™).* In
addition, multishelled Co;O, hollow microspheres have been
prepared with a good cycle ability (e.g. the discharge capacity of
the quadruple-shelled one remained as high as 1011.5 mAg™"
after 30 cycles at 50 mAg™').** However, it is a pity that its
electrochemical performance was still not tested at high rates or
large current densities with long cycles.

Herein, we have successfully synthesized unique micro-/
nanostructured Co;0, through a facile hydrothermal method
followed by thermal treatment as anode material for LIBs. The
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Co;0, powders inherit the special morphology of precursor
CoCO; and obtain mesoporous structure after heat treatment.
After being evaluated, the superior electrochemical perform-
ance with impressive rate capability and excellent capacity
retention is proved as expected.

B EXPERIMENTAL SECTION

Materials. All reagents are the analytical grade without further
purification. The Co(CH;C0O0),-4H,0 (molecular weight 249.10)
and CO(NH,), (molecular weight 60.06) were used as source
materials, and the triethanolamine (TEA) ((HOCH,CH,);N,
molecular weight 149.19) was used as surfactant.

Synthesis of CoCO; Cubes. As a typical synthesis, cobaltous
acetate (2.50 g), carbamide (3.00 g), and TEA (2.00 g) were dissolved
in deionized water step-by-step under vigorous stirring to obtain 100
mL of transparent solution. Then, it was transferred into a Teflon-
lined stainless steel autoclave (140 mL), and a thermal treatment was
performed for the sealed autoclave in an electric oven at 160 °C for 6
h. After the reaction was over and the autoclave was cooled naturally,
the pink powders in the autoclave were collected and washed by
centrifugation for three cycles using deionized water and three cycles
using pure ethanol. At last, they were dried in a vacuum oven at 60 °C
for 24 h.

Synthesis of Mesoporous Co;0, Cubes. In the event of the
conversion from the precursor to mesoporous Co;0, cubes, another
thermal treatment was performed in air at 600 °C for 10 h with a
heating ramp of 10 °C-min~". Then, the black powders were collected
and attired by hand.

Characterization of the Samples. The crystal phases of samples
were characterized by X-ray powder diffraction (XRD) (Rigaku, D/
Max-2000) using CuKa radiation with a graphite monochromator at a
scanning rate of 1°min~" with 2theta in the range of 10°—80°. The
particle sizes and distributions were analyzed by the laser particle size
analyzer (Malvern 2000, measurement range: 0.01—1000 ym). The
surface area and pore size were calculated by the Brunauer—Emmett—
Teller (BET) method and the Barrett—Joyner—Halenda (BJH)
method using the specific surface area and porosity analyzer
(Quantachrome, NOVA 3200e). The micromorphologies and others
were observed by scanning electron microscope (SEM) (JEOL, JSM
6301, and JSM 5500) and transmission electron microscope (TEM)
(JEOL, JSM 2100, and FEI, Tecnai G2 F20).
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Electrochemical Characterization. The electrochemical per-
formance of mesoporous Co;0, microcubes as electrode materials
were evaluated using coin cells with lithium metal as the reference
electrodes. The working electrode was composed of Co;0,, acetylene
black (ATB), and polytetrafluoroethylene (PTFE) with a weight ratio
of Co;0,/ATB/PTFE = 7:2:1. The electrolyte solution is 1 mol-L™"
LiPF, dissolved in a mixture of ethylene carbonate (EC), propylene
carbonate (PC), and diethyl carbonate (DEC) with a volume ratio of
EC/PC/DEC = 3:1:1. The electrode capacity was measured by the
galvanostatic discharge—charge method at about 25 °C on the
electrochemical test instruments (Land, CT2001A). The cyclic
voltammogram (CV) was performed at a scan rate of 0.2 mV-s™' in
the range of 0.01-3.00 V (vs Li*/Li), and the electrochemical
impedance spectroscopy (EIS) was obtained over a frequency range
from 1 MHz to 0.01 Hz at AC voltage of 10 mV amplitude by
Electrochemical workstation (Princeton, Parstat2273).

B RESULTS AND DISCUSSION

Scheme 1 illustrates the preparation process and possible
growth mechanism of mesoporous Co;0, cubes with micro-/
nanoscale structures. Typically, this process includes two steps.
(1) Regular CoCOj microcubes are prepared with the influence
of CO(NH,), and TEA. Under the hydrothermal condition,
CO(NH,), molecules can hydrolyze homogeneously, and
CO;*" anions are released slowly; CoCO; molecules are
generated through the precipitation reaction of Co®* and
CO,*" with prolonging the reaction time. At first, a lot of
irregular particles as crystal nucleuses are formed at 1 h (Figure
Sla, Supporting Information). Second, the particles are induced
to grow to sheets at 2 h (Figure S1b, Supporting Information),
owing to the intrinsic lamellar structures of hexagonal CoCOs.
Its (100) and (010) facets possess higher chemical potential
than the other facets, and the crystal growth along the [100]
and [010] directions can be much easier to release more
energy.*' Then, the primary cubes are formed through the self-
assembly aggregation of sheets to reduce the interfacial energy
at 3 h (Figure Slc, Supporting Information).*"** Finally, due to
the impact of the weak alkaline surfactant TEA, which has a
favorable interaction with the cobalt ions and coats the CoCO4
particles well, the cubes continue to grow up to the well-defined
microcubes without aggregation at 4 h (Figure S1d, Supporting
Information). (2) After calcinated under 600 °C for 10 h, the
cubic CoCOj easily turns to mesoporous micro-/nano-
structured Co;0, owing to the decomposition reaction and
the release of gas CO,.""***

The X-ray powder diffraction (XRD) pattern of the as-
prepared precursor is shown in Figure 1. The diffraction peaks
are indexed as a pure hexagonal phase of CoCOj3, which match
well with the standard pattern (JCPDS no. 78-0209, space
group R3¢, a = b = 4.661 A, and ¢ = 14.961 A). The CoCO;
powders show a narrow size distribution (more than 90% in the
range of 1.00—3.30 ym), and the final average grain diameter is
about 2.37 (Figure 2). The specific surface area is about 0.81
m*g~" calculated based on the nitrogen adsorption isotherm
measurement data (Figure S2, Supporting Information) by the
Brunauer—Emmett—Teller (BET) method. Meanwhile, the
scanning electron microscope (SEM) and transmission electron
microscope (TEM) images are shown in Figure 3. The
morphology of the corresponding sample is a regular
monodispersed cubic shape (Figure 3a and Figure 3b) with
an edge length of about 1.00—3.00 ym, which is in accordance
with the above results obtained by the laser particle size
analyzer. Interestingly, the CoCOj; microcubes have very
smooth and dense surface (Figure 3c), and each of the
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Figure 1. XRD pattern of CoCO; powders.
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Figure 2. Size distribution of CoCO; powders.

microcubes is clearly composed of numerous superposed
nanosheets (30—40 nm in thickness, measured from Figure
3d). What is more, the single CoCO; microcube shows the
characteristic of a large degree of single-crystal shown, which is
evidenced by the selected area electron diffraction (SAED)
pattern with clear diffraction spots (Figure 3f, from circled area
in Figure 3e).

The XRD pattern of the calcined product is shown in Figure
4. The diffraction peaks also match well with the standard
pattern of cubic phase Co;O, (JCPDS no. 42-1467, space
group Fd3m, a = b = ¢ = 8.084 A), and no diffraction peaks of
other impurities are obtained. Meanwhile, the specific surface
area is calculated to be about 5.10 m*g™' from the data
obtained by BET nitrogen adsorption isotherm measurement
(Figure S3, Supporting Information), which is about 6 times
larger than the precursor owing to the new multiholes structure.
It is shown that the corresponding sample is also a regular cubic
shape with a mesoporous structure, greatly inheriting the
morphology and size of the precursor by the low-magnification
SEM images (Figure Sa and Figure Sb). Furthermore, in the
high-magnification SEM images with different angles as Figure
Sc and Figure 5d (the sample platform was rotated 45°), it is
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Figure 3. SEM images of CoCO; powders at magnifications of (a) 2
000, (b) 10 000, (c) 20 000, and (d) SO 000. (e) TEM image of
CoCO, powders. (f) SEAD pattern of CoCO; powders.
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Figure 4. XRD pattern of Co;0, powders.

evident that the single Co;O, microcube is assembled by
irregular nanoparticles bonded to each other with the diameter
range of 20—200 nm and the thickness form 30 to 40 nm by
measuring from its frontage and profile. At the same time, lots
of irregular pores can be clearly observed among the
nanoparticles, and the average pore size of 3.08 nm and
narrow size distribution (more than 90% in the range of 3.00—
10.00 nm) were calculated by the Barrett—Joyner—Halenda
(BJH) method (Figure S4, Supporting Information). The TEM
image in Figure 6a clearly indicates that the mesoporous Co;0,
microcube consists of irregular nanoparticles again, and it is a
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Figure S. SEM images of Co;0, powders at magnifications of (a) 10
000, (b) 20 000, (c) 50 000, and (d) 100 000.

Figure 6. (a) TEM image of Co;0, powders. (b), (c), (d), and (e)
SEAD patterns form the corresponding area of (a). (f), (g), and (h)
HRTEM images from different positions of (a).

polycrystalline phase shown by the SAED pattern with clear
irregular diffraction spots (Figure 6b, from circled area-b in
Figure 6a). However, the nanoparticles are different single-
crystal characteristics shown in Figure 6c, Figure 6d, and Figure
6e from the corresponding area in Figure 6a, and these SAED
patterns can be indexed to [001], [—111], and [0—13] zone
axes. In addition, the lattice fringes with lattice spacings of 0.29
nm, 0.47 nm, and 0.25 nm match well with (220), (111), and
(311) planes of cubic phase Co;O, shown by the high-
resolution transmission electron microscope (HRTEM) images
(Figure 6f, Figure 6g, and Figure 6h). In a word, the
mesoporous Co;0, microcube with a polycrystalline phase
perhaps consists of numerous nanoparticles with single-
crystalline nature.

The special structure endows the Co;0, electrodes with
excellent performance evaluated by various electrochemical
tests. The first five cyclic voltammograms (CV) were
investigated at the scanning rate of 0.2 mV-s™" over the voltage
range of 0.01-3.00 V (vs Li*/Li) (Figure 7). At the first cycle,
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Figure 7. First five cyclic voltammogram curves of Co;0, electrode at
a scan rate of 0.2 mV-s™' in the range of 0.01—3.00 V.

only a well-defined reduction peak is observed at about 0.60 V,
which may be caused by the initial irreversible reduction
reaction of Co;0, to Co [eq 1];>”*® and an obvious anodic
peak is recorded at about 2.24 V, which could arise from the
oxidation reaction of Co to CoO [eq 2].2"* In the subsequent
cycles, the reduction peaks are shifted to 0.86—0.92 V, which
corresponds to the other reduction reaction of CoO to Co [eq
3],27%%* but the oxidation peaks are observed at 2.24—2.36 V
with a little change corresponding to the same oxidation
reaction [eq 2]. It indicates that the electrochemical reaction is
excellent reversible after the first cycle. In addition, the intensity
of reduction peaks decreases after the second cycle due to the
formation of the irreversible solid electrolyte interface (SEI)
film and the irreversible reduction reaction.*

Co,0, + 8Li" + 8¢~ — 3Co + 4Li,O (1)
Co + Li,0 = CoO + 2Li" + 2~ ()
CoO + 2Li* + 2¢” — Co + Li,O (3)

The discharge and charge profiles of the micro-/nano-
structured Co;0, anode in the voltage range from 0.01 to 3.00
V (vs Li*/Li) at 0.1 C are shown in Figure 8. Similar to the
previous report,*® in the first discharge curve, the potential
value quickly falls to the plateau (~1.00 V), which may be
ascribed to the conversion from Co;0, to Co; and then
gradually declines to the cutoff voltage (0.01 V), which should
be associated with the formation of a polymer/gel-like film on
the surface of Co;0, particles.””*>*” It is shown that the initial
discharge and charge capacities are 1298 mAhg™' and 986
mAhg ™, respectively, and the irreversible capacity loss may
arise from the formation of the SEI film (irreversible reactions)
during the first discharge cycle.*”*® The following discharge/
charge curves tend to be stable, the 10th and 30th cycle
processes exhibit similar electrochemical behavior with an
approximate charge capacity between 1060 mAhg ™' and 1173
mAhg ™!, and then the 60th charge capacity slowly decreases to
980 mAhg™". All of the capacities as above are larger than its
theoretical total capacity (890 mAhg™'), that it is probably
caused by the reversible formation/dissolution of the polymer/
gel-like film contributing to an additional reversible capacity
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Figure 8. Discharge and charge profiles of Co;0, electrode in the
range of 0.01—3.00 V at the rate of 0.1 C.

besides the electrochemical conversion reaction between cobalt
. 17,2947
oxide and Co.
Figure 9 represents the systematic cycling performance of
mesoporous Co;0, microcubes at different rates of 0.1 C, 0.2
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Figure 9. Cycling performances of Co;0, electrodes at different rates
of 0.1 C,02C,05C, 1C,and2C.

C,05C,1C,and2 C (1 C =890 mAg_l). It is shown that the
change trends of capacity versus cycle number under low rates
(0.1 C, 0.2 C, and 0.5 C) are very similar. (1) The capacities
nearly keep constant even after 60 cycles, and the charge
capacity retention ratios are 99.3%, 97.5%, and 99.2%,
respectively. (2) More interesting, the capacities of the previous
cycles from the second cycle increase slowly and gradually. The
maximum discharge capacities could reach up to 1173 mAhg ™/,
1075 mAhg ™', and 997 mAhg ™, respectively. It is likely that Li-
ion diffusion is activated and stabilized gradually during
cycling."> (3) The Coulombic efficiency of every cycle except
the first one is more than 98%. When the rates increase to 1
and 2 C, the initial discharge capacities still keep high values
(1041 mAhg™" and 1023 mAhg™'); after 60 cycles, the charge
capacities fall slowly to 689 mAhg™' and 416 mAhg™', which

dx.doi.org/10.1021/am500452t | ACS Appl. Mater. Interfaces 2014, 6, 7236—7243
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still mark about 89.9% and 50.8% of the first charge capacities.
Through the above tests at high rates with long cycles, the
excellent capacity retention of the micro-/nanostructured
Co0;0, anode is proved. To further investigate the rate
capability, one of the most critical issues with the LIBs
application, the Co;0, electrode was tested at various constant
rates between 0.1 and 10 C shown in Figure 10. The reversible
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Figure 10. Rate capability of Co;0, electrode at various rates.

capacities are about 1010 mAhg ™, 950 mAhg™', 890 mAhg™",
820 mAhg ™', 670 mAhg ™!, 350 mAhg ™!, and 130 mAhg ™" at 0.1
C,02C,05C,1C,2C,5C, and 10 C, respectively. Although
the material exhibits very low values at large current densities
(S and 10 C), it can regain to deliver a high reversible capacity
(980 mAhg™") when the rate turns back to 0.1 C after 35 cycles.
Hence, the Co;0, anode with micro-/nanoscale structure
illustrates advanced reversible capacity, improved capacity
retention, and enhanced rate performance, which has reached
the level of the comgosites (Co;0,/graphene and Co;0,/
carbon nanotubes).>*?

To investigate the enhanced electronic conductivity, the
electrochemical impedance spectroscopy (EIS) measurements
were performed with the frequency range from 1 MHz to 0.01
Hz at the first, fifth, 30th, and 60th cycle at 0.1 C shown in
Figure 11. All of the measured values have similar Nyquist plots
consisting of a semicircle at high-frequency region, indicating
the charge transfer resistance, and an approximate straight line
at low-frequency region, representing the lithium-ions diffusion
process in electrodes.*® >° With the increase of the cycle times,
the diameter of the semicircle increases longer and longer,
which indicates that the charge transfer resistance value of the
electrode grows up. The possible reasons may be the
decomposition of the electrolyte and decrease of electrical
conductivity continually.>* Remarkably, as shown in Figure 12,
the structure of Co;0, microcubes after 60 cycles at 0.1 C has
negligible change and displays attractive morphological stability.
It is perhaps one of the reasons for the good cycling
performance of these materials.

The improved electrochemical performance could be
attributed to the unique morphology and special structures of
the mesoporous cubic micro-/nanostructured Co;0, powders.
(1) The nanoparticles with a thin thickness (30—40 nm) and
high specific surface area have all of superiorities as other
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Figure 12. SEM image of the Co;0, electrode (the mixture of Co;0,/
ATB/PVDEF) after 60 cycles at 0.1 C.

nanostructured materials (e.g, shortening the charge transfer
pathway, effectively improving the electrical contact and lithium
absorption during electrochemical reactions). (2) The regular
cubes with a microscale side length (1.00—3.00 ym) consisting
of many nanoparticles bonded to each other can prevent them
from agglomeration and fragmentation. (3) The mesoporous
structure with very small average porous diameter (~3.08 nm)
can further enlarge the surface area and promote electrolyte
diffusion. (4) The single-crystal structure may be more orderly
and definitely increase the efficiency of lithiation and
delithiation.

B CONCLUSIONS

In summary, mesoporous Co;0, microcubes (~2.37 ym in the
average side length) with micro-/nanoscale structures, which
are composed of many nanoparticles (20—200 nm in diameter,
30—40 nm in thickness) bonded to each other, have been
synthesized as anode material for LIBs.”" The Co;0, powders
inherit the special morphology and size of precursor CoCOj;,
which have been prepared by the facile hydrothermal method
with a special surfactant TEA. The precursor CoCO;
microcube is verified as a single-crystal, while the mesoporous

dx.doi.org/10.1021/am500452t | ACS Appl. Mater. Interfaces 2014, 6, 7236—7243
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cubic Co;0, has a polycrystalline characteristic consisting of
numerous single-crystal nanoparticles specially. The good
performance has been obtained by the electrochemical
measurements including high initial discharge capacities
(1298 mAhg™" at 0.1 C and 1041 mAhg™" at 1 C), excellent
capacity retention (99.3%, 97.5%, and 99.2% of the first charge
capacities after 60 cycles at 0.1 C, 0.2 C, and 0.5 C; especially
during the high rate of 1 C, 89.9% of the first charge capacity
after 60 cycles), and impressive rate capability (980 mAhg™
when the rate turns back to 0.1 C after 35 cycles at different
high rates such as S and 10 Q). Basically, the micro-/nanoscale
structures perhaps create a new avenue for the next generation
of Co;0, anode with good electrochemical performance.

B ASSOCIATED CONTENT

© Supporting Information

SEM images of CoCO; with different reaction times. N,
adsorption isotherms of CoCO; powders and Co;0, powders.
N, adsorption/desorption isotherms of Co;0, powders and the
inset is the BJH pore-size distribution of the corresponding
materials. This material is available free of charge via the
Internet at http://pubs.acs.org.
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