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ABSTRACT: In this paper, one-dimensional (1D) mesopo-
rous single-crystalline Co;0, nanobelts are synthesized by a
facile hydrothermal method followed by calcination treatment.
The as-prepared nanobelts have unique mesoporous struc-
tures, which are constructed by many interconnected nano-
crystals with sizes of about 20—30 nm. And typical size of the
nanobelts is in the range of 100—300 nm in width and up to
several micrometers in length. The BET surface area of Co;0,
nanobelts is determined to be about 36.5 m’ g~' with
dominant pore diameter of 29.2 nm. Because of the 1D
structure, mesoporous morphologies and scrupulous nano-
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architectures, the Co;0, nanobelts show excellent electrochemical performances such as high storage capacity and superior rate
capability. The specific capacity of Co;0, nanobelts could remains over 614 mA h g at a current density of 1 A g~" after 60
cycles. Even at a high current density of 3 A g™, these Co;0,, nanobelts still could deliver a remarkable discharge capacity of 605

mA h g~ with good cycling stability.
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1. INTRODUCTION

Rechargeable lithium-ion batteries (LIBs) have attracted
considerable interest as one of the most promising energy
storage devices.' > Nowadays, a major challenge for LIBs is to
develop new materials with high energy density, long cycle life,
and excellent rate capability for practical applications in high-
power electric vehicles and portable electronic devices.
Recently, transition metal oxide (e.g, Co;O,) has received
increasing attention as a promising alternative anode material to
graphite on the basis of its higher theoretical capacity (892
mAh g for Co0,0,).*® However, despite its ultrahigh
capacity, the practical application of Co;0, is still largely
restrained by the slow kinetics of Li-ion and electron transport
in electrodes and at the interface of electrode/electrolyte, poor
capacity retention resulting from the large volume changes over
extended cycling.”®

To circumvent the above drawback, great efforts have been
devoted to designing effective micro/nanostructures of Co;0,
to optimize and enhance electrochemical performance. To date,
various Co;0, micro/nanostructures including one-dimen-
sional (1D) nanowires,”'® nanobelts,'*~'* nanorods,*>*® nano-
needles'”'® and nanotubes,'”?° two-dimensional (2D) nano-
sheets,”** three-dimensional (3D) architectures,”® nano-
particles,*** and nanocubes®>*® have been prepared by a rich
variety of methods and mechanisms, e.g, template-assisted
synthesis, precursor conversion processes, sol—gel, thermal
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decomposition, solvothermal and hydrothermal methods,
microemulsion-based routes, etc.'®*’ 3! Moreover, it is found
that the electrochemical performance of Co;0, electrodes
strongly depends on the morphology and the porosity of the
structure. Lee et al.>” reported a cryogel synthesis of ultrafine
Co;0, nanocrystals with in situ construction of mesoporous/
macroporous networks for supercapacitor electrode material.
Kim et al.** synthesized porous Co;0, hollow rods using
bacteria as a soft template, presenting enhanced electrochemical
properties. Among the reported Co;O, nanostructures, 1D
Co;0, nanomaterials are expected to have high performance in
energy storage systems because it facilitates the electron
transport along the long dimension and the two short
dimensions ensure fast Li* insertion/extraction. Wu et al.’
reported that a Li" ions intercalation capacity of over 700 mA h
g~' for mesoporous CosO, nanowire arrays prepared by
ammonia-evaporation-induced method can be obtained. Zhu et
al.' also reported that porous rhombus-shaped Co;0, nanorod
arrays grown directly on a nickel substrate exhibited a high
reversible capacity (over 1000 mA h g™'). However, the long-
term cycling stability and high rate performances of these 1D
nanostructures are still far from satisfactory. Recent researches
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Figure 1. (a) XRD patterns of (I) the precursor and (II) Co;0,; (b—d) XPS spectrum of Co;0,: (b) full survey scan spectrum, (c) Co 2p, and (d)

Ols peak.

have demonstrated that 1D porous morphology could
guarantee high electrode/electrolyte contact area, accommo-
date the volume changes resulting from repeated charge/
discharge cycling, and thus avoiding the rapid capacity fading
especially at high rates.””>*7® Lou et al.'® revealed that
mesoporous Co;0, nanoneedles with a 3D single-crystalline
framework, based on thermal decomposition and recrystalliza-
tion of f-Co(OH), nanoneedle precursor, delivered ultrahigh
capacity, and excellent cycling performance. Considering the
merits of 1D single-crystalline materials, such as well-defined
geometry and perfect crystallization, 1D single-crystalline
mesoporous Co;0, nanobelts will be very attractive as anode
materials for advanced LIBs. However, up to now, there are few
reports about 1D single—crystalline mesoporous Co;0,
nanobelts for advanced LIBs. In the present work, we develop
a facile way to synthesis 1D single—crystalline mesoporous
Co;0, nanobelts without any template or structure—directing
agent. It involves the synthesis of 1D precursor compounds
through hydrothermal synthesis followed by calcination to form
scrupulous nanocrystals—constructed mesoporous Co;0,
nanobelts. For its high porosity, single-crystalline and hierarchi-
cally structure, it could exhibits ultrahigh reversible capacity,
and excellent capacity retention and superior rate performances.
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2. EXPERIMENTAL SECTION

Materials Synthesis. All chemicals were of analytical grade and
used as received without further purification. In a typical synthesis of
the cobalt precursor, S mmol of Co(NO;),-6H,0, 10 mmol of NH,F,
and 25 mmol of CO(NH,), were dissolved in SO mL of deionized
water under stirring for 10 min at room temperature. Then the
solution was transferred into a Teflon-coated stainless steel autoclave
at 120 °C for 24 h. After being cooled down to ambient temperature,
the pink cobalt precursor was filtered and thoroughly washed with
deionized water several times to neutral. Afterward, pure spinel Co;0,
phase was obtained by calcination of the precursor at 400 °C for 4 h in
air.

Structure Characterizations. The as-prepared products were
characterized using powder X-ray diffractometry (XRD; X'Pert Pro
diffractometer with a Cu Ka radiation, 4 = 0.15418 nm), scanning
electron microscopy (SEM; Hitachi S-4700) and transmission electron
microscopy (TEM; FEI Tecnai G2 F30. JEM-2100 and JEM-2100F),
equipped with an energy dispersive spectroscopy (EDS) detector. X-
ray photoelectron spectroscopy (XPS) measurements were performed
on a Thermo ESCALAB 250 system with a monochromatic Al-Ka
(1486.6 eV) X-ray source. The thermal decomposition behavior of the
precursors was examined by thermogravimetric analysis and differ-
ential scanning calorimetry (TG/DSC, STA449) at a heating rate of §
°C min~! from room temperature (25 °C) to 700 °C in air flow.
Nitrogen adsorption/desorption was determined by Brunanuer—

dx.doi.org/10.1021/am301641y | ACS Appl. Mater. Interfaces 2012, 4, 5974—5980



ACS Applied Materials & Interfaces

Research Article

Emmett—Teller (BET) tests using an ASAP 2020 (Micromeritics
Instruments) surface area and pore analyzer.

Electrochemical Measurements. Electrochemical experiments
were carried out using standard CR 2025 type coin cells. The as-
prepared Co;O, sample was mixed with acetylene black and
polyvinylidene fluoride (PVDF) binder at a weight ratio of 75:15:10
in N-methyl-2-pyrrolidene (NMP) solution. The slurry was pasted on
a Cu foil and dried in a vacuum oven at 120 °C for 12 h to serve as the
working electrode. The weight of the active material in the electrode
sheet was about 5 mg/ cm?. A pure lithium foil was used as both
counter electrode and reference electrode. A solution of 1 M LiPF, in
ethylene carbonate (EC)/dimethyl carbonate (DME) (1:1 by volume)
was used as the electrolyte, and a polypropylene microporous film
(Cellgard 2300) as the separator. Galvanostatical charge—discharge
experiments were tested at different current densities in a voltage range
of 0—-3.0 V on a battery test system (Shenzhen Neware Battery,
China). Cyclic voltammetry (CV) measurements were carried out on a
CHI6S0B electrochemical workstation (Shanghai Chenhua, China).
The CVs were obtained over the potential range of 0-3.0 V at a
scanning rate of 0.1 mV s~

3. RESULTS AND DISCUSSION

The synthesis includes two crucial steps, formation of precursor
via a hydrothermal process and subsequent thermal conversion
to Co;0,. It is clear from pattern I in Figure la that the pink
precursor contains mixed phases of Co(OH)F (JCPDS No.
50—0827) and cobalt-hydroxide-carbonate (JCPDS No. 38—
0547). The formation of Co(OH)F precursor was also verified
by the EDS analysis (see the Supporting Information, Figure
S1), which reveals the existence of F element in the sample.
Pattern II in Figure la reveals that all the diffraction peaks can
be indexed to cubic spinel Co;0, (JCPDS No. 43—1003, space
group: Fd3m, lattice constant a = 8.08 A). No other peaks of
impurities are observed, indicating that the cobalt precursor was
converted to crystalline Co;O, completely. Jiang et al.*’
reported that the as-synthesized precursor is composed of
cobalt—hydroxide—carbonate, whereas this work indicated the
presence of two precursors of Co(OH)F and cobalt—
hydroxide—carbonate.

Further surface information on the purity and composition of
the Co;0, sample was collected via X-ray photoelectron
spectroscopy (XPS). The binding energies obtained in the XPS
analysis were calibrated for specimen charging by referencing
the Cls peak to 284.80 eV. As shown in Figure 1b, the sharp
peaks at 284.8, 531.4, and 782.6 eV correspond to the
characteristic peaks of C 1s, O 1s, and Co 2p, respectively,
indicating the existence of carbon, oxygen, and cobalt elements
in the sample. The Co 2p peaks at 795.3 and 780.1 eV can be
attributed to Co 2p,/, and Co 2p;,, of C0;0,,%® with a spin-
orbit splitting of 15.2 eV (Figure 1lc). The absence of
prominent shakeup satellite peaks in the Co 2p spectra further
suggests the formation of the Co;0, phase. The deconvoluted
O 1s spectrum in Figure 1d displays two peaks at 530.2 and
531.9 eV, which can be assigned to the lattice oxygen of spinel
Co;0,, the oxygen in hydroxide ions, respectively.”® The XPS
results further confirm that the as-synthesized product is pure
cobalt oxide.

On the basis of these results and previous reports, we
propose a possible formation mechanism of mixed precursors.
At the beginning of the hydrothermal reactions, Co** ions can
coordinate with F~ ion to form CoF" and CoF, 2~ complexes
in the homogeneous solution. With the temperature of the
reactant solution increasing to 120 °C, the hydrolysis—
precipitation process of urea took place and a number of
CO,*” and OH"™ anions were formed gradually, which could
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help to release Co’* ions slowly from complexes. As a result,
OH™ can reacts with CoF" to form Co(OH)F crystals. At the
same time, CO,>" reacts with OH™ and CoF,*™?~ to form
cobalt—hydroxide—carbonate. The involved chemical reactions

may occur as the following formulas 1—6'%*’

Co** + F~ = CoF', Co’" + «F~ — CoE* 2~ 1)
H,NCONH, + H,0 — 2NH, + CO, @)
CO, + H,0 — CO,”” + 2H" ()
NH; + H,0 — NH,* + OH~ (4)
CoF" + OH™ — CoF(OH) (s)
CoE "™~ 4 0.5(2 — y)CO*™ + yOH™ + nH,0

— Co(OH),(CO3)y5(—y) nH,0 + xF~ )

The thermal decomposition behavior of the mixed precursors
was examined by thermogravimetric analysis and differential
scanning calorimetry. As shown in Figure 2, the initial weight
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Figure 2. TG-DSC curves of the precursors in air with a heating rate
of 5 °C min™".

loss of about 2% up to 250 °C is mainly due to the elimination
of absorbed/trapped water. Subsequently, there is a distinct
weight loss of about 22% occurred from 250 to 500 °C and an
obvious exothermic process is observed in the DSC curve. This
stage is mainly associated with the decomposition of the two
precursors and thermal formation of Co;0, product, as
demonstrated in the formulas 7 and 8.

6CoF(OH) + O, — 2Co,0, + 6HF (7)
3Co(OH),(CO;)y5(2-,) nH,0 + 0.50,
— Co,0, + (3n + 1.59)H,0 + 1.5(2 — y)CO, (8)

Figure 3 presents low- and high-magnifcation SEM images of
the as-prepared precursor and Co;O, nanobelts. It is observed
from Figure 3a and b that the precursor consists of uniform 1D
nanobeltlike structures, and their typical size is in the range of
2—3 um in length and 100—300 nm in width. Figure 3¢ shows
that the nanobelt structure of the final product after calcination
does not change much. The diameter and length of Co;0,
nanobelts are similar to those of the precursor, but the surfaces
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Figure 3. Typical low-magnification and high-magnifcation SEM images of as-prepared (a, b) precursor and (¢, d) Co;0, nanobelts.

of these nanobelts are extraordinary rough. The high-
magnification SEM image in Figure 3d further reveals that
these nanobelts are an assembly of many fine nanocrystals,
forming a large quality of interconnected mesoporous
structures on the surfaces of Co;0, nanobelts. This could be
ascribed to the successive release and loss of CO,, HF, and
H,O during the thermal decomposition of precursors.

The microstructure of the Co;0, nanobelts was further
investigated by TEM and HRTEM. TEM images a and b in
Figure 4 show that the Co;0, nanobelts are constructed from
numerous nanocrystals with a size in the range of 20—30 nm.
An individual Co;0, nanobelt has a diameter of 150 nm with
small intercrystallite pores and rough surfaces, which agrees
with SEM observations. The distinct lattice stripes in the
HRTEM image (Figure 4c) reveal the Co;0, nanobelt is well
crystallized. Figure 4d—f presents the magnified HRTEM
images of different regions marked in Figure 4c and
corresponding FFT images (inset). The lattice spacing of
0.287, 0.467, and 0.244 nm correspond to the (220), (111),
(311) crystal planes of spinel Co;O,, respectively, in good
agreement with the original XRD pattern in Figure 1a (II). The
FFT patterns of the three different regions all show the same
grain orientation, which further confirm a high crystallinity of
the mesoporous single-crystal nature Co;0, nanobelts.

Nitrogen isothermal absorption—desorption measurements
were performed to determine the Brunauer—Emmett—Teller
(BET) surface area and the porosity of the mesoporous Co;0,
nanobelts. Figure 5 shows the isotherm curve, which is a typical
type IV with a hysteresis loop at relative pressure of 0.76—1.0,
representing the mesoporous structure.” The BET specific
surface area of the mesoporous Co;0, nanobelts is calculated
to about 36.5 m*> g”!. The pore size distribution curve in the
inset of Figure S suggests most pores are around 29.2 nm, in
good agreement with the TEM results.

Figure 6a shows the initial three charge—discharge profiles at
a current density of 50 mA g™ in the voltage range of 0—3.0 V.
During the first charge—discharge processes, the Co;0,
electrode delivers an initial discharge capacity of 1412 mAh
g~! and charge capacity of 1269 mAh g™' with a high columbic
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efficiency of 89.8%, which is much higher than those recently
reported by others.'®'***™* Generally, the mechanism of Li
ion storage for oxide materials during the first discharge process
includes two types. One is the electrolyte decomposition and
inevitable formation of a solid electrolyte interphase (SEI),
which is partially irreversible, and the second is a reversible
redox reaction mechanism, which has been previously reported
in the literature.'"*

Co,0, + 8Li* + 8¢~ « 4Li,0 + 3Co ()
It is known that the irreversible capacity is associated with the
specific surface area of materials. The large specific surface area
may results in a high irreversible capacity in the first cycle.
Interestingly, we note that the investigated Co;0, nanobelts
possess a specific surface area of 36.5 m® g~', which is
comparable with most of other Co;O,4 nanostructures reported
previously,'”” but the irreversible capacity loss is very low
(only about 10.2%). The results suggest that the irreversible
capacity loss of the Co;0, nanobelts is associated more directly
with its structural aspects than specific surface area. In the
subsequent cycles, the charge—discharge profiles are basically
invariable, further confirming the stability and reversibility of
the Co;0, anode material for LIBs. The discharge and charge
capacities in the third cycle are 1270 mA h g”' and 1216 mA h
g~!, respectively. The columbic efficiency of the third cycle is
remarkably increased to 95.7%. These results indicate that the
Co;0, nanobelts have high charge—discharge reversibility and
good cycling stability. Very interestingly, the reversible capacity
of Co;0, nanobelts is much larger than the theoretical capacity
of bulk Co;O, (892 mA h g™'). These phenomena are
commonly observed with transition metal oxide anodes such as
CoO,, FeO,, MnO,, etc, which corresponds to the sloping
voltage down to ~0 V. Most of this extra capacity could be due
to additional lithium storage in the grain boundaries of Li,O
and metal formed in the reduction cycle. For the mesoporous
Co;0, nanobelts in this study, there are more mesopores for
extra active sites of lithium insertion as well.'** Figure 6b
shows the CVs of the Co;0, nanobelts electrode at a scan rate
of 0.1 mV s™. In the first cathodic scan, there is one intense

dx.doi.org/10.1021/am301641y | ACS Appl. Mater. Interfaces 2012, 4, 5974—5980
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Figure 4. (a, b) Typical TEM images of Co;0, nanobelts. (c¢) HRTEM image. (d—f) Magnified HRTEM images of the areas indicated by the red

rectangle in c and corresponding FFT images (inset).
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Figure S. N, adsorption—desorption isotherms and pore size
distributions curve (inset) of Co;0, nanobelts measured at 77 K.

peak located at around 0.8 V, corresponding to the initial
reduction of Co;0, to metallic cobalt accompanying with the
electrochemical formation of amorphous Li,O, and another
weak shoulder peak at around 1.1 V, corresponding to the
formation of partially irreversible SEI layers.*> The CV results
are consistent well with the two well—defined voltage plateaus
in the first discharge profile in Figure 6a. During the subsequent
anodic scan, there is a broad peak located at around 2.1 V,
which can be ascribed to the oxidation of metallic Co to Co;0,
and the decomposition of Li,O. From the second cycle, the
reduction peak is shifted to a higher potential at about 1.2 V
while the oxidation peak position is almost unchanged. The
subsequent CV curves exhibit good reproducibility and similar
shapes, suggesting a high reversibility of lithium storage.

The discharge capacity versus cycle number of the Co;0,
electrode in the voltage range of 0—3 V at a current density of
0.1 and 1 A g™" are shown in Figure 6c. The initial discharge
capacity of the Co;0O, electrode is 1204 mA h g™" at a current
density of 0.1 A g'. Accompanied with the cycle number
increasing, the discharge capacity increases in the initial 8 cycles

dx.doi.org/10.1021/am301641y | ACS Appl. Mater. Interfaces 2012, 4, 5974—5980
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Figure 6. (a) Initial three charge—discharge curves of Co;0, nanobelts at a current density of 50 mA g™". (b) CVs of Co;0, nanobelts at a scan rate
of 0.1 mV s (c) Cycling performance of Co;0, nanobelts at a current density of 0.1 A g™' and 1 A g™/, respectively. (d) Rate performance of

Co030, nanobelts at various current densities.

and then gradually levels off. It can still remains above 980 mA
h g7' after 60 cycles. Even at a high rate of 1 A g/, the
electrode also exhibits excellent cycling stability, and the
discharge capacity keeps about 614 mA h g~ upon 60 cycles.
The cycling performance of the mesoporous Co;0, nanobelts
reported here is comparable with those of other 1D
mesoporous structures, such as nanoneedles'” and nanowire
arrays.>® The reason could be that the mesoporous
nanostructure of Co;0,4 nanobelts facilitates the alleviation of
the mechanical stress induced by volume change during
repeated charge—discharge cycles. Figure 6d compares the
rate capabilities (at 0.1 to 3 A g™’ rate) of mesoporous Co;0,
nanobelts. It can be found that the discharge and charge
capacities remain stable and decrease regularly with an
increased rate. After each 6 cycles at a specifical current rate,
the reversible capacities at 0.1, 0.2, 0.5, 1, and 3 A g_1 are about
1282, 1238, 1151, 958, and 605 mA h g/, implying that the
rate cycling stability of the Co;O, nanobelts electrode is
excellent. To the best of our knowledge, this is the superior rate
performance ever reported as anodes for LIBs among the
Co;0, electrodes. It is also noted that the charge and discharge
capacities at various rates are nearly the same, indicative of high
reversibility. When the current density is decreased from 3 to
0.1 A g, the discharge capacity can be recovered (even a little
higher than the original capacity at 0.1 A g~'). The results
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reveal that the mesoporous single-crystalline Co;0, nanobelt
electrode has excellent electrochemical reversibility and
structural stability.

We believe that the high lithium storage capacity and
superior rate capability can be attributed to the unique
nanoarchitecture of mesoporous single-crystalline Co;O, nano-
belts with a variety of favorable features. First, the ultrahigh
reversible capacity (higher than that of the theoretical value) is
probably attributable to mesopores, which can accommodate
some additional lithium.** In addition, nanocrystals could
provide more grain boundaries for lithium insertion. Second,
the 1D nanostructure of Co;O, ensures fast electron transport
and provides short pathways for Li* ions insertion/extraction,®
which is beneficial to enhance the reaction kinetics of Co;0, at
different rates. Third, the hierarchically porous structures could
enhance the contact area between the electrode and electrolyte,
allow better penetration of the electrolyte, and accommodate
the large volume changes induced by lithium insertion/
extraction, thereby enhancing the rate cycling stability.”

4. CONCLUSION

In summary, the 1D mesoporous single-crystalline Co3;0,
nanobelts have been synthesized by a facile hydrothermal
method followed by calcination treatment. The as-synthesized
Co;0, nanobelts are constructed by many interconnecting

dx.doi.org/10.1021/am301641y | ACS Appl. Mater. Interfaces 2012, 4, 5974—5980
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nanocrystals, exhibiting an interesting mesoporous structure. As
a promising anode material for LIBs, the Co;0, nanobelts
exhibit high lithium storage capacity, good cycling stability, and
superior rate capability. It delivers an initial discharge capacity
of 1412.7 mA h ¢! at a current density of S0 mA g~', and
maintains high discharge capacities of 980 and 614 mA h g™" at
current density of 0.1 and 1 A g™" after 60 cycles, respectively.
The cycling reversible capacity still keeps 605 mAh g™" even at
a high current density of 3 A g~'. We believe that the unique
morphology and scrupulous architecture of the Co;0,
nanobelts are responsible for their outstanding electrochemical
performances.
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