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E
lectrochemical energy storage de-
vices, which typically include lithium-
ion batteries and supercapacitors,

have drawn worldwide interests since the
realization of the energy crisis.1�7 Among all
materials applicable for Li-ion battery an-
odes, transition metal oxides have always
been regarded as the more promising can-
didates due to their relatively low cost, en-
vironmental benignity, higher theoretical
capacity, and safety during operations.8�10

Concerning their applications, additional
emphasis is imposed on three particular pa-
rameters, namely, surface area, monocrys-
tallinity, and the ease of attachment onto
some substrates (e.g., Si substrate, stainless
steel, Au foil).1,9�11 In some cases, all three
parameters have to be required simulta-
neously. Otherwise, it may lead to deteriora-
tion of the materials’ native performances.
For example, being a promising anodic ma-
terial for lithium-ion batteries, Co3O4 prop-
erties have been explored extensively. How-
ever, in most cases, Co3O4 nanostructures
are often mixed with carbon or other con-
ductive polymers and compressed into pel-
lets to enhance the system’s conductivity
and solidity.4,12,13 Unfortunately, via this ap-
proach, it will definitely lead to the emer-
gence of additional undesirable interfaces
and defects, resulting in a denser structure
which will lower the electron transfer veloci-
ties and electrolyte diffusion efficiency.
Hence, the importance of growing free-
standing one-dimensional (1D) nanostruc-
tures of Co3O4 with single-crystalline and
mesoporous properties on the substrates
has undoubtedly been realized, as they can

conquer the above-mentioned drawbacks
and improve the batteries’ performance.
However, due to the crystallographic na-
ture of Co3O4 and its growth orientation, un-
der most conditions, it is rather difficult to
fabricate free-standing and well-aligned 1D
nanostructures of Co3O4 on a variety of sub-
strates, especially conducting substrates in
solution. To date, reports involving this re-
search area are few. Very recently, research-
ers reported a great achievement in Li-ion
battery anodes from another transition
metal oxide, V2O5, in which fairly high ca-
pacity and good capability were presented.7

However, considering practical applications
such as electric vehicles, which are the most
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ABSTRACT Herein, we report a rational method to synthesize a Co3O4 nanobelt array on a conducting substrate

and functionalize it in the application of Li-ion battery anodes, which is a novel and facile approach to access the

nanobelt array of transition metal oxides. Compared to the previous reports, the as-prepared samples in our

experiments exhibited both mesoporosity and single-crystallinity, and meanwhile, good contact with the

conducting substrate (via a thin layer of TiO2) provided an express pathway for charge transfer when they were

applied in Li-ion batteries without any need to add other ancillary materials (carbon black or binder) to enhance

the system’s conductivity and stability. Under the condition of high charge�discharge current density of 177 mA/

g in Li-ion batteries’ testing, the Co3O4 nanobelt array was capable of retaining the specific capacity of 770 mAh/

g over 25 cycles. Moreover, even though the charge�discharge rates were increased to 1670 and 3350 mA/g, it still

could have reached the stable retention of the specific capacity of 510 and 330 mAh/g beyond 30 cycles,

respectively, indicating an obtainable excellent rate capability. More importantly, the improved performance in Li-

ion battery testing was definitely ascribed to the unique structures in our samples after elaborate analysis. So

the final conclusion would be given that the lab-synthesized Co3O4 nanobelt array potentially could be a highly

qualified candidate for Li-ion battery anodes in some practical fields, where high capacity and good capability are

strictly required.

KEYWORDS: nanobelt array · mesoporous · lithium-ion
batteries · capacity · capability
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promising means of transportation in the near future,

the question researchers always ask is how to enhance

the charge rate capability with high current surge while

maintaining the specific capacity high enough and

keeping the expenses low. This remains as a significant

challenge even to today.

In this paper, one rational and facile method is intro-

duced to fabricate a uniform and well-aligned

Co(CO3)0.5(OH)0.11H2O nanobelt array on Ti foil, which

is then converted into the nanobelt array of spinel

Co3O4 via thermal treatment at 350 °C for 4 h. The Co3O4

nanobelt array exhibits combined properties of single-

crystallinity and mesoporosity, revealing better conduc-

tivity and higher surface area compared to the normal

nanoparticles in compressed bulk. Meanwhile, the

nanobelt array exhibits wonderful contact with the con-

ducting Ti foil, implying that this structure can be di-

rectly employed in practical applications, such as

lithium-ion batteries and supercapacitors. In our Li-ion

battery tests, the as-prepared Co3O4 nanobelt array ex-

hibits a high capacity of 770 mAh/g under a consider-

ably fast charge�discharge rate of 1.5C (1C is defined as

one lithium per formula in an hour and, for Co3O4, 1C

is equivalent to 111.1 mA/g) while stably maintaining

a good capacity retention of more than 95%, even over

25 cycles in comparison with the discharge capacity of

the second cycle. This is the first time that the Co3O4

nanobelt array has been successfully fabricated on Ti

foil, and it also exhibits high capacity and good cyclabil-

ity under the fast charge�discharge rate. Meanwhile,

elaborate analyses show us an ultimate conclusion
that our findings, showing the excellent performances
in Li-ion battery testing, are closely associated with the
unique structures and morphologies for our samples.

RESULTS AND DISCUSSION
From the representative transmission electron

microscopy (TEM) images of the harvested samples in
solution, it could be clearly detected that the samples
exhibited uniform belt-shaped morphology (Figure 1a).
Its corresponding X-ray diffraction (XRD) patterns
showed that what we obtained was pure orthorhom-
bic Co(CO3)0.5(OH)0.11H2O (Figure 1b) (JCPDS card No.
048-0083). By careful analysis, diffraction peaks were
found to slightly shift to lower angles, and this may be
due to the crystal expansion derived from samples’ di-
mensions down to nanosize or from the equipment er-
ror. The locally magnified TEM image, as shown in Fig-
ure 1c, suggested these belt-shaped samples were
20�50 nm in width with needle-like tips, indicating
they were characteristic of a preferentially one-
dimensional growth along a specific direction. High-
resolution TEM (HRTEM) analysis from the boxed area
in Figure 1c showed two mutually vertical interplanes
with lattice spaces of 0.298 and 0.441 nm, respectively,
which matched very well with those of (300) and (001)
crystal planes for orthorhombic Co(CO3)0.5(OH)0.11H2O.
The inset in Figure 1d showed the corresponding fast
Fourier transformation (FFT) patterns, implying the
single-crystalline nature of the samples. Furthermore,
it could be deduced that the dominant growth orienta-
tion, which was also the nanobelt’s axial direction, was
fixed to be [100].

Further close observations from the TEM images
showed that most nanobelts originated from
dandelion-like bundles (Supporting Information). It
was discovered that almost every bundle was interest-
ingly composed of a number of nanobelts. Surprisingly,
the nanobelts shared a common orientation and were
strictly parallel to each other. The continuity of crystal
lattices without any structural distortion or defects indi-
cated that the whole bundle actually was single-
crystalline in nature (Supporting Information). In fact,
from the angle of crystal design and growth, this phe-
nomenon provided one possibility of the oriented
growth of well-aligned nanobelt arrays on some sub-
strates, as long as crystal seeds could be formed on
these substrates in advance.

Among materials that have been successfully syn-
thesized by means of vertically aligned growth on cer-
tain substrates via wet-chemistry approach, ZnO is one
of the most extensively studied. Generally, the forma-
tion of crystal seeds and nanostructured array growth
took place in sequence with the reaction continuing in
the same system without the addition of other re-
agents. The species of Zn(OH)4

2� or Zn(NH3)4
2� as pre-

cursors of ZnO were formed during the first stage. ZnO

Figure 1. Low-magnification TEM image of Co(CO3)0.5(OH)0.11H2O
nanobelts (a) and their corresponding XRD patterns (b) demonstrate
that pure orthorhombic Co(CO3)0.5(OH)0.11H2O was obtainable in our
experiments. The magnified TEM image (c) and the HRTEM image (d)
reveal the nature of single-crystallinity in these nanobelts and the
growth orientation of [100] for them. The inset in panel d is the corre-
sponding FFT patterns.
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crystal seeds developed from these species were then
deposited onto the supporting substrates.14�19 Moti-
vated from these active seeds, ZnO nanowires or nano-
tubes developed and extended preferentially along
the normal direction of the substrate, and the one-
dimensional nanostructured array was finally fabri-
cated. In our experiments, Co3O4 is a promising candi-
date for anodic materials of lithium-ion batteries and
electrode materials for supercapacitors and has re-
ceived intense research interests from all over the
world. However, prior to the practical applications, one
major barrier will have to be overcome, which is the
problem of fabricating free-standing nanostructures of
Co3O4 on conducting substrates. Furthermore, we aim
to enhance the conductivity and diffusion efficiency of
the electrolyte while spontaneously avoiding the sub-
strates’ interference because some substrates also have
significant activities in lithium-ion battery testing (e.g.,
Si wafer). However, metallic Ti is inert to Li-ion insertion
and would be a good choice for Li-ion batteries’ sub-
strates. Acceptance of appropriate substrates for the
aligned growth will be favorable for preventing the
conducting substrates from being damaged by the
electrolyte’s corrosion and Li-ion insertion. Until now,
there are still possibilities to venture into this research
field.

From the above conclusions, it can be deduced
that, if only orthorhombic Co(CO3)0.5(OH)0.11H2O crys-
tal seeds were produced on the Ti foil, the subsequent
growth of the nanobelt array would be feasible. Starting
from this assumption, some experimental modifica-
tions had been made to the previous process of synthe-
sizing Co(CO3)0.5(OH)0.11H2O nanobelt bundles. The
concentrations of Co(NO3)2 and NH3 · H2O were in-
creased a little to improve the crystallization of crystal
seeds on the Ti foil. In the meantime, the Ti foil was
tilted against the wall of the Teflon liner, with the inter-
ested surface facing down so as to effectively utilize
the reflux of precursors and boost the liquid�solid in-
terfacial crystallization process.

The color on the Ti foil surface changed from the
original white to purple, indicating the samples had
been successfully grown onto the Ti foil (Figure 2g).
Upon treatment at 350 °C for 4 h, the surface color of
Ti foil changed again from purple to black (Figure 2g).
The visual changes not only presented the conversion
of the samples’ chemical compositions but also implied
the changes in morphologies and crystal structures.
XRD characterizations verified the conversion process,
as demonstrated in Figure 2a,b. Figure 2a showed the
XRD patterns collected from samples in their initial
stage without any further treatment, except for rinsing
with DI water and ethanol. The strongest peaks were as-
cribed to those of metallic Ti. However, the other peaks
had been determined from orthorhombic
Co(CO3)0.5(OH)0.11H2O after careful calibration. In com-
parison, Figure 2b exhibited totally different XRD pat-

terns with the exception of Ti diffraction peaks, and
these patterns could be undoubtedly indexed as spinel
Co3O4. Under our experimental conditions, Ti foil with
dimensions up to 1 � 3 cm could be uniformly coated
with the samples (Supporting Information). In actual
demonstrations and characterizations, the foils were
normally divided into even smaller pieces prior to us-
age rather than being applied directly (Figure 2g). A
typical scanning electron microscope (SEM) image of
the orthorhombic Co(CO3)0.5(OH)0.11H2O nanobelt ar-
ray is presented in Figure 2c, while the corresponding
SEM image of samples experiencing subsequent calci-
nations is shown in Figure 2d. From both of the images,
it can be clearly detected that the as-synthesized
samples exhibit smooth morphologies in a micromet-
ric scale. From the enlarged SEM images shown in Fig-
ure 2e,f, we could unanimously infer that the samples
were still maintaining the uniform nanobelt array after
calcinations (Figure 2f) compared to that before calcina-
tions (Figure 2e). An individual nanobelt presented
regular grass-blade-shaped morphology stemming
from the bottom section and eventually developed
into one inseparable part of a nanobelt bundle (Figure
2e,f,h). By careful observations, we can draw a conclu-
sion that these nanobelts among the bundle originated
from the same starting point and grew along the com-
mon direction, as certified in Figure 2h, which almost
was along the direction vertical to surface of the Ti foil.
Because of the nanobelt’s “grass-blade” morphology,
leading to a deviation of barycenter from its axial orien-
tation, it was hard to extend its “stem” along a fixed di-
rection. This shed light on why most of the samples de-
viated a little from the normal direction that is
perpendicular to the Ti foil surface (Figure 2e,f). Further-
more, it is noteworthy that our samples were remark-
ably sticky to the substrate. Even after strong ultrasoni-
cation over 3 min, no samples would apparently be
peeled off from the substrate, implying a strong con-
tact between them. To the best of our knowledge, this
is the first time that a finding of such an achievement is
reported, where a thoroughly nonhomologous ma-
terial with nanobelt morphology was grown directly
on Ti foil via a wet-chemistry approach. Since it is more
difficult to synthesize nanobelts than nanowires and
nanorods,20 few reports have been involved in the
preparation of nanobelt arrays on substrates, inclusive
of using chemical vapor deposition (CVD) methods.

In our synthesis, Co(CO3)0.5(OH)0.11H2O was first de-
tected to exhibit the property of one-dimensional pref-
erential growth originating from the common crystal
seeds. The assumption given before was that, provided
some crystal seeds could be formed on some sub-
strates beforehand, the following oriented growth of
Co(CO3)0.5(OH)0.11H2O would definitely have resulted
in the nanobelt array on the substrates. In our experi-
ments, Ti foil was applied to fulfill the assumption for
the sake of two important specialties. First, the required
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substrates should be significantly resistant to the corro-

sion from the electrolyte in lithium-ion batteries and

also be conducting, so that charge transfer occurring

during the period of charge�discharge would take

place. Second, Ti foil generally was coated with a thin

layer of TiO2. This TiO2 layer would be covered with a

number of hydroxyl groups while immersed in basic so-

lution due to its isoelectric point with a pH value of

4.5�6.5,21 especially in the strong basic solution over

high temperature. These dangling hydroxyl groups

atomically stick onto the substrate and act as “hunters”

through hydrogen bonding to capture the originally

formed Co(CO3)0.5(OH)0.11H2O crystal seeds. The fluctu-

ant and textured surface of the TiO2 layer was also fa-

vorable for entrapping and solidifying the tiny

Co(CO3)0.5(OH)0.11H2O crystal seeds.22,23 As demon-

strated, the final results confirmed our assumption. The

synthetic mechanism and procedure are described in

Scheme 1. On the basis of the above assumptions and

results, fabrication of the Co(CO3)0.5(OH)0.11H2O nano-

belt array may be extended to other similar substrates

such as silicon wafer.

As a chemically unstable material,

Co(CO3)0.5(OH)0.11H2O is easily converted to Co3O4,

which is another functional material. After calcinations

at 350 °C for 4 h, the Co3O4 nanobelt array had been ob-

tained and verified from SEM and XRD characteriza-

tions (Figure 3). The products were peeled off from the

supporter and collected for HRTEM, XRD examinations,

and Brunauer�Emmett�Teller (BET) nitrogen adsorp-

Figure 2. XRD patterns collected from Co(CO3)0.5(OH)0.11H2O (a) and Co3O4 (b) nanobelt array attached to Ti foil. (c) Low-
magnification SEM image and (e) locally enlarged image. In comparison, the SEM images for the corresponding Co3O4 nano-
belt array on Ti foil are exhibited in panels d and f in sequence. (g) Optical picture with a ruler in millimeter scale as the back-
ground for Co(CO3)0.5(OH)0.11H2O (right panel) and Co3O4 (left panel). From the side view of the Co3O4 nanobelt array on Ti
foil (h), it can be detected that these nanobelts developed from the Ti foil and exhibited good contact with the substrate.
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tion and desorption isotherm measurement. Figure 3a

exhibited a typical TEM image, from which we could

clearly detect some belt-shaped structures with some

distinct mesopores on the surface. The locally enlarged

HRTEM image in Figure 3b showed two hexagonally

crossing interdistances of 0.285 and 0.283 nm, indicat-

ing that the directly exposed crystal plane open to us

was (11̄1), combined with its corresponding FFT pat-

terns shown in the inset of Figure 3b. Figure 3b shows

some observations of mesopores with diameters of ap-

Scheme 1. Schematic illustration for the whole synthetic procedure: Basically, Ti foil is covered with a thin TiO2 layer be-
cause of metallic titanium’s oxidation in normal atmosphere. Experiencing immersion into strong basic solution, especially
over high temperature (170 °C), hydrophilic groups of hydroxyl will be formed on the surface of the TiO2 layer (I). During the
initial stage of reaction, some earlier formed crystal seeds of Co(CO3)0.5(OH)0.11H2O will be adsorbed onto the surface with
function of hydrogen bonding (II and III). Starting from these active centers, Co(CO3)0.5(OH)0.11H2O nanobelts will be devel-
oping and finally be formed into nanobelt array (IV). Owing to the chemical instability of Co(CO3)0.5(OH)0.11H2O and the ten-
dency to be decomposed when exposed to thermal environment, the Co(CO3)0.5(OH)0.11H2O nanobelt array easily turns
into a mesoporous Co3O4 nanobelt array with essence of single-crystallinilty (V) after calcinations under 350°C for 4 h.

Figure 3. Upon calcinations at 350 °C for 4 h, Co(CO3)0.5(OH)0.11H2O nanobelts are converted to mesoporous Co3O4 nano-
belts (a). From the rectangular area marked in panel a, HRTEM image (b) reveals well-crystallized Co3O4, where some meso-
pores are dispersed inside, and meanwhile implies single-crystallinity for the samples. XRD (c) and BET (d) diagrams, prov-
ing the good crystallization and high surface area for our samples. The inset in panel d is the pore size distribution, centered
at 2.4 nm.
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proximately 2.4 nm. Further characterizations, includ-
ing XRD (Figure 3c) and BET (Figure 3d), were presented
to certify that the products under calcinations were
mesoporous spinel Co3O4 (JCPDS No. 74-1657) with a
surface area of 74.01 m2/g and a pore size centered at
2.4 nm (inset of Figure 3d). In fact, the property of me-
soporosity could be reasonably deduced from the relief
of H2O and CO2 through Co(CO3)0.5(OH)0.11H2O ther-
mal decomposition. More interestingly, the presence of
mesoporosity did not affect the crystalline continuity
at all (Figure 3b). Thus, it was inferred from the above in-
vestigations that what we harvested after calcinations
was a single-crystal Co3O4 nanobelt array with charac-
teristics of mesoporosity. Besides being single-crystal in
nature and having a rather large surface area, the inten-
sive contact with the substrate made our products a po-
tential candidate for the anodic materials of lithium-ion
batteries.

Figure 4 shows the electrochemical performance of
the as-synthesized Co3O4 naonbelt array. Figure 4a was
the voltage capacity profile associated with charge�

discharge rate of 1.5C based on the Co3O4/Li half cell
(equivalent to 177 mA/g). From the first discharge
curve, it was observed that there was one distinct pla-
teau located at 1 V and the other unclear plateau at 1.3
V, which corresponded to the reduction processes of
CoO to Co and Co3O4 to CoO, respectively.4,24,25 Gener-
ally, the detection of a plateau in high voltage was
scarcely reported, except samples with high surface
area or very low testing current density applied.24,25 For
our samples, a high surface area of 74.01 m2/g was re-
corded, but the testing current density was as high as 177
mA/g, which was comparable to a previous report,2

where the surface area was as low as 7.6 m2/g. Starting
from this point, whether there was the existence of a dis-
charge plateau or not at high voltage (1.3 V) could be un-
derstandable. The discharge capacity of the first cycle
was approximately 1086.1 mAh/g, which was even higher
than that of the theoretical capacity for Co3O4 (890 mAh/
g). According to the previously reported results,5,26 it
could be attributed to the irreversible reactions ( e.g., elec-
trolyte decomposition occurring during the first dis-
charge cycle). Then irreversible capacity loss of 330
mAh/g in the second cycle frequently occurred in the an-
ode materials.1,2 The subsequent charging processes dis-
played the standard voltage hysteresis, signifying the con-
version reaction mechanism.4,12 Afterward, the following
charge�discharge curves tended to be stable, implying
that the electrochemical reactions were proceeding into
the cyclable stages.

Figure 4b shows the discharge capacities versus
cycle number at a rate of 1.5C for the Co3O4 nanobelt ar-
ray. The samples exhibited improved reversible dis-
charge capacities over 25 cycles. More interestingly,
the discharge capacities from the second cycle gradu-
ally increased rather than decreased. The maximum dis-
charge capacity could reach up to 788.7 mAh/g, which

corresponded to 88.6% of the theoretical capacity for

Co3O4. To the best of our knowledge, this is the best re-

sult reported for Co3O4 under such a high discharge

rate without the addition of any other ancillary materi-

als (binder and carbon black). In comparison, nanopar-

ticles of Co3O4 with sizes of 10�15 nm had been utilized

to investigate the electrochemical properties (Support-

ing Information). As shown in Figure 4b, it was observed

Figure 4. Voltage-specific capacity profiles are presented in
panel a, revealing the distinct discrepancy between the first
cycle and the subsequent cycles. The diagrams of specific ca-
pacity versus cycle number (b) derived from the Co3O4 nano-
belt array on Ti foil (red) and Co3O4 nanoparticles (black)
show us the high capacity and prominent cyclability for the
Co3O4 nanobelt array. When the discharge rates are in-
creased to 15 and 30C, the specific capacities will drop to
530 mAh/g (c, green) and 320 mAh/g (c, red), respectively.
However, the high capacities still could be retained over 15
cycles until 30 cycles under the ultrahigh discharge rates, im-
plying the excellent rate capabilities for our samples. The
black dots in panel c are the data collected at the discharge
rate of 1.5C as a comparison.
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that within five cycles, their discharge capacities de-
cayed to 372 mAh/g, which was close to the theoreti-
cal capacity of graphite, and rapidly faded below 100
mAh/g. Why was there such a large discrepancy be-
tween the two systems? The only possible explanation
could be attributed to the unique morphology and
structure for our synthesized Co3O4 nanobelt array. The
improved performance was determined to originate
from five advantages for our samples: (1) Free-standing
structure was favorable for electron transportation and
the insertion and extraction of lithium ions because
Co3O4 nanobelts sticked tightly to the conducting sub-
strate, building up an expressway for charge transfer.
The loose texture and enormous space among the indi-
vidual nanobelts provided a higher efficiency of lithia-
tion and delithiation under the aid of electrolyte pen-
etration. Definitely, it was also ideal for the
accommodation of large volume changes during reac-
tions. (2) High specific surface area, especially with a
large quantity of hydrophilic groups of hydroxyl ex-
posed outside,27 effectively improved the electrical con-
tact and lithium absorption during electrochemical re-
actions, similar to SnO2.28 (3) Even smaller widths of
20�40 nm for our nanobelts would definitely increase
the efficiency of lithiation and delithiation. It also short-
ened the charge transfer pathway and lowered the ex-
change resistance for Li ions between electrolyte and
functional materials.5 (4) Elastic feature of nanobelts re-
leased the pressure imposed on them while assem-
bling cells and prevented the nanobelt array from pul-
verization and fragmentation (Supporting Information).
(5) Specific structure consisting of needle-like Co3O4

tips with lengths limited to 2�3 �m promoted electro-
lyte diffusion. All those above would undoubtedly im-
prove the battery’s performance.

By imposing much higher discharge rates of 15C
(1670 mA/g) and 30C (3350 mA/g) on the Co3O4 nano-
belt array, we would investigate their rate capability

properties. In Figure 4c, it was clearly observed that, af-

ter no less than 30 cycles, the specific capacities steadily

delivered 530 mAh/g when cycled at a rate of 15C and

320 mAh/g at 30C. Compared to the previously re-

ported results, the enhanced performance for our

samples could be attributed to their unique morphol-

ogy and structure. Maintaining rather high specific ca-

pacities while experiencing ultrahigh discharge rates

further validated our samples to be promising candi-

dates for some practical applications where a large

amount of stored charges was required, such as elec-

tric vehicles and portable electronic devices. The promi-

nent rate capability determined in our experiments

was ideal for such applications.

CONCLUSION
In summary, it was described in this paper that

based on the elaborate analyses of the qualification of

growing well-aligned and one-dimensional nanostruc-

tures on the substrates, and combined with the struc-

tural analyses of Co(CO3)0.5(OH)0.11H2O nanobelt syn-

thesis, the Co3O4 nanobelt array had been rationally

synthesized on Ti foil. This result not only enriched the

contents of the oriented growth of 1D nanostructured

materials on some applicable substrates but also

showed us an illustration of the rationally designed syn-

thesis of well-aligned, functional, and technically impor-

tant materials. These Co3O4 nanobelts spontaneously

exhibited mesoporosity and large surface areas, which

were attributed to the thermal decomposition of

Co(CO3)0.5(OH)0.11H2O. It was revealed from Li-ion bat-

tery tests that the obtained samples displayed wonder-

ful specific capacities and rate capabilities, arising from

their unique hierarchical structures. The Co3O4 nanobelt

array may possibly be directly applied in some practi-

cal applications without the requirement of adding any

other ancillary materials.

MATERIALS AND METHODS
Materials: All chemicals or materials were used directly with-

out any further purification prior to usage. Ethylene glycol (Fisher
Chemical, 99.99%), ammonia hydroxide (NH3 · H2O, 28�30 wt
%, J.T. Baker), cobalt nitrate (Co(NO3)2, 99.9%, Aldrich), sodium
carbonate (Na2CO3, 99.9%, Aldrich), and titanium foil (0.127 mm
(0.005 in.) thick, annealed, 99%, Alfa Aesar), metallic Li foil (99.9%,
Aldrich) were used.

Synthesis of Co(CO3)0.5(OH)0.11H2O Nanobelts: In a typical synthesis,
20 mL of ethylene glycol, 12.5 mL of concentrated NH3 · H2O (28
wt ratio %), 1 mL of 1 M Na2CO3 aqueous solution, and 5 mL of 1
M Co (NO3)2 aqueous solution were mixed step-by-step under
vigorous stirring with intervals of 2 min. After that, another 20
min was introduced into the stirring period, and finally, the mix-
ture turned into a homogeneous solution with a deep dark color.
Once the precursor was transferred into a Teflon-lined stainless
steel autoclave with a volume of 45 mL, a thermal treatment was
performed for the Teflon liner in an electric oven at 170 °C for
16 h. After the autoclave was cooled naturally to room tempera-
ture in a fumehood, samples deposited at the bottom were col-
lected and washed by centrifugation for at least three cycles us-

ing deionized water (DI water) and one cycle using pure ethanol.
The as-synthesized samples were then dried in a vacuum oven
at 40 °C overnight to remove the absorbed water for the subse-
quent characterizations. Generally, 300�400 mg samples could
be produced from the synthesis (Supporting Information).

Synthesis of Co(CO3)0.5(OH)0.11H2O Nanobelt Array on Ti Foil and the
Conversion to Co3O4 Nanobelt Array: Prior to the synthesis, a Ti foil
with a size of 1 � 3 cm was rinsed with DI water and pure etha-
nol subsequently or sonically cleaned by a mixture of DI water,
ethanol, and acetone with a volume ratio of 1:1:1 for 10 min. Af-
terward, the Ti foil was tilted against the wall of the autoclave
at a certain angle, with the interested surface facing down. A
little modified solution composed of ethylene glycol, concen-
trated NH3 · H2O (28 wt %), 1 M Na2CO3 aqueous solution, and 1
M Co (NO3)2 aqueous solution was slowly poured into the auto-
clave. The autoclave was then tightly sealed and left in an oven
at 140�170 °C for 16�64 h for reaction. Once the reaction was
over, the Ti foil was taken out and dried in a vacuum oven at 40
°C for at least 3 h. In the event of the conversion from
Co(CO3)0.5(OH)0.11H2O nanobelt to Co3O4, another thermal treat-
ment was performed at 350 °C for 4 h with a heating ramp of 1

A
RTIC

LE

www.acsnano.org VOL. 4 ▪ NO. 3 ▪ 1425–1432 ▪ 2010 1431



°C/min until the products’ color changed from pink or purple to
black.

Characterization of the Samples: Scanning electron microscopy
(SEM, FEI, 5 kV), transmission electron microscopy (TEM, Philips,
Tecnai, F20, 200 kV), power X-ray diffraction (XRD, Bruker D8 Ad-
vance X-ray diffractometer with Cu K� radiation), and
Brunauer�Emmett�Teller surface area measurement (BET,
Quantachrome Autosorb-6B surface area and pore size ana-
lyzer) were applied to characterize the obtained samples.

Electrochemical Characterization: Prior to actual testing, Ti foil with
samples of 0.6�0.9 mg/cm2 covered was first cut into smaller
pieces with a size of 6 � 6 mm and weighed in a high-precision
analytical balance (Sartorius, max weight 5100 mg, d � 0.001
mg). The obtained pieces of Ti were then used as electrodes with
1 M LiPF6 in ethylene carbonate and diethyl carbonate (EC-DEC,
v/v � 1:1) as electrolyte. Celgard 2400 was used as the separator
film to isolate the two electrodes. Pure Li foil (99.9%, Aldrich)
was accepted to server as counter electrode and reference elec-
trode. The cell was assembled in an argon-filled glovebox where
moisture and oxygen concentrations were strictly limited to be-
low 1 ppm. The electrochemical tests were performed on
Neware Battery Testing System in a model 5 V1 mA. After test-
ing, the tested Co3O4 nanobelt array was removed from the Ti foil
by knife and the Ti foil was completely cleaned by ultrasonica-
tion subsequently and then weighed in the analytical balance
again. Through this way, the exact sample mass used for Li-ion
battery testing was available.
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