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Cobalt oxide (Co304) hollow nanosphere has been fabricated by templating micelle of an
anionic tri-block copolymer, poly(styrene-block-metharcrylic acid-block- ethyleneglycol) (PS-PMA-
PEG), which has core-shell-corona structure in aqueous solutions. TEM images indicate that the
inner diameter of the nanosphere is ca. 30 + 2 nm, which is corresponding to the diameter of the PS
core (ca. 30 £ 2 nm) of the template micelle. The outer diameter is about ca. 60 = 3 nm, and the
thickness of the shell is around 15 £ 1 nm, which could prevent rupture during application. The
Co304 hollow nanosphere was then applied to lithium ion batteries, and showed promising

electrochemical properties as anode materials (> 500 mAh. g'1 after 30 cycles).

Key word: cobalt oxide, hollow nanosphere, tri-block copolymer, core-shell-corona micelle, lithium
battery
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Introduction

Inorganic hollow nanospheres have been attracting tremendous attention of the researchers
due to their unique properties such as high ratio of surface area to volume, large pore volume and
low density, which provides them with potential applications in biomedical fields and electronics.'”
Synthesis of inorganic hollow nanospheres has been carried out by many methods. The methods can
be classified into three categories: hard template method, soft template method, and template-free
method. While hard template method usually gives large (micro-sized) hollow nanospheres and less
yield, soft template method has several advantages: it provides smaller hollow nanospheres, tunable
void size and shell thickness, as well as high yield.* Although the template-free method is a facile

and cost-reducing method, the size of the hollow nanospheres is quite irregular.

Magnetic nanostructures with different morphology and dimensions have been produced
many years ago. They include nano-sphere, nano-rod/tube/wire, nanocage,”® and so on. The
magnetic property depends on the size, shape and component materials. Magnetic hollow
nanospheres are expected to show different physical properties in comparison with dense particles
due to the confined hollow nanostructures. Cobalt oxide (Co304) is one of the most studied magnetic
oxides due to its stability in alkaline media and promising potential abilities.”'® They have been
applied in electronic devices'', gas sensors'?, electro-chromic® and electrochemical systems'”.
Cobalt oxides were also used in biomedicine as the contrast enhancement agents for magnetic

resonance imaging or for drug delivery.'

Recently, we proposed a novel technique to synthesize inorganic hollow nanospheres by
using a triblock copolymer which forms core-shell-corona micelle.'® ' This method gives overall
control of the structure of the nanosphere; void space of the nanosphere can be tuned by the
molecular weight of the core-forming block, and the shell thickness can be adjusted by the chain
length of shell-forming block and the amount of precursor. Furthermore, the corona of the polymeric
micelle prevents the secondary aggregation of the nanosphere during preparation. By using the core-
shell-corona micellar template, varieties of inorganic hollow nanosphere have been fabricated, i.e.

Si0,'®, Ti0,", Fe;04%°, La,052!, Cu0?%, ZnO?, ZnBO5**, etc.

In the present study, we tried to synthesize hollow nanospheres of cobalt oxide (Co3;04) using



New Journal of Chemistry

anionic tri-block copolymer, poly(styrene-block-metharcrylic acid-block-ethyleneglycol) (PS-PMA-
PEG), as a new polymer for the template. This polymer forms a polymeric micelle with PS core,
PMA shell, and PEG corona in aqueous solutions. The PS core acts as the template for the spacious
void of the hollow particle, the PMA shell plays the role as the reservoir and reactor of the precursor
and the PEG corona keeps the micelle-precursor composite stable in aqueous media (Scheme 1). The
as-prepared cobalt oxide hollow nanospheres have an outer diameter of ca. 60 + 3 nm and shell

thickness of ca. 15+ 1 nm.

Hollow
metal oxide
Precursors
Dialysis co* @ .
0000000 > Calcination in air
_—
pH 10
PS-PMA-PEG NaOH
Co;0,
Core-shell Corona Micelles Cobalthydoxides polymer composite

Scheme 1. Synthesis of cobalt oxide (Co304) hollow nanospheres
Experimental
Synthesis of PS-PMA-PEG

Triblock copolymer (PS-PMA-PEG) was synthesized as follows: Distilled methacrylic acid
(8.02 g, 93.1 mmol), poly(ethylene glycol) methylether (4-cyano-4-pentanoate dodecyl
trithiocarbonate) purchased from Aldrich (number-average molecular weight (4,): 2,400 g/mol, 1.50
g, 0.621 mmol) and recrystallized 2,2-azobisisobutyronitrile (AIBN, 40.8 mg, 0.249 mmol) were
dissolved in distilled 1,4-dioxane (62 mL). The solution was deoxygenated by Argon gas for 30 min.
Polymerization was carried out at 60 °C for 8 h. The polymerization mixture was dialyzed against
methanol for two days. The diblock copolymer (PEG-PMA) was recovered by evaporation. The
polymer ethanol solution was poured into the large excess of n-hexane as a poor solvent (5.85 g,
61.5 %). The degrees of polymerization (DPs) for the PEG and PMA blocks were 46 and 122
estimated from 1H NMR (Figure S1). M,, and molecular weight distribution (My/M,) were 1.37 X

10* g/mol and 1.39 10* g/mol (Figure S2), respectively, estimated from gel-permeation

Page 4 of 13



Page 5 of 13

New Journal of Chemistry

chromatography (GPC). Distilled styrene (19.4 g, 0.186 mol), PEG-PMA (3.00 g, 0.234 mmol),
AIBN (7.73 mg, 0.0471 mmol) were dissolved in distilled N,N-dimethylformamide (DMF, 18.6 mL).
The solution was deoxygenated by Argon gas for 30 min. Polymerization was carried out at 60 °C for
24 h. The reaction mixture was dialyzed against tetrahydrofuran for two days. After dialysis, the
solution was poured into a large excess of ethyl acetate to obtain triblock copolymer (PS-PMA-PEG,
2.07 g). M, of the triblock copolymer and DP of the PS block were 2.67 x 10* g/mol and 132,
respectively, estimated from 'H NMR (Figure S3). GPC measurements for PS-PMA-PEG cannot be

performed due to low solubility for the eluent.
Preparation of PS-PMA-PEG micelle

The micelle was prepared by dialysis of the DMF solution of the triblock copolymer against
water. First, 0.1 g of PS-PMA-PEG was dissolved in 4.5 g of DMF under vigorous stirring for 2h.
Then, 0.5 g of water was added drop by drop to the solution and the solution was kept stirring for

another 2h. The mixture was dialyzed against water for three days to obtain micelle.
Fabrication of cobalt oxide hollow nanospheres

Hollow cobalt oxide nanospheres were synthesized at room temperature according to a
procedure in Scheme 1. First, 1 mL of cobalt sulfate precursor solution (1.9 g mL™") was added to 10
mL of the polymeric micelle solution (0.5 mg mL™) under vigorous stirring. Subsequently, the
precipitation reaction was completed by adding dilute 0.1 M NaOH solution slowly. The color of the
polymeric micelle solution changed slightly from pink to colorless and to blue. In order to accelerate
the reaction and to obtain the nano-crystalline structure, the solution was aged at static condition in
the oven at 50 °C for one day. The composite particles were washed with distilled water and ethanol
followed by drying in the oven at 50 °C for one day. Eventually, the hollow cobalt oxide nanospheres

were obtained after removing the template polymer by calcination at 450 °C for 4 hours in air.
Characterization of PS-PMA-PEG, polymeric micelle and cobalt oxide hollow nanoparticle

'H NMR spectra were obtained with a Bruker DRX-500 spectrometer. GPC analysis for

PEG-PMA was performed using a refractive index detector equipped with a Shodex GF-7M HQ



New Journal of Chemistry

column at 40 °C under a flow rate of 0.6 mL/min. A phosphate buffer (pH 9) containing 10 vol %
acetonitrile was used as eluent. The values of M, and M,/M, were calibrated with standard sodium
poly(styrenesulfonate) samples. Dynamic light scattering (DLS) measurements were carried out with
Otsuka ELS-Z Zeta potential & Particle size analyzer. Transmission electron microscope (TEM)
images were obtained by using a JEOL JEM-1210 electron microscope at an accelerating voltage of
100 kV. FTIR spectra were recorded on a Bruker Vertex 70-S spectrometer. XRD patterns were
obtained by Shimadzu XRD 610D X-ray Diffractometer Lab X.

Measurements of electrochemical properties

The electrochemical properties of cobalt oxide hollow nanosphere were examined in lithium
coin cell. CR2032 type coin cells were assembled. Lithium foil was used as the anode and
polypropylene as separator. For the fabrication of working electrodes, 5 mg active material together
with 5 mg conducting binder (Teflon: Acetylene black = 1:2) was mixed and pressed on the stainless
steel mesh under a pressure of 500 kg cm™. The as-prepared electrodes were dehydrated at 180 °C
for 6 h under vacuum. The electrolyte used was 1 M lithium phosphorous hexafluoride (LiPF¢) in a
mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC) with volume ratio of 1:2 (Ube
Chemicals Co. Ltd.). The cells were assembled in a glove box filled with pure argon gas. The
galvanostatic charge—discharge tests of the coin cell were performed at the constant current density
of 100 mA g between 2.5-0.05 V at 30 °C. Cyclic voltammetry (CV) measurements were carried
out with an HSV-100 (Hokuto Denko Inc.) over the potential range of 0.05-2.5 V vs. Li/Li" at a

scanning rate of 0.1 mV's .

Results and discussions

Figure la illustrates DLS histogram of PS-PMA-PEG micelles. It shows a narrow
distribution of hydrodynamic diameter of 78 + 3 nm. Figure 1b represents a TEM picture of PS-
PMA-PEG micelles stained with phosphotungstic acid. As the PMA and PEO blocks are stained, the
white spheres correspond to the PS core. It shows that the PS core of the template micelles have a
spherical shape with mono-dispersed size, it is consistent with the PDI of the polymer solution (PDI

=0.07). The average size of the PS core is around 30 + 2 nm.
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Figure 2 shows TEM images of cobalt hollow oxide nanospheres at different magnifications.
The hollow nanospheres have spherical shape with narrow size distribution. Average outer diameter
of the hollow nanospheres is about ca. 60 + 3 nm and average inner diameter is about ca. 30 £ 2 nm.
The average inner diameter (ca. 30 = 2 nm) is in consistent with the size of the PS core (ca. 30 + 2
nm) of the template micelle. To the best of our knowledge, the obtained cobalt oxide hollow

nanospheres have the smallest diameter among those nanospheres which have ever been reported.

Removal of the template micelles was checked by FTIR measurement (Figure 3). Before
calcinations, there are lots of prominent absorption peaks originated from the template polymer
(black and dashed line). The peak at 3000 cm™ characterizes C-H stretching of aromatic group of
polystyrene. The bands ranging from 1450 em” to 1700 cm™ exhibit the C=0 stretching of
carboxylic group. Those peaks disappeared in the spectrum of the post-calcined Co3;04 (red and
solid line). The peaks at 670 and 692 cm™ express the cobalt oxide. These facts indicate that the

template polymer is completely removed by calcinations.
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Figure 1. (a) DLS histogram of the polymeric micelles of PS-PMA-PEG and (b) TEM picture of the
polymer micelles stained with 1 % phosphotungstic acid. In TEM measurements, we dropped 5 pl of
the mixed solution of the micelle and phosphotungstic acid on the copper grid and dried it in the oven
at 50 °C.
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Figure 2. TEM pictures of cobalt oxide (Co;04) hollow nanospheres:
(a) low magnification and (b) high magnification.
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Figure 3. FTIR spectra of polymer-Co composite particles before (dashed line) and after (solid line)
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Figure 4. XRD pattern of cobalt oxide hollow nanospheres

Crystal structure of the cobalt oxide hollow nanospheres was characterized by XRD. Figure 4
shows the XRD pattern of cobalt oxide hollow nanospheres calcined at 450 °C. These peaks (20) at
19°, 31.3°, 36.87°, 44.83°, 59.2°, and 65.2° in Fig. 4 match the JCPDS card No: 073-1701 file. This
fact indicates that Co;04 has the cubic structure.”® The XRD pattern also shows that there are no

characteristic peaks arising from impurities.
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Figure 5. The cyclic voltammetry (CV) profile of Co304 hollow nanospheres

The cyclic voltammetry (CV) of Co3;04 nanospheres was performed for the initial three cycles in
the voltage range of 0.05-2.5 V at a scan rate of 0.1 mV s . As shown in Figure 5, two prominent
cathode peaks can be observed at around 0.90 V and 0.60 V. The first cathode peak at 0.90 V could
be ascribed to the reduction of Co304 into CoO and Li;O. The second cathode peak at 0.60V for
Co304 would correspond to the further reduction of CoO into Co and Li,O and the formation of the
solid electrolyte interphase (SEI) layer®. Similar observations have been reported in the previous
papers for Cosz0g4 nanospheres.27'28 The observed anodic peak at 2.07 V for Co3O4 nanospheres can

be attributed to the reversible oxidation of Co to cobalt oxide. The corresponding reaction at the

initial cycle can be presented as follows:
Co304 + 8Li"+ 8¢ > 4Li>O + 3Co

In the following cycles, the cathode peak slightly shifts to 0.95 V, while the anodic peak
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remains stable. Furthermore, one can notice that the CV curves overlapped in the following cycles,
revealing the good electrochemical reversibility of the Co304 electrode during the

lithiation/delithiation processes.
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Figure 6. The charge-discharge curves of the Co3;04 hollow nanoparticle electrode

Figure 6 shows the charge-discharge curves of the Co30; electrode for the 1%, 2™, 10" and 30™
cycles at the current density of 100 mA g'l. In the first discharge curve, there are two voltage
plateaus at around 1.0 V and 0.65 V. The discharge curve turned to a sloping curve down to the cutoff
volt-age of 0.05 V. The above change in the discharge curve is ascribed to the reduction of Co3;04 to
Co metal.”° These observations are consistent with the CV results as described above. The initial
discharge and charge capacities are found to be 2021 mAhg™ and 766 mAhg™ respectively. The first
cycle capacity loss has been observed for Co3;04 anode materials, which can be mainly attributed to
the possible irreversible reaction such as electrolyte decomposition and formation of a SEI layer
during the initial discharge process. Although the huge irreversible capacity loss was observed in the

initial cycle, the Co304 electrode can still deliver a high charge capacity. The reversible specific
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charge and discharge capacity of the second cycle slightly decreased to 730 and 884 mAh.g”,
respectively, which shows relatively good reversibility of the Co3Oj4 electrode. Such capacity fade
with cycles is normal for metal oxide conversion electrode, which is mainly caused by the
pulverization of electrode materials upon cycling. Therefore, despite of the slight capacity fade upon
cycling, Cos04 electrode still shows a reversible capacity over 500 mAh.g” after 30 cycles.
Moreover, it was found that Coulomb efficiency of Co304 electrode stabilizes at above 97% at 30

cycle.
Conclusion

The cobalt oxide hollow nanospheres have been successfully synthesized by templating core-
shell-corona micelle of PS-PMA-PEG in aqueous solutions. The obtained hollow nanospheres were
characterized by various techniques including TEM and FTIR measurements. It was shown that the
hollow nanospheres have average outer diameter of about ca. 60 + 3 nm and average inner diameter
of about ca. 30 £ 2 nm. The cyclic volumetric profile proves the good electrochemical reversibility of
Co0304 hollow nanospheres, promising a potential application to lithium ion battery. In future study,
we plan to examine magnetic properties of the cobalt oxide hollow nanospheres to elucidate the

effect of hollow structure on the magnetic properties.
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