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he template technique is versatile

for the construction of advanced

materials with controlled nano/
microstructures and desired functions.!™*
To date, various hard templates with pre-
formed porous or channel structures, such
as anodized alumina membranes and
MCM-41 silica, have been explored for the
synthesis of nanorods and nanotubes.>®
Other soft templates, such as surfactants
and block copolymers, function as
structure-directing agents that assist in the
assembly of the reacting species. These
templates offer benefits in terms of design-
ing spherelike, wirelike, and porous
nanostructures.”~'° More recently, one type
of soft templates, biological templates (bac-
terium, DNA, virus particles, etc.), has been
used to deposit nanoparticles and produce
unique nanostructures." "' Comparatively,
bacteria could be promising in the genera-
tion of a variety of unique inorganic struc-
tures on the micro- or even nanoscopic
level, through the combination of tradi-
tional chemical techniques without strin-
gent genetic engineering.”'"1>1° These
structures could possibly be used for the
facile, large-scale production of functional
materials.

Herein, rod- or tube-shaped metal oxide
nanostructures were synthesized using Ba-
cillus subtilis templates. Bacillus subtilis is
one of the extensively studied Gram-
positive bacterium with a thick, multilay-
ered peptidoglycan sacculus that is deco-
rated with proteins, teichoic acids, and
polysaccharides, which are surrounded by
an outer shell of proteins that are packed in
a paracrystalline layer (S-layer) in some
species.2%?' An aqueous electroless deposi-
tion procedure was demonstrated utilizing
the metal-binding properties of this bacte-
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ABSTRACT In this work, a simple, high-yield biomineralization process is reported for cobalt oxide
nanostructures using Gram-positive bacteria, Bacillus subtilis, as the soft templates. Rod-type cobalt oxide is
prepared at room temperature through an electrostatic interaction between the functional surface structures of
the bacteria and the cobalt ions in an aqueous solution. Additionally, porous Co;0, hollow rods are formed through
a subsequent heat treatment at 300 °C. These rods have a high surface area and exhibited an excellent
electrochemical performance for rechargeable Li-ion batteries. This facile, inexpensive, and environmentally
benign synthesis for transition metal oxides with unique nanostructures can be used for several practical
applications, such as batteries, catalysts, sensors, and supercapacitors.

KEYWORDS: Bacillus subtilis - soft template - cobalt oxide - nanostructures -
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rial surface in order to fabricate cobalt ox-
ide nanostructures that retained the shape
of the bacterial template morphology.
p-Type semiconductor cobalt oxide was se-
lected as the functional inorganic material
because it has intensively been studied in
catalysts, solid-state sensors, electrochromic
devices, and pigments.??~%> Recently, co-
balt oxides have also received special atten-
tion for their applications in high-capacity
Li-ion battery electrodes.'?¢73% In this work,
organic/inorganic hybrid bacteria/cobalt
oxide rods and hollow cobalt oxide rods
with a high surface area were systemati-
cally fabricated. Furthermore, we investi-
gated the lithium storage properties of
these nanostructured materials.

RESULTS AND DISCUSSION

Bacteria-Templated Synthesis. Figure 1a
schematically illustrates the Bacillus subtilis- ~ *Address correspondence to
mediated biosynthetic process of the cobalt ~ dWkim@3ajou.ackr.
oxide nanostructures: (i) the cultured bacte-  geceived for review August 25, 2010
ria biotemplates, (ii) the bacteria/metal ox-  and accepted December 07, 2010.
ide composite rods that were synthesized . .
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through the binding/reduction of the metal  19.1021/nn1021605
ions on the bacterial surface and the spon-
taneous oxidation at room temperature, © 2011 American Chemical Society
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Bacillus subtilis

i) Bacteria Biotemplates

= = .
Figure 1. (a) Schematic diagram of the bacteria-templated synthesis of the oxide nanostructures. Typical FESEM images of
(b) the pure bacteria, (c) the bacteria/cobalt oxide rods, and (d) the hollow cobalt oxide rods. The insets depict the cross sec-
tion of each sample.

and (iii) the highly porous metal oxide tubes that were
heat-treated at 300 °C. The field-emission scanning elec-
tron microscopy (FESEM) images of the typical struc-
tures were taken after each step and are depicted in Fig-
ure 1b—d. Bacillus subtilis is a rod-shaped bacterium
with an average diameter of ~500 nm and a length of
2—5 pm, as shown in Figure 1b. The uniform deposition
of cobalt oxide onto the bacterial surfaces without any
further functionalization led to the formation of the
bacteria/cobalt oxide hybrid systems (Figure 1c).

The Bacillus subtilis cell wall is composed of a thick,
multilayered peptidoglycan sheath outside of the
plasma membrane. The phosphate groups in the form
of phosphodiesters of teichoic and lipoteichoic acids
that were linked to and embedded in the peptidogly-
can contributed to the highly negative surface charge
(Figure 2).231 Indeed, the well-dispersed bacterial sus-
pension exhibited a high negative zeta-potential of
—46 mV. Wall teichoic acid chains and carbonyl groups
of peptidoglycan were believed to bind the positive
Co?* ions through an electrostatic interaction.3?*3 The
hybrid core/shell bacteria/cobalt oxide rods were syn-
thesized after the subsequent reduction by NaBH, and

o
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i) Bacteria/Oxide
Hybrid Composite Rods

iii) Hollow Oxide Rods
by Templates Removal
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the spontaneous oxidation in an aqueous suspension.
In order to characterize a possible reaction of bacterial
surface with Co?" ions, a UV—visible absorption spectra
of solution were obtained with increasing reaction
time at room temperature. A clear absorption peak
around 500 nm is observed in pure CoCl, - 6H,0 solu-
tion and then became significantly weaker after add-
ing bacterial solution (Figure S1, Supporting Informa-
tion). In addition, the solution does not have any
noticeable absorption after subsequent addition of
NaBH, solution, which indicates the formation of Co°
nanometals by the reduction reaction as reported in
UV —visible spectra of cobalt nanoparticles.3*3 This sub-
sequent reduction of Co?* ions by NaBH, was clearly
evidenced by the systematic color change from pink to
a black, as shown in Figure S1. Furthermore, the black
coloration of solution changed to dark yellow by the
spontaneous oxidation in aqueous solution with the in-
crease of reaction time.

Most of the rods had a closed end, but some open-
ended rods and hollow-structured rods also existed in
the broken region probably because of the cellular frag-
ment release during the synthetic process (Figure 3).
Furthermore, these hybrid rods were calcined at 300
°C for 12 h in air to design the complete cobalt oxide
hollow rods or tubes with a high surface area. The over-
all rod-shaped morphology was clearly retained after
the core bacteria removal process. The expected cross
sections of each sample are illustrated in the insets of
Figure 1b,c.

Microstructure and Phase Analyses. The microstructure
was further examined using transmission electron
microscopy (TEM) and selected area electron diffrac-
tion (SAED). Compared to the clear surface of the origi-

nal Bacillus subtilis templates (Figure 4a), the nano-

Figure 2. Simplified illustration of the cell wall of Bacillus subtilis, which
clusters covered the overall bacteria surfaces (Figure

shows the teichoic/lipoteichoic acid brushes on the bacterial surface.
ACRNITANKTS . .
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Figure 3. Representative FESEM images of the close-ended, open-ended, and broken hollow rods.

4b). These nanoclusters (~2 to 5 nm in diameter), which
were crystallized onto the surfaces, corresponded to
the crystal structure of Co(Il)O based on high-resolution
TEM (HRTEM) and the SAED pattern (insets in Figure
4b).

The focused ion beam (FIB) lift-out technique was
used to obtain the cross-sectional information of the
hybrid bacteria/cobalt oxide rods. A weaker contrast re-
gion surrounded by a strong dark region was observed,
revealing the clear core—shell structure in Figure 4c.
The line-scan energy-dispersive spectroscopy (EDS)
analysis confirmed the local composition of the core
(bacteria)—shell (cobalt oxide) structure. The thickness
of shell was estimated to be 20—50 nm. Notably, the
thickness of the shell (i.e., the amount of cobalt oxide
that was coated onto the bacteria) was easily controlled
by the synthetic conditions, especially the concentra-
tions of the Co?" ions and NaBH, (Figure 5).3¢ We found
that thicker cobalt oxide rods were produced with an
increase in concentration of NaBH, when the concen-
tration of Co?* ions was held constant (Figures S2 and
S3, Supporting Information).

Furthermore, the FIB-TEM-EDS analyses of the other
hybrid rods were conducted using the other samples
(Figure S4). The incomplete circular shape of the hybrid
rods was due to the deposition of the Pt strap onto
the rods and the Ga* beam milling processes (Figure
S4a,b). On the basis of the intensity profiles of the ele-
ments (Co, C, O, and Pt) along the line on the bacteria/
cobalt oxide rods, the high C signal in the core region
and high Co and O signals in the shell region (Figure
S4c,d) supported the formation of the core—shell
heterostructure.

a)

Figure 6a,b shows the typical TEM images of the co-
balt oxide rods that were heat-treated for 12 h at 200
and 300 °C, respectively. During the core removal pro-
cess with the heat treatment, the microstructure re-
tained the original morphology of the bacterium. The
rod shape did not significantly collapse, even though
the lengths of the rods were shorter. Furthermore, the
rods were irregularly shrunken, and their surface was
relatively rougher, possibly because of the core release.
The quantitative analysis using TEM-EDS (Figure S5)
and the inductively coupled plasma mass spectrom-
etry analysis indicated that the pure Bacillus subtilis bac-
terium had a typical elemental composition for or-
ganic material, and the amount of the inorganic
residues (mainly P and K) was negligible. From the ther-
mogravimetric analysis (TGA), the as-prepared bacteria/
cobalt oxide hybrids were completely decomposed
during the heat treatment at 300 °C for 12 h (Figure
S6). The total weight loss corresponded to ~60%.
Therefore, after the thermal treatment at 300 °C, the
powder corresponded to complete inorganic cobalt ox-
ides with hollow rod shapes (bottom left inset of Fig-
ure 6b and Figure S7). The SAED pattern corresponded
to the polycrystalline cubic spinel Co;0, (top right inset
of Figure 6b and Figure S8).

The crystallographic structure was also analyzed us-
ing the X-ray powder diffraction (XRD) patterns that
were taken from these powders in Figure 6¢. All of the
peaks were perfectly indexed to Co;04 (JCPDS card No.
42-1467, space group Fd3m), as expected. All of the
prominent Raman peaks also corresponded to the £,
(466 cm™"), Fog (512 and 621 cm™7), Ayq (668 cm ™)
modes of the Co30, crystalline phase (inset of Figure

Figure 4. (a) TEM image of the pure Bacillus subtilis templates. The inset shows a magnified image of the cell end part. (b)
TEM image of an individual bacteria/cobalt oxide composite rod. The top right and bottom right insets show the HRTEM im-
ages of the enlarged view of the interface between the core and the shell and the SAED pattern that confirmed the CoO-
like crystal structure of the shell. (c) Cross-section TEM image of the bacteria/cobalt oxide composite rod through an FIB ma-
nipulation process. The EDS intensity profile of the Co element along the yellow line.
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200 nm 200 nm

Figure 5. Typical TEM images of the bacteria/cobalt oxide
composite rods that were prepared under different synthetic
conditions: (a) 100 mL of 1T mM CoCl, - 6H,0 and 1 mL of 100
mM NaBHj,, (b) 200 mL of 50 mM CoCl, - 6H,0 and 300 mL of 50
mM NaBH,.

6¢), which was consistent with the previous investiga-
tions.>” Additionally, the mean crystallite size was esti-
mated to be 6.6 nm from the calculation of the half-
width of the XRD peak of the Co;0,4 (311) plane using
Scherrer’s equation. These results suggested that the
crystallinity of cobalt oxide improved, and the primary
crystallites grew, while maintaining the nanotextural
nature of the samples after the thermal treatment.
The thermal process for the removal of the bacteria
as the sacrificial template could affect the surface area
and the porosity of the cobalt oxide powders. Figure 6d
provides the nitrogen adsorption—desorption iso-

therms of the pure bacteria and the hollow Co30, rods
that were heat-treated at 300 °C. The
Brunauer—Emmett—Teller (BET) surface areas were es-
timated to be 5.1 and 73.3 m? g, respectively. Al-
though the as-prepared bacteria/cobalt oxide hybrid
rods had a surface area of 11.2 m?2 g7, the surface area
of the Co30, rods was much larger after the thermal
treatment. Additionally, the clear hysteresis loop and
the pore size distribution that was calculated using the
Barrett—Joyner—Halenda (BJH) method (inset of Figure
6d) indicated the mesoporosity of the Cos0, rods. Thus,
the hollow-rod-type porous Co30,4 nanostructures with
a high surface area can be prepared using the thermal
bacteria removal process.

Electrochemical Properties of Cobalt Oxide Nanostructures.
Nanostructured electrode materials with large surface
areas have multiple advantages with respect to the per-
formance of Li-ion batteries by providing shorter path
lengths for both the electronic and the Li ionic trans-
port, a higher electrode/electrolyte contact area, and a
better accommodation of the strain of the Li-ion
insertion/extraction.3®*° Because of the capacity limita-
tion (theoretical capacity of 372 mAh g~') in commer-
cial graphite-based anodes on intercalation/deinterca-
lation reactions, great effort has been applied to the
nanostructuring of transition metal oxides (that is, M,O,,
where M is Co, Ni, Cu, or Fe) because nanostructured
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Figure 6. TEM images of the Co;0, rods that were calcined at (a) 200 °C and (b) 300 °C. The top right and bottom left insets
in (b) indicate the typical SAED pattern and FESEM image showing the hollow nature, respectively. (c) XRD patterns of the
Co30, rods that were calcined at 200 and 300 °C. The inset shows the room temperature Raman spectrum of the Cos0, rods
that were calcined at 300 °C. (d) Nitrogen adsorption—desorption isotherms along with the corresponding pore size distri-

butions (inset) of the pure bacteria and the Co30, rods that were calcined at 300 °C.
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Figure 7. (a) Cyclic voltammetries of the pure bacteria, the bacteria/cobalt oxide rods, and the hollow Co;0, rods that were
calcined at 300 °C for the first two cycles. The inset shows the variation in the CV profiles of the hollow Co3;0, rods that were
calcined at 300 °C for 10 cycles. (b) Charging—discharging curves of the bacteria/cobalt oxide composite rods. (c) FT-IR spec-
tra of the pure bacteria, the bacteria/cobalt oxide rods, and the hollow Co;0, rods that were calcined at 300 °C. (d)
Charging—discharging curves of the hollow Co;0, rods that were calcined at 300 °C.

transition metal oxides can deliver much higher capac-
ity than graphite using their conversion reaction (M,O,
+ ne™ + nLi™ <> xM° + Li,0,).>~?° Moreover, biologi-
cally derived components have been recently used to
produce high surface area nanostructured materials for
the battery electrodes.''”

The electrochemical activity of bacteria-directed
nanostructured samples was evaluated using cyclic vol-
tammetry (CV). Figure 7a presents the CV profiles of
the pure bacteria, the bacteria/cobalt oxide composite
rods, and the hollow Cos;0, rods after the first two cycles
at a scan rate of 0.1 mV s~ from 0.01 to 3.0 V. For the
pure bacteria, the trace of an irreversible reduction peak
appeared at ~0.65 V for the first cycle, but no further re-
dox peaks were observed upon subsequent charging/
discharging, indicating that the lithiation reaction was
negligible for the bacteria. The redox peaks of the bac-
teria/cobalt oxide composite rods shifted to a lower
voltage, compared to the hollow Co;0, rods, possibly
because of the different species of cobalt oxides (CoO
and Cos0,, respectively) along with the different lithium
conversion reactions (CoO + 2Li £ Co + Li,O and
Co30,4 + 8Li = 3Co + 4Li,0). Furthermore, the CV pro-

www.acsnano.org

files of the hollow Cos0, rods were almost identical to
the Cos0, nanostructures (inset of Figure 7a)."*
Figure 7b shows the typical voltage/specific capac-
ity curves at a rate of 240 mA g~ in the bacteria/co-
balt oxide composite rods. The first discharge and
charge capacities were 1225 and 660 mAh g, respec-
tively. Considering the amount of inactive bacteria in
the composite (~60 wt %), the first charge capacity was
considerably high. However, the Coulombic efficiency
of 54% was poor during the first cycle, and the revers-
ible capacity significantly faded to 310 mAh g~ ! after 20
cycles. The observed infrared bands for the bacteria in
Figures 7c and S9 corresponded to the presence of the
functional groups from the macromolecules.*? These as-
signed signals were also observed in the bacteria/
cobalt oxide composite rods. Although the exact elec-
trochemical reaction must be further investigated, this
inferior performance could possibly be attributed to the
undesirable electrode —electrolyte reaction and the
poor internal electronic conductivity that was induced
by the contributions from the considerable amount of
functional organic species. These organic groups almost
completely disappeared after the thermal bacteria re-
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moval process at 300 °C in the hollow Cos0, rods.
Therefore, the Coulombic efficiency was remarkably im-
proved (69%) under the same electrochemical evalua-
tion conditions (at a rate of 240 mA g~ (0.2C, based on
the theoretical capacity of 890 mAh g~ for Co304)). Fur-
thermore, excellent reversible specific capacities of
1000, 936, and 903 mAh g~ ' were observed after 1, 10,
and 20 cycles, respectively, indicating a better lithium
storage capacity retention (Figure 7d). The porous
nanostructures of the electrode materials can effec-
tively accommodate the mechanical strain, thereby en-
hancing the cycle stability.?’~3%43 As previously ob-
served for the porous Cos0, nanostructured electrodes,
this enhanced electrochemical performance might be
attributed to the porous/hollow structured Cos0, rods
with a high surface area.

METHODS

Bacteria Culture. The Bacillus subtilis-cotG bacterial cells were
grown from a single colony in a liquid medium of the
Luria—Bertani broth (LB broth, Sigma-Aldrich) including 50
mg/mL of chlorampenicol (Cm, Sigma-Aldrich) at 37 °C and 200
rpm in a shaking incubator. When the optical density (OD 600
nm) of the culture reached ca. 0.3—0.6, the culture was trans-
ferred into triangle flasks for subculturing. After subculturing for
5 h, the bacterial cells were centrifuged at 12 000 rpm for 10
min and resuspended in distilled water to adjust the optical den-
sity (OD 600 nm) to ~2.0.

Synthesis of the Cobalt Oxide Nanostructures. The cobalt oxide
nanostructures were synthesized by adding the precursor solu-
tion and the reducing agent into the as-prepared bacterial sus-
pension and stirring the mixture at 700 rpm and room tempera-
ture. First, 400 mL of the precursor solution, a 50 mM
CoCl, - 6H,0 (99%, Sigma-Aldrich) aqueous solution, was in-
jected into the bacterial suspension at a rate of 10 mL/min
through a buret. After the mixture was stirred for 30 min, 200
mL of a 50 mM NaBH, (99%, Sigma-Aldrich) aqueous solution,
as the reducing agent, was slowly poured into the mixture at a
flow rate of 10 mL/min through the buret. Then the final mixture
was robustly stirred for 24 h at room temperature. After the mix-
ture was fully reacted, the mixture was centrifuged, and subse-
quently, the precipitate was collected. Then the precipitate was
washed with distilled water several times and acetone and then
dried at 60 °C in a vacuum oven for 6 h. The concentrations of Co
ions and the reductant were systematically controlled in order
to maintain a certain degree of control over the rod thickness.3®
The as-prepared bacteria/cobalt oxide composite rods were cal-
cined at 200 and 300 °C for 12 h in air in order to produce the hol-
low cobalt oxide nanostructures.

Characterization. The concentration of the bacterial suspen-
sion was measured using UV—visible spectroscopy (model
HP8453, Hewlett-Packard, USA). The crystal structures and func-
tionality of the surface properties were analyzed using X-ray
powder diffraction (XRD, model D/max-2500 V/PC, Rigaku Co.,
Japan), a Fourier transform infrared spectrometer (FT-IR, model
2000, Perkin-Elmer Inc., USA), and Raman spectroscopy (model
T64000, Horiba Jovin Yvon, France). All of morphologies of the
cobalt oxide nanostructures and the pure bacteria were investi-
gated using a field-emission scanning electron microscope
(FESEM, model Nova nanoSEM 200, FEI Co., USA) with an accel-
eration voltage of 10 kV and high-resolution transmission elec-
tron microscopy (HRTEM, model Tecnai G2 F30 S-Twin, FEI Co.,
USA) that was equipped with an energy-dispersive X-ray spectro-
scope (EDS, model EDAX, AMETEK Inc., USA). The cross-sectional
images of the product were acquired using a transmission elec-
tron microscope, and the samples were fabricated using a fo-
cused ion beam (FIB, model Nova 600 NanoLab, FEI Co., USA).
Additionally, the specific surface areas and the pore size distribu-
tions of the products were examined using the
Brunauer—Emmett—Teller and Barrett—Joyner—Halenda (BET/

K) VOL.5 = NO.1 = SHIM ET AL.

CONCLUSIONS

In summary, the bacteria/cobalt oxide hybrid com-
posite rods were prepared using Gram-positive bacte-
ria, Bacillus subtilis, as the soft templates without any
further functionalization. The cobalt oxide nanoclusters
with a diameter of ~2 to 5 nm were uniformly crystal-
lized onto the bacterial surfaces through an electro-
static interaction between the functional surface struc-
tures of the bacteria and the cobalt ions. Furthermore,
the porous, hollow Co;0, rods with a high surface area
of 73.3 m? g~ ' were designed using the thermal bacte-
ria removal process. These Cos04 nanostructures exhib-
ited an enhanced Coulombic efficiency as well as an ex-
cellent reversible specific capacity of 903 mAh g~ after
20 cycles.

BJH, model Belsorp-mini II, BEL Japan Inc.) method along with a
nitrogen adsorption/desorption process.

Evaluation of the Electrochemical Properties. A mixture that com-
prised 70 wt % active materials, 15 wt % Super P carbon black
(MMM Carbon, Brussels, Belgium), and 15 wt % Kynar 2801
binder (PVdF-HFP) that was dissolved in a 1-methyl-2-
pyrrolidinone (NMP) solvent was uniformly spread onto a Cu
foil in order to prepare the positive electrodes of the cobalt ox-
ide powders. Then the solvent was evaporated in a vacuum oven
at 100 °C. A Swagelok-type cell was assembled in an Ar-filled
glovebox in order to avoid contamination and oxidation. This
cell was composed of a positive electrode, a Li metal foil as the
negative electrode, and a separator film (Celgard 2400) that was
saturated with a liquid electrolyte consisting of 1 M LiPFs that
was dissolved in a ethylene carbonate and dimethyl carbonate
(1:1 by volume, Techno Semichem Co., Ltd., Korea) solution. The
cobalt oxide powders were electrochemically examined using
the galvanostatic discharge/charge cycling method with a bat-
tery cycler (WBCS 3000, WonATech Co., Korea). Each cell was
cycled over the voltage window of 0.01—3.0 V versus Li/Li*. The
cyclic voltammetry analyses were carried out at a scanning rate
of 0.1 mVs.
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