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T
he preparation of nanostructured
conductive metal oxides is an impor-
tant technological challenge toward

the creation of improved materials for en-
ergy storage and (photo)electrochemical
catalysis for water splitting.1�4 Semiconduc-
tor metal oxides, such as, TiO2, RuO2, Fe2O3,
and Co3O4, have been widely explored as
electrode materials in a number of energy
related applications in photovoltaics, (pho-
to)electrolytic water splitting, batteries, and
supercapacitors.5�8 Cobalt oxides, such as,
cobalt cobaltite (Co3O4) have been widely
investigated as electrode materials for
lithium batteries, catalysts for water reduc-
tion, and carbon monoxide oxidation, elec-
trochromic materials, and gas sensors.9�16

The preparation of nanostructured
Co3O4 has been explored as a route to en-
hance the electrochemical and catalytic
properties of these materials via both an in-
crease in the electroactive surface of the
electrode films and improved charge trans-
port from nanoscale ordering.11,12,14 Co3O4

thin films have been prepared by numerous
routes, including electrodeposition and
sputtering techniques.17�25 Colloidal forms
of Co3O4 have been synthesized using sol-
vothermal/hydrothermal techniques to syn-
thesize well-defined nanocrystals and hol-
low nanospheres.26�40 Nanostructured
mesoporous materials have also been pre-
pared using sol�gel precipitation in the
presence of either hard, or soft
templates.41�45 One-dimensional (1-D)
Co3O4 nanomaterials have also recently
been prepared using a variety of different
approaches, namely, sol�gel
precipitation,13,15 oxidation of metallic co-
balt (Co) foils,46 hydrothermal processes,47,48

polyol reduction,49 and
electrospinning.50�52 Despite these numer-

ous advances, the preparation of high as-
pect ratio 1-D Co3O4 nanowires, without the
use of structure-directing templates, re-
mains an important synthetic challenge in
gram-scale quantities.

The use of nanoparticle precursors as
chemical reagents has recently gained sig-
nificant attention as a novel approach to
prepare hierarchically complex materials.
Recent examples of using nanoparticles as
“colloidal molecules” have been reported
for the preparation of novel colloidal crys-
tals,53 well-defined clusters,54 supramolecu-
lar amphiphiles,55 and mesoscopic polymer
chains.56,57 The assembly of nanoparticles
into one-dimensional (1-D) nanomaterials
has been achieved using a number of ap-
proaches, notably, selective ligand chemis-
try on Au, or iron oxide NPs58�61 and chemi-
cal linking of dipolar colloids.62�78 An
elegant demonstration of using nanoparti-
cles as reagents in chemical reactions has
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ABSTRACT The preparation of polystyrene-coated cobalt oxide nanowires is reported via the colloidal

polymerization of polymer-coated ferromagnetic cobalt nanoparticles (PS-CoNPs). Using a combination of dipolar

nanoparticle assembly and a solution oxidation of preorganized metallic colloids, interconnected nanoparticles of

cobalt oxide spanning micrometers in length were prepared. The colloidal polymerization of PS-CoNPs into cobalt

oxide (CoO and Co3O4) nanowires was achieved by bubbling O2 into PS-CoNP dispersions in 1,2-dichlorobenzene

at 175 °C. Calcination of thin films of PS-coated cobalt oxide nanowires afforded Co3O4 metal oxide materials.

Transmission electron microscopy (TEM) revealed the formation of interconnected nanoparticles of cobalt oxide

with hollow inclusions, arising from a combination of dipolar assembly of PS-CoNPs and the nanoscale Kirkendall

effect in the oxidation reaction. Using a wide range of spectroscopic and electrochemical characterization

techniques, we demonstrate that cobalt oxide nanowires prepared via this novel methodology were electroactive

with potential applications as nanostructured electrodes for energy storage.

KEYWORDS: magnetic nanoparticles · cobalt nanoparticles · ferromagnetic
nanoparticles · cobalt oxide nanowires · Co3O4 nanowires · electrochemistry · Raman
spectroscopy · photoelectron spectroscopy · magnetic assembly · dipolar
assembly · colloidal polymerization
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been the preparation of hollow semiconductor col-
loids via the nanoscale Kirkendall effect. Alivisatos et al.
reported the preparation of discrete hollow cobalt oxide,
or cobalt sulfide NPs by the oxidation/sulfidation of dis-
persed superparamagnetic CoNP precursors.79,80 Hollow
cobalt selenide (CoSe2) nanowires have also been pre-
pared by the combination of dipolar NP assembly81 and
the nanoscale Kirkendall effect using ferromagnetic
CoNPs passivated with small molecule surfactants.71 Us-
ing these design principles we have developed a facile
synthetic methodology to use ferromagnetic nanoparti-
cles as dipolar precursors to prepare cobalt oxide
nanowires.

Herein, we report the synthesis and characteriza-
tion of hollow cobalt oxide nanowires via the “colloidal
polymerization” of ferromagnetic polystyrene coated
cobalt nanoparticles (PS-CoNPs). The colloidal polymer-
ization process is described as a combination of dipo-
lar nanoparticle assembly and a chemical reaction con-
verting colloidal precursors into a fused 1-D material. In
this report, cobalt oxide nanowires were formed by
the magnetic preorganization of metallic PS-CoNPs into
1-D mesostructures and subsequent oxidation of the as-
sembled colloids. This process is reminiscent of the
step-growth polymerization of A�B small molecule
monomers to form macromolecules, as dipolar metal-
lic PS-CoNPs were employed as “colloidal monomers” to
form interconnected 1-D mesostructures and is a meso-
scale variation of supramolecular polymerization.82�85

This particular approach enabled the preparation of
very fine cobalt oxide nanowires that were passivated
with a polymeric steric layer that imparted colloidal sta-
bility when dispersed in organic media. Furthermore,
calcination of the polymer-coated cobalt oxide nano-
wires was achieved along with spectroscopic, electrical,
and electrochemical characterization of these nano-
materials, which confirmed for the first time the viabil-
ity of this synthetic methodology (i.e., colloidal polym-
erization via dipolar assembly and the Kirkendall effect)
to form electroactive materials.

RESULTS AND DISCUSSION
Colloidal Polymerization of Ferromagnetic Metallic Cobalt

Nanoparticles into 1-D Cobalt Oxide Nanostructures. The synthe-
sis of PS-coated cobalt oxide nanowires was conducted
by bubbling O2 into 1,2-dichlorobenzene (DCB) disper-
sions of ferromagnetic PS-CoNPs at 175 °C for varying
reaction times in the absence of an external magnetic
field (i.e., zero field conditions) (Scheme 1). Well-defined
ferromagnetic PS-CoNPs were prepared using amine
end-functional polystyrene surfactants in the thermoly-
sis of dicobaltoctacarbonyl (Co2(CO)8), as reported pre-
viously. Amine-terminated PS surfactants were synthe-
sized using controlled polymerizations,86�88 namely,
atom transfer radical polymerization (ATRP)89 which en-
abled precise control of polymer molar mass, composi-
tion, and functional group placement. TEM images of

ferromagnetic PS-CoNPs (Figure 1a,b) confirmed the
preparation of uniformly sized colloids (D � 20 � 2.4
nm) that self-assembled into 1-D mesostructures from
interparticle dipolar associations when deposited onto
a supporting substrate in zero field. We previously re-
ported that our synthetic methods for PS-CoNPs en-
abled the preparation of well-defined colloidal build-
ing blocks in appreciable quantities (�800 mg per
reaction) and were easily redispersible in various or-
ganic solvents (e.g., toluene, tetrahydrofuran, methyl-
ene chloride) due to the polymer coating passivating
the magnetic colloid. These synthetic conditions for this
report were further optimized to enable nearly dou-
bling of the yield of ferromagnetic PS-CoNPs (yield �

1.53 g) that were also readily stored as powders and re-
dispersed into organic solvents.

In the conversion of PS-CoNPs into PS-coated co-
balt oxide nanowires, the oxidation reaction was car-
ried out by bubbling oxygen into the PS-CoNP ferro-
fluid at elevated temperature (T � 175 °C). The use of
ferromagnetic PS-CoNPs was essential to the formation
of cobalt oxide nanowires under zero field conditions,
as superparamagnetic CoNPs were unable to polymer-
ize due to the absence of a permanent dipole above
cryogenic temperatures.71 A striking feature of 1-D
mesostructures formed via this colloidal polymeriza-
tion was the presence of hollow inclusions in every
nanoparticle repeating unit within cobalt oxide
nanowires. These hollow inclusions were formed in
the oxidation reaction due to a nonuniform diffusion
and reaction of O2 with Co atoms throughout the
metallic NP. Under these conditions, oxidation of the
NP was confined to the outer shell, resulting in
depletion of Co atoms from the colloidal core to sat-
isfy the valency of O atoms in the growing cobalt ox-
ide phase. This phenomenon has been described
by the nanoscale Kirkendall effect and resulted in

Scheme 1. Colloidal Polymerization of Ferromagnetic PS-
CoNPs into Cobalt Oxide Nanowires
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both the formation of hollow cores and a dimen-

sional expansion of the cobalt oxide NP shell. PS-

coated nanowires were formed because of the coa-

lescence of expanding cobalt oxide NP shells formed

in the oxidation reaction of preorganized PS-CoNP

colloidal monomers. By varying the oxidation time of

metallic PS-CoNPs in DCB, nonaggregated nano-

wires of either cobaltous oxide (PS-CoO), or cobalt

cobaltite (PS-Co3O4) could be achieved as deter-

mined using X-ray diffraction (XRD) after a reaction

time of 3 h or 1 week, respectively. The yields of

these PS-coated cobalt oxide nanowires were also

conducted on gram scales (yield � 1.04 g) that were

enabled by improvements in the synthesis of ferro-

magnetic PS-CoNPs.

TEM and FE-SEM Imaging of PS-CoNPs and PS-Cobalt Oxide

Nanowires. The formation of interconnected hollow

nanowires was confirmed using transmission electron

microscopy (TEM) of samples drop cast onto support-

ing surfaces (Figure 1a,b). The dipolar PS-CoNP precur-

sors were imaged as discrete colloids (D � 20 nm � 2.4

nm) assembled into NP-chains spanning micrometers

in length. TEM showed that the native polymer-coated

cobalt nanoparticles appeared as a dark solid sphere

due to the high electron density of the cobalt core (Fig-

ure 1 a,b). After the oxidation reaction, a hollow inclu-

sion in every cobalt oxide nanoparticle could be ob-

served along the structurally intact 1-D nanostructure.

The kinetics of the colloidal polymerization were fol-

lowed by the removal of aliquots over varying reaction

Figure 1. TEM images of the polystyrene-coated cobalt nanoparticles with particle size, D � 20 � 2.4 nm after oxidation for
(a,b) 0 h; (c,d) 3 h, with particle diameter � 29 � 2.7 nm, and (e,f) 1 week, with particle diameter � 32 � 3.5 nm. All TEM samples
were drop-casted from 0.5 mg/mL toluene dispersion onto a carbon-coated copper grid at zero field.
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time for TEM imaging. After a reaction time of 3 h (Fig-
ure 1 c,d), three distinct regions of nanoparticle could be
observed in TEM: (1) a lower electron density of the co-
balt oxide shell, (2) a dark inner sphere of the cobalt core
and (3) interior voids corresponding to the coalescence of
vacancies at the interface. After 24 h, PS-coated cobalt ox-
ide nanowires were observed to be completely hollow
due to the conversion of metallic CoNPs into CoO phases,
as indicated by XRD (see later discussion). As the oxida-
tion time of PS-CoNPs in the DCB ferrofluid was extended
over a period of 1 week, a similar morphology was ob-
served. These hollow nanoparticles were also connected
into a 1-D morphology (Figure 1 e,f) that spanned from
several hundred nanometers to micrometers in length, as
imaged via SEM (Figure 2).

High resolution TEM (HR-TEM) provided further evi-
dence of 1-D connectivity of these cobalt oxide NPs
into nanowires. HR-TEM imaging (Figure 2) confirmed
that cobalt oxide NP shells were fused together to form
1-D chains after reaction times of 3 h (Figure 1), along
with a dimensional expansion of nanowires from the
conversion of PS-CoNPs into PS-CoO nanowires (Deff �

29 nm). In contrast, PS-CoNPs precursors (Deff � 20 nm)
were imaged as discrete solid colloids that were sepa-
rated by the outer PS shells (Figure 2a). An additional di-
mensional expansion of the cobalt oxide nanowire di-
ameters (Deff � 32 nm) were observed from HR-TEM
over extended oxidation times of 1 week and were at-
tributed to the gradual conversion of PS-CoO nanowires
into Co3O4 phases (Figure 2b).

PS-CoNPs and PS-cobalt oxide nanowires were de-
posited onto ITO substrates via spin coating and im-
aged using field emission scanning electron microscopy
(FE-SEM) to ascertain if discrete 1-D mesostructures
were formed from the colloidal polymerization pro-
cess. Thicker films of PS-cobalt oxide nanowires were
cast onto ITO substrates and FE-SEM revealed the pres-
ence of nonaggregated 1-D chains that packed into a

mesoporous film (Figure 3a). Discrete, nonagglomer-
ated nanowires were also cast and imaged on ITO from
dilute dispersions and were found to possess a distribu-
tion of chain lengths spanning hundreds of nanome-
ters to several micrometers (Figure 3b), which was at-
tributed to the step-growth-like nature of the colloidal
polymerization of PS-CoNPs. FE-SEM qualitatively im-
aged morphology differences between the native PS-
CoNPs and the PS-cobalt oxide nanostructures. SEM im-
ages of the PS-CoNPs (Figure 3c) showed 1-D chains of
individual colloids that were associated via magneto-
static interactions, but separated by the polymer encap-
sulating shell. In contrast, PS-cobalt oxide nanowires
were imaged via FE-SEM as beaded, but continuous 1-D
mesostructures ranging from hundreds of nanometers
to micrometers in length. (Figure 3d).

Solid-State Characterization of PS-Coated Cobalt Oxide and
Calcined Co3O4 Nanowires. To further improve the crystallin-
ity of the cobalt oxide phase within the nanowire and to
remove the PS organic shell, the solution-deposited
films on ITO were calcined at 400 °C in air for 16 h. Ther-
mogravimetric analysis (TGA) of PS-coated nanowires
confirmed that organics were fully degraded under
these calcination conditions. FE-SEM of PS-Co3O4 films
on ITO imaged the presence of 40 nm wide nanowires
spanning micrometers in length. High resolution FE-
SEM imaging visualized PS-coated nanowires possess-
ing a relatively smooth surface morphology due to the
glassy-like nature of the polymer shell (Figure 4a, b). FE-
SEM after calcination revealed that the 1-D morphol-
ogy of Co3O4 films were maintained, but the surface to-
pography was considerably more roughened as
evidenced by facets and small domains along oxidized
nanowires (Figure 4c,d). We have also confirmed via
TEM that both the 1-D morphology and the porous in-
clusions of Co3O4 nanowires were preserved after the
calcination process (see Supporting Information,
Figure S-1).

Figure 2. HRTEM of the (a) ferromagnetic PS-CoNP, (b) PS-Co3O4 nanowires after 1 week at 175 °C.
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Figure 3. FE-SEM images of thick films (a) and isolated nanowires (b) of PS-Co3O4 materials spin coated onto ITO; (c) high
magnification FE-SEM of discrete chains of PS-CoNPs; (d) high magnification FE-SEM of PS-Co3O4 single nanowires.

Figure 4. FE-SEM images of PS-Co3O4 nanowires cast on ITO at both high (a) and low (b) magnification and after calcina-
tions in air at 400 °C at high (c) and low (d) magnification.
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Powder X-ray diffraction was used to characterize

the solid-state structure of PS-CoNP, PS-coated nano-

wires and calcined cobalt oxide materials. The XRD re-

sults confirmed the initial PS-CoNP precursors exhibited

a metallic fcc-cobalt phase of low crystallinity (Figure

5a) Subsequent oxidation of PS-CoNPs in DCB at 175 °C

over a 3 h period converted these precursors to a mix-

ture of rock salt-CoO and residual fcc-cobalt (Figure

5b). Prolonged oxidations of PS-CoNPs over a period

of 1 week predominantly yielded an amorphous phase

of Co3O4 (Figure 5c). Further calcination of PS-CoO NPs

in air at 400 °C burned out the organic PS outer shells

and yielded polycrystalline spinel Co3O4 material, in

which all diffraction peaks were indexed to bulk spinel

Co3O4 (Figure 5d).

The magnetic properties of PS-coated and calcined

cobalt oxide nanocomposites were measured using vi-

brating sample magnetometry (VSM) at room tempera-

ture and at 60 K (Figure 6). The general trend from the

magnetometry indicated that both the saturation mag-

netization (Ms) and coercivity (Hc) significantly de-

creased after the colloidal polymerization process

which was in agreement with the formation of antifer-

romagnetic CoO and Co3O4. The native PS-CoNPs (Fig-

ure 6a,1), exhibited weakly ferromagnetic behavior at

room temperature (Ms � 41.2 emu/g; Hc � 713 Oe). The

magnetometry at room temperature revealed that PS-

CoO materials (Figure 6a,2) were weakly ferromagnetic

after a 3 h oxidation in DCB and exhibited a significant

decrease in the saturation magnetization (Ms � 4.6

Figure 5. Overlay XRD patterns of the (a) polystyrene-coated
cobalt nanoparticles, (b) polystyrene-coated cobalt oxide af-
ter 3 h of oxidation, (c) after 1 week of oxidations, and (d) af-
ter calcination at 400 °C in air. The diffraction peaks were in-
dexed to the spinel-Co3O4 phase.

Figure 6. (a) Overlay hysteresis curves of applied magnetic field (H) vs magnetization (Ms) of nanocomposites 1�4 at 27 °C:
PS coated CoNPs (1), polystyrene-coated cobalt oxide after 3 h of oxidation (2), polystyrene-coated cobalt oxide after 1 week
of oxidation (3), and bare Co3O4 nanowires after calcination at 400 °C (4); (b) high resolution magnetometry of of PS-coated
cobalt oxide materials after 1 week oxidation time (3); (c) high resolution magnetometry of calcined Co3O4 nanowires after
calcination in air at 400 °C.
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emu/g) and coercivity (Hc � 362
Oe) at room temperature. This
ferromagnetic behavior was at-
tributed to the presence of re-
sidual metallic cobalt, which was
further supported by the XRD
data in Figure 5. Similar magneti-
zation behavior was also ob-
served in wurtzite CoO, in which
the presence of metallic Co impu-
rities resulted in a hysteresis
curve.90 The magnetization (M �

2.07 emu/g at 10000 Oe) and co-
ercivity (Hc � 260 Oe) of PS-Co3O4

were further decreased by pro-
longed 1 week oxidation times.
The magnetometry of PS-Co3O4

materials exhibited a linear rela-
tionship of magnetization (M) vs
applied field (H) behavior due to
the presence of rock-salt CoO and spinel Co3O4 phases
as indicated by the linearity of magnetometry above
and below 5000 and �5000 Oe (Figure 6b). The magne-
tometry of the PS-coated Co3O4 nanocomposite (Fig-
ure 6b) also exhibited weakly ferromagnetic behavior
as evidenced by a small hysteresis which was attributed
to trace Co metal. Calcined Co3O4 nanowires (Figure
6c) exhibited a linear magnetization curve with a re-
duced M value. The linear curve was consistent with
the paramagnetic behavior of Co3O4 nanoparticles at
room temperature as reported elsewhere.91

Spectroscopic Characterization of Co3O4 Nanowires. Charac-
terization of polymer-coated and calcined cobalt oxide
nanowires was conducted using Raman spectroscopy
to confirm the formation of the spinel Co3O4 phase (Fig-
ure 7). Raman spectroscopic characterization was com-
plicated by the strong absorption of Co3O4 films in the
visible wavelength regime, as evidenced by the black
appearance of this material. Although Raman spectro-
scopic characterization of Co3O4 materials has primarily
been conducted using microprobe Raman techniques,
we were able to acquire quality Raman spectra of Co3O4

nanowire films using standard approaches by process-
ing of thin films on reflective Ag substrates. PS-coated
cobalt oxide nanowires were spin-coated onto clean Ag
subtrates and measured both before and after calcina-
tion reactions in air at 400 °C. The preparation of PS-
Co3O4 nanowires after a solution oxidation time of 1-wk
was confirmed in the Raman spectra by the presence
of peaks at 483, 528, and 692 cm�1, which correspond
to Eg, F2g, and A1g vibrational modes, respectively, for
Co3O4.18,46,92 After calcination of PS-coated nanowires,
sharper and more intense peaks at 483, 528, and 692
cm�1 were observed. In addition, the A1g peak shifted
from 690 to 692 cm�1, which has been correlated with
an enhancement in electrical conductivity of Co3O4 thin
films.92 After calcination, an additional broad peak at

600 cm�1 was observed and assigned to a second F2g

mode that was expected based on previous

Raman assignments of Co3O4 thin films. However, the

relative intensity of this peak at 600 cm�1 was intuitively

too high to arise solely from the formation of more crys-

talline Co3O4 nanowire thin films and was identified to

be trace graphitic carbon (other broad carbon peaks

around 1600 and 1350 cm�1 also observed) that was

formed from pyrolysis of the organic PS coating.

X-ray photoelectron spectroscopy (XPS) was also

used to confirm the formation of Co3O4 nanowires af-

ter calcination in air at 400 °C. Al K� XPS was conducted

of thin films deposited onto ITO substrates and mea-

sured in the regions of Co2p and O1s binding energy re-

gions. XPS in the Co2p region of binding energies exhib-

ited two major peaks at 796.1 and 780.6 eV that

corresponded to 2p1/2 and 2p3/2 spin�orbit compo-

nents, respectively, with the Cop1/2 peak at 796.1 eV be-

ing more intense (Figure 8). Weaker satellite peaks at

Figure 7. Raman spectroscopy of films on Ag substrates of (a) PS-Co3O4 nanowire films after solu-
tion oxidation times in DCB at 170 °C for 1 week, and (b) calcined Co3O4 nanowires after thermal treat-
ment in air at 400 °C.

Figure 8. Co2p XPS spectroscopy of calcined Co3O4 nanowires
after thermal treatment in air at 400 °C.
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790.5 and 805.5 eV were also observed in the Al�Ka
XPS. The formation of these peaks has been extensively
observed in thin films of cobalt oxides prepared from
a variety of methods and were attributed to surface hy-
droxide species from exposure to air.18,46,93�95

Spectroscopic Determination of Band Edge Energy Levels of
Co3O4 Nanowires. Optical absorption spectroscopy and ul-
traviolent photoelectron spectroscopy (UPS) were con-
ducted to determine the band edge energy levels of
Co3O4 nanowires calcined at 400 °C. UV�visible absorp-
tion spectroscopy of Co3O4 nanowire films on ITO re-
vealed two broad absorption bands centered around
450 and 750 nm, which were consistent with other lit-
erature reports on the optical properties for spinel type
Co3O4 thin films.46,47,94�96 The optical band gap ener-
gies were determined using the Tauc plot method and
were in reasonable agreement with previous spectro-
scopic studies of cobalt oxide thin films indicative of
two optical transitions at 1.45 and 2.26 eV.46,47,94�98

The optical transition from Co3O4 nanowires at 2.26
eV was attributed to a band gap transition from the va-
lence band of the metal oxide, which was proposed to
comprise a mixture of both Co2�,3� 3d and O 2p states.
The lower energy transition at 1.45 eV was assigned to
transitions from midgap states99 into the conduction
band due to the presence of defect sites within these
hollow Co3O4 nanowires. As previously discussed, Co3O4

nanowires prepared via colloidal polymerization re-
sulted in the formation of hollow inclusions in nanopar-
ticle repeating units that were fused along the 1-D
mesostructure. As a result, these nanomaterials were
anticipated to contain defect sites in the metal oxide
phase, as a likely consequence of a greater number of
surface Co ion sites accompanied by ion vacancies in
the partially coordinated Co2�,3� ions within the spinel
Co3O4 lattice.93,99 These assumptions were based on
the presence of both hollow interior inclusions along
the nanowire and the high degree of corrugation on the
surface of calcined Co3O4 materials as observed via
TEM (Figure 2b) and FE-SEM (Figure 4c), respectively.
These band gap and midgap states assignments were
also supported by modeling and valence band photo-
emission studies of nonstoichiometric Co3O4 films, in
which the valence band was assigned to a mixture of
both Co2�,3� 3d and the O 2p states.93,97 Extensive re-
ports on the optical spectroscopy of Co3O4 materials
have assigned these optical transitions to two direct
band gaps from solely O 2p states in the valence band
into Co2� 3d conduction band states at 2.26 eV and into
Co3� conduction band 3d states at 1.45 eV.46,47,94�96

However, given the strong likelihood of defect sites be-
ing present in Co3O4 nanowires prepared via colloidal
polymerization, it is anticipated that optical transitions
observed were not from two direct band gaps but arose
from discrete band gap and midgap transitions.

Because of the novel nanoscale structure of the co-
balt oxide nanowires prepared via colloidal polymeriza-

tion, UPS of calcined Co3O4 nanowire on Au substrates
was conducted to determine the highest energy of the
valence band (VB) in the metal oxide semiconductor. In
the UPS experiment, the kinetic energy of the photoex-
cited electrons emitted from Co3O4 films were mea-
sured assuming electrical equilibration between the
Au substrate, in which a common Fermi level (Ef � 0)
was established (Figure 10). Because electrical contact
and equilibrium between the Au substrate and the thin
film was required, UPS measurements of PS-coated
nanowires were not conducted. While more detailed
UPS studies have been conducted with full spectro-
scopic assignments of photoemitted electrons from
Co3O4 thin films,93 our interest for this investigation was
focused on the determination of highest energy levels
of the Co3O4 VB. The UPS spectrum of Co3O4 on a Au
substrate shown in Figure 10a has been normalized to
the Fermi level of Au, in which Ef � 0. The edge of the
highest energy population of the VB for Co3O4 was ob-
served as a sharp increase at �0.5 eV relative to the mu-
tual Fermi level of Au and the spectrometer (Ef � 0) in
the UPS spectrum, while the lowest energy electrons
were found at the �16.4 eV. The absolute difference in
energies between the lowest and highest kinetic en-
ergy edges of the UPS spectrum was defined as the
spectral width (SW), which afforded a SW � 15.9 eV.
The threshold ionization potential (IP) of the Co3O4

nanowire material was obtained as the difference of
the incident photon energy (for He(I) source � 21.2 eV)
and the spectral width (15.9 eV) of the UPS spectrum
(Figure 10a),100 which afforded an IP � 5.3 eV.

From the UPS IP data, the energy of the Co3O4 VB
with respect to vacuum was set to 5.3 eV, which in con-
junction with the optical band gaps determined from
the optical absorption spectroscopy (Figure 9), afforded
a proposed band edge energy diagram for calcined
Co3O4 nanowires as shown in Figure 10c. Because of
the polycrystalline nature of the Co3O4 nanowires pre-
pared via colloidal polymerization, an assignment of the
exact valence band and conduction band was difficult,
because earlier calculations and modeling of band edge
energies was primarily based on crystalline Co3O4.93,99

On the basis of the thorough photoemission studies on
Co3O4 epitaxy film by Langell93 and the optical band
gap measurements (Figure 9), the highest energy level
of valence band was assigned to a mixture of Co2�,�3

ions 3d and O 2p orbitals with a band gap energy of
2.26 eV and a midgap transition of 1.45 eV. It is impor-
tant to note that the values of the Co3O4 VB (5.3 eV) and
conduction bands (3.04 eV) are determined from UPS
in vacuum and may deviate from values determined
photoelectrochemically via Mott�Schottky measure-
ments since solvent effects were not accounted for us-
ing the described methodology.

The current density (J)�voltage (V) characteristics of
calcined Co3O4 nanowires were determined via conduc-
tive probe atomic force microscopy (C-AFM). Nanowires
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were spin-coated onto Pt-coated
Si subtrates and then analyzed
with a Pt tip for C-AFM J�V mea-
surements in 20 �m2 areas, with
a bias of �1.0 to �1.0 V in air at
room temperature. The wormlike
morphology of the Co3O4

nanowires (Figure 11a) was first
resolved by tapping mode AFM
using a silicon nitride cantilever.
In height contrast imaging,
bright features were assigned to
the Co3O4 nanowires, while dark
regions corresponded to voids
formed from the interdigitation
of 1-D components, which was consistent with the FE-
SEM of the calcined film (Figure 3a). The topography of
the film was also imaged in tapping mode using a Pt can-
tilever for C-AFM prior to electrical probing as shown in
Figure 11b; however, resolution of nanowire features was
compromised because of the use of nonoptimal Pt tips
for visualization of individual nanoscale wires. Neverthe-
less, these Pt tips were effective in current contrast C-AFM,
which imaged very delicate nanoscale features, confirm-
ing that nanowires were uniformly con-
ductive, as visualized as bright regions
corresponding to Co3O4 semiconducting
nanowires (Figure 11c). Darker features in
current-mapped C-AFM images also cor-
responded to porosity generated from
the void spaces in the nanowire thin film.
The J�V characteristics of these Co3O4

NP films revealed a linear relationship
(Figure 11e) from �0.12 to �0.12 V, in-
dicative of Ohmic contact between the Pt
tip and Co3O4 nanowires, while
space�charge limiting current was ob-
served above these potentials.101 The
symmetrical J�V plot further showed
that these Co3O4 nanowires were in
Ohmic contact with both the Pt tip junc-
tion as well as the Pt substrate on the
bottom contact. This current�voltage
behavior was consistent with the pre-
dicted behavior of Co3O4, which is a
p-type semiconductor with electrical
conductivity arising from hole carriers.92

Quantitative determination of carrier mo-
bilities via C-AFM was complicated by
the 1-D nanoscale morphology of Co3O4

nanowires due to the additional geo-

metrical terms in the space charge-
limited current equation that is only
valid for solid films. Quantitative mea-
surements of electrical conductivity are
currently in progress via microwave
techniques.

Cyclic Voltammetry (CV) of Calcined Co3O4 Nanowire Films on

ITO. Cyclic voltammetry was used to characterize calcined

Co3O4 nanowire films on ITO. To afford polycrystalline

Co3O4 materials, PS-Co3O4 films on ITO were first calcined

in air at T � 400 °C prior to electrochemical measure-

ments and cleaned by exposure to UV�ozone to remove

residual organics from the metal oxide surfaces. FE-SEM

of calcined films confirmed that the 1-D morphology of

nanowires remained intact, as discussed previously (see

Figure 9. (a) UV�vis spectra of calcined Co3O4 nanowires on ITO. (b) Optical band gap energy Co3O4

nanowires obtained by extrapolation to � � 0.

Figure 10. Low (a) and high resolution (b) UPS spectra of calcined Co3O4 nanowires after
thermal treatment in air at 400 °C on Au substrates, and (c) energy level diagram for band
edge energies for calcined Co3O4 nanowires.
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Figure S1 for TEM, Figure 4 for SEM, and Figure 6d for

XRD). Cyclic voltammetry was performed on the films in

0.1 M NaOH electrolyte solution while cycling from 0.7 to

�0.9 V at 20 mV/s with respect to a Ag/AgCl (3 M KCl) ref-

erence electrode (Figure 12). Multiple peaks within the

voltammogram were consistent with the formation of a

number of cobalt oxide phases at different oxidation

states, specifically, anodic peaks at 0, 0.2, and 0.6 V and

corresponding cathodic peaks at 0.5, 0.2, and �0.5 V. As-

signments of these peaks were in agreement with previ-

ously reported phases of cobalt in water in the Pourbaix

diagram and other recent reports which can be associ-

ated with the following reactions:10,21,22,102�104

Anodic Scan (toward Positive Potentials).

Cathodic Scan (toward Negative Potentials).

As previously determined by powder XRD (Figure

6d), the initial state of the calcined cobalt oxide nano-

wires was found to be polycrystalline Co3O4 phase,

which consisted of both the Co2� and Co3� oxidation

Figure 11. Tapping mode and conductive probe AFM images of calcined Co3O4 nanowires with (a) height contrast image (2
�m � 2 �m) in tapping mode using a silicon nitride cantilever, (b) height contrast image (20 �m � 20 �m) in tapping mode
using a conductive Pt cantilever, (c) current contrast imaging (20 �m � 20 �m) using a Pt cantilever from �1.0 to �1.0 V,
and (d) current density vs voltage plot of calcined Co3O4 nanowires (e) linear relationship in the current density vs voltage
plot of calcined nanowires from �0.12 to �0.12 V showing an Ohmic behavior at the Pt/Co3O4 junction.

Figure 12. CV of calcined Co3O4 film on ITO at 20 mV/s scan
rate in 0.1 M NaOH electrolyte solution.

peak I (0.3 V), Co3O4 formation:

3Co(OH)2 + 2OH- h Co3O4 + 4H2O + e- (1)

peak II (0.5 V), CoOOH formation:

Co3O4 + OH- + H2O h 3CoOOH + e- (2)

peak III, CoO2 formation:

CoOOH + OH- h CoO2 + H2O + e- (3)

peak IV, oxygen evolution reaction (OER):

4-OH h O2 + 2H2O + 4e- (4)

peak V, CoOOH formation:

CoO2 + H2O + e- h CoOOH + OH- (5)

peak VI, Co3O4 formation:

3CoOOH + e- h Co3O4 + OH- + H2O (6)

peak VII, Co(OH)2 formation:

Co3O4 + H2O + 2e- h 3(Co(OH)2 + 2OH- (7)
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states and can be seen in the cyclic voltammogram

(peak I). In the anodic scan, from potential 0 to 0.2 V,

the Co3O4 phase was oxidized to the cobalt oxyhydrox-

ide (CoOOH) phase with a Co3� oxidation state and an

uptake of hydroxide ions and water from the electrolyte

media (peak II-eq 2). Further anodic scanning to 0.6 V

resulted in oxidation of the CoOOH to cobalt peroxide

(CoO2) with a Co4� oxidation state and condensation re-

actions to release water (peak III, eq 3). A large anodic

peak in the voltammogram at 0.7 V was observed and

attributed to electrocatalytic oxygen evolution (OER) by

the Co3O4 nanowire thin film (peak IV, eq) accompa-

nied by the formation of bubbles in the electrochemi-

cal cell. In the cathodic scan to 0.5 V resulted in the re-

duction of CoO2 to CoOOH, followed by the reduction

to Co3O4 at 0.2 V. Further cathodic scan to �0.5 V re-

sulted in the reduction of Co3O4 to Co(OH)2 (peak VII,

eq 6). As shown in Figure 10, these nanostructured co-

balt oxides prepared via colloidal polymerization (i.e.,

magnetic assembly and nanoscale Kirkendall reaction)
undergo electrochemical charge transfer reactions
Co(II) ↔ Co(III)) ↔ Co(IV) in basic electrolyte, making
these nanowires potential candidates for pseudocapaci-
tive electrodes in hybrid electrochemical capacitors.2

CONCLUSION
Colloidal polymerization of ferromagnetic PS-CoNPs

into 1-D cobalt oxide nanowires is reported. We demon-
strate that the combination of dipolar assembly and
oxidation of dipolar nanoparticles is a facile and robust
method to prepare well-defined polymer-coated cobalt
oxide nanowires in gram scale quantities. We also dem-
onstrate for the first time that these nanostructured co-
balt oxide materials are electrically and electrochemi-
cally active and of interest for potential applications in
energy storage. Future work will examine the effect of
the nanoporosity of these cobalt oxide wires as electro-
chemical supercapacitors and investigate Li ion inser-
tion for Li batteries.

EXPERIMENTAL SECTION
Materials and Characterization. Anhydrous 1,2-dichlorobenzene

(DCB), toluene (99.5%), lithium perchlorate (LiClO4, 95%), and
NaOH (99.99%) were purchased from Aldrich and used as re-
ceived without further purification. Dicobalt octacarbonyl
(Co2(CO)8) was purchased from Strem Chemicals and used as re-
ceived. Compressed oxygen gas was purchased from Matheson
Trigas. Thermolysis reactions were performed using an Omega
temperature controller CSC32 with a K-type utility thermocouple
and a Glas-Col fabric heating mantle. Calcination of the polymer-
coated cobalt oxide nanowires was performed in a Barnstead/
Thermolyne small benchtop muffled furnace at 400 °C in air.
Indium-doped tin oxides-coated glass (ITO) was obtained from
Colorado Concept Coatings, LLC. Electrochemical measurements
were performed with a CH-instrument 600c potentiostat/gal-
vanostat in a home-built Teflon compression cell (electrode area
�0.7 cm2) sealed with perfluoroelastomer O-rings (Kalrez). A Pt
coil and Ag/AgCl electrode (sat. KCl) were used as the counter
and reference, respectively. The reference electrode was cali-
brated using a saturated calomel electrode (�44 mV vs SCE).
UV�vis spectra were obtained using an Agilent UV�vis spec-
trometer (no. 8453A, Foster City, CA). TEM images were obtained
on a JEM100CX II transmission electron microscope (JEOL) at an
operating voltage of 60 kV, using in-house prepared carbon-
coated copper grids (Cu, hexagon, 400 mesh) and carbon-coated
nickel grids (Ni, hexagon, 300 mesh). Image analysis was per-
formed using ImageJ software (Rasband, W.S., National Institute
of Health, http://rsb.info.nih.gov/ij/, 1997�2007). Relative uncer-
tainty of particle size determinations using ImageJ was found
to be 1% of diameter average (e.g., 20 � 0.2 nm). SEM images
were taken on a Hitachi 4800 FE-SEM (20 kV accelerating volt-
age) on the as-prepared sample (i.e., no metallic overcoating).
AFM measurements were performed on a Digital Instrument Di-
mension 3100 scanning probe microscope in tapping mode.
Conducting-tip AFM (C-AFM) measurements were made with a
Dimension 3100 Nanoscope IV system (Veeco Metrology Group,
Santa Barbara, CA) with the TUNA application module. Conduct-
ing Pt-coated CSC38/Pt tips were procured from Mikromasch
with a nominal force constant of 0.08 N/m. C-AFM measure-
ments were made in contact mode in air with minimal force en-
gagement, followed by a well-calibrated and controlled force
load (3 N/m) at the conductive probe. The samples of investiga-
tion were made on a platinum-coated silicon wafer which was
held through the vacuum chuck that provided sample bias with
respect to the conductive probe that was kept at ground poten-

tial. Both height and TUNA current channels were displayed
and recorded upon application of an appropriate amount of
sample bias. Current sensitivity was chosen on the basis of the
nature of the sample which was 10 nA/V in the present case. VSM
measurements were obtained using a Waker HF 9H electromag-
net with a Lakeshore 7300 controller and a Lakeshore 668 power
supply. Magnetic measurements were carried out at room tem-
perature (27 °C or 300 K) and low temperature (�213 °C or 60 K),
with a maximum S-2 applied field of 1190 kA/m, a ramp rate of
2630 A m�1 s�1 and a time constant of 0.1. XRD measurements
were performed using the X’pert X-ray diffractometer (PW1827)
(Phillips) at room temperature with a Cu K� radiation source at
40 kV and 30 mA. UPS and XPS analyses were conducted in a
combined UPS-XPS Kratos Axis Ultra 165 with an average base
pressure of 10�9 Torr. XPS data were collected with monochro-
matic Al K� radiation at a pass energy of 20 eV. UPS spectra were
obtained with a 21.2 eV He (I) excitation (SPECS UVS 10�35)
and pass energy of 5 eV. For all UPS analyses, a 9 V bias was ap-
plied to improve the transmission of low KE electrons and to im-
prove the determination of the energy of the low-KE edge. Sepa-
rate UPS spectra and XPS spectra were measured frequently for
an atomically clean gold sample to calibrate the Fermi energy
(EF). XPS spectra were acquired before UPS data acquisition. All
characterization experiments were performed at normal takeoff
angle (0°) unless otherwise noted. Raman spectra were acquired
with 5 mW of radiation at 514.5 nm from a Coherent Innova
350C Ar� laser. Plasma lines were removed using a bandpass fil-
ter (3.0 nm bandwidth) from Pomfret Research Optics. Scat-
tered light was collected and collimated by a plano-convex lens
and passed through a holographic SuperNotch Plus filter (Kaiser
Optical Systems) before being focused through a polarization
scrambler and a second SuperNotch Plus filter onto the 50 �m
entrance slit of a Spex 270 M monochromator. This monochro-
mator utilizes a 1200 gr/mm grating blazed at 630 nm resulting
in a spectral bandpass of 1 cm�1. A 1340 � 400 pixel, thinned,
back-illuminated CCD (Roper Scientific model 400-EB) held at
�95 °C was used for detection. Images from this detector were
processed by WinSpec32 software (Roper Scientific) and then
were imported into Grams 32 (Galactic Industries) for spectral
calibration and manipulation. Spectra were calibrated using
known Ar� emission lines observed by removing the laser band-
pass filter. Typical integration times varied from 120�180 min
per acquisition, accomplished by coaddition of individual 6 s in-
tegrated spectra.
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Preparation of Amine End-Functional Polystyrene Surfactants (PS-NH2).
PS-NH2 was synthesized according to our previous report.105

Preparation of PS-CoNPs (1), Using Amine End-Functional Polystyrene
Surfactants, PS-NH2. PS-NH2 (0.400 g; 7.27 � 10�2 mmol) was dis-
solved in DCB (10 mL) and transferred into a three- neck round-
bottom flask containing DCB (30 mL) and heated to 175 °C. Sepa-
rately, Co2(CO)8 (1.00 g; 2.92 � 10�3 mol) was dissolved in DCB
(8 mL) at room temperature in air, and was rapidly injected into
the hot polymer solution via syringe. Upon injection, the reaction
temperature dropped to 160 °C and the reaction mixture was
maintained at 160 °C for 60 min followed by cooling to room
temperature under argon. PS-CoNPs were isolated by precipita-
tion into hexanes (500 mL), yielding a black powder (yield �
0.784 g) that was soluble in a wide range of organic solvents
(e.g., methylene chloride, THF, toluene). The sample for TEM
analysis was prepared by dispersing the isolated powder (1 mg)
in toluene (2 mL) via sonication for 15 min followed by drop cast-
ing onto a carbon-coated Cu grid. The particle size of the PS-
CoNPs was determined to be 20 � 2.4 nm via TEM. Magnetic
properties of PS-CoNPs were measured using VSM at room tem-
perature: Ms � 41.2 emu/g, Hc � 713 Oe; and at 60 K, Ms �
43.7 emu/g, Hc � 1440 Oe. TGA analysis showed 41% of organ-
ics by mass.

Preparation of PS-CoO Nanostructures (2). A three-neck round-
bottom flask equipped with a reflux condenser and a stir bar
was charged with 16 mL of the as-prepared ferrofluid of PS-
CoNPs. The ferrofluid was heated to 175 °C and stirred at 300
rpm, while bubbling with oxygen for 3 h of oxidation. The mix-
ture was then allowed to cool to room temperature. The ferro-
fluid was isolated by precipitation into hexanes (500 mL), fol-
lowed by centrifugation at 5000 rpm for 15 min to yield a black
powder (yield � 0.302 g) that was soluble in a wide range of or-
ganic solvents (e.g., methylene chloride, THF, toluene). TEM
sample was prepared as previously described. The diameter of
the PS-cobalt oxide nanowire 2 was determined to be 29 � 2.7
nm via TEM. Magnetic properties of PS-cobalt oxide 2 were mea-
sured using VSM at room temperature: Ms � 4.6 emu/g, Hc �
363 Oe; and at 60 K, Ms � 4.8 emu/g, Hc � 734 Oe. TGA analy-
sis showed 34% of organics by mass.

Preparation of PS-Co3O4 Nanostructures (3). A three-neck round-
bottom flask equipped with a reflux condenser and a stir bar
was charged with 48 mL of the as prepared ferrofluid (c � 16 mg/
mL). The ferrofluid was heated to 175 °C and stirred at 300 rpm,
while bubbling with oxygen for 1 week of oxidation. It was then
allowed to cool to room temperature. The ferrofluid was iso-
lated by precipitation into hexanes (500 mL) followed by cen-
trifugation at 5000 rpm for 15 min to yield a black powder (yield
� 0.575 g) that was soluble in a wide range of organic solvents
(e.g., methylene chloride, THF, toluene). The TEM sample was
prepared as previously described. The diameter of the PS-cobalt
oxide nanowire 3 was determined to be 32 � 3.5 nm via TEM.
Magnetic properties of PS-cobalt oxide 3 were measured using
VSM at room temperature: M � 0.2 emu/g at 10000 Oe; and at 60
K, M � 0.38 emu/g at 10000 Oe. TGA analysis showed 11% of or-
ganics by mass.

Preparation of PS-CoNPs, Using Amine End-Functional Polystyrene
Surfactants, PS-NH2 on Gram Scale. PS-NH2 (1.30 g; 2.89 � 10�1 mmol)
was dissolved in DCB (10 mL) and transferred into a three-neck
round-bottom flask containing DCB (30 mL) and heated to 175
°C. Separately, Co2(CO)8 (2.00 g; 5.85 � 10�3 mol) was dissolved
in DCB (12 mL) at room temperature in air, and was rapidly in-
jected into the hot polymer solution. Upon injection, the reac-
tion temperature dropped to 160 °C and the reaction mixture
was maintained at 160 °C for 60 min followed by cooling to room
temperature under argon. PS-CoNPs were isolated by precipita-
tion into hexanes (500 mL), yielding a black powder (yield �
1.53 g) that was soluble in a wide range of organic solvents (e.g.,
methylene chloride, THF, toluene). The sample for TEM analysis
was prepared by dispersing the isolated powder (1 mg) in tolu-
ene (2 mL) via sonication for 15 min followed by drop casting
onto a carbon-coated Cu grid. The particle size of the PS-CoNPs
was determined to be 20 � 2.4 nm via TEM. Magnetic properties
of PS-CoNPs were measured using VSM at room temperature:
Ms � 41.2 emu/g, Hc � 713 Oe; and at 60 K, Ms � 43.7 emu/g,
Hc � 1440 Oe. TGA analysis showed 41% of organics by mass.

Gram Scale Preparation of PS-Co3O4 Nanostructures. Isolated pow-
ders of PS-CoNPs (1.36 g) was redispersed in DCB (50 mL) via son-
ication for 15 min. The black solution was charged into a three-
neck round-bottom flask equipped with a reflux condenser and
a stir bar. The ferrofluid was heated to 175 °C and stirred at 300
rpm, while bubbling with oxygen for a specific period of time. Af-
ter 1 week of oxidation, the reaction was cooled to room temper-
ature. The ferrofluid was isolated by precipitation into hexanes
(500 mL), followed by centrifugation at 5000 rpm for 15 min to
yield a black powder (yield � 1.04 g) that was soluble in a wide
range of organic solvents (e.g., methylene chloride, THF, tolu-
ene). TEM sample was prepared as previously described. The di-
ameter of the PS-cobalt oxide nanowire 3 was determined to be
32 � 3.5 nm via TEM. Magnetic properties of PS-cobalt oxide 3
were measured using VSM at room temperature: M � 0.2 emu/g
at 10000 Oe; and at 60 K, M � 0.38 emu/g at 10000 Oe. TGA
analysis showed 11% of organics by mass.

Calcined Cobalt Cobaltite, Co3O4 Nanostructures (4). The as-
synthesized PS-cobalt oxide nanowire powders 3 were calcined
at 400 °C in the furnace for 16 h in air to yield polycrystalline
Co3O4 nanowires 4 as determined from XRD. The magnetic prop-
erties of the calcined powders were measured using VSM at
room temperature: M � 0.09 emu/g at 10000 Oe; and at 60 K,
M � 0.25 emu/g at 10000 Oe.

Preparation of Cobalt Oxide Films on ITO. ITO slides were cut and
then cleaned with 10% aqueous Triton X-100 solution followed
by rinsing and sonication in nanopure (18 M	 cm) water for 10
min. The ITO was then sonicated in absolute ethanol for 10 min.
Once removed from ethanol, the slides were dried under a
stream of N2 and immedately etched with HI (50% aqueous solu-
tion). The acid-etched slide was immediately spin coated (1000
rpm) with the nanoparticle dispersion in toluene (c � 25 mg/mL)
to obtain thin films of the polymer coated colloids on ITO. Film
thickness ranged from 50�60 nm as determined from AFM. The
films were then dried under vacuum heating at 70 °C for sev-
eral hours. For the calcined cobalt oxide film on ITO, a disper-
sion of polystyrene-coated cobalt oxide was deposited as de-
scribed previously. Then, the film was heated at 400 °C in air for
16 h.

UV�Visible Absorption Spectroscopy. A dispersion of polystyrene-
coated cobalt oxide nanowires was deposited onto ITO and cal-
cined at 400 °C in air as described previously. The UV�vis absorp-
tion spectra of the Co3O4 film on ITO were recorded using the
Agilent UV�visible spectrometer (no. 8453A) and the spectra ob-
tained were analyzed by Chemistation software.

Cyclic Voltammetry Measurements. A potential versus current pro-
file for the polymer-coated cobalt nanoparticles and cobalt ox-
ide thin films on ITO were obtained at a sweep rate of 20 mV/s
at room temperature in the potential range of 0.8 and �0.9 V ver-
sus the Ag/AgCl (saturated KCl) in 0.1 M NaOH (aq). The electro-
lyte solution was purged with argon for 30 min and then trans-
ferred into the electrochemical cell via syringe prior to cyclic
voltammetry experiments.
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