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1. Introduction

Nanostructured materials with tunable characteristics, such
as chemical composition, relative size, and morphological
structure, have great potential from a fundamental as well as a
technological viewpoint. Recent demonstrations of the applica-
tion of nanostructures as electron field emitters,[1] functional
nanoelectronic components,[2] and chemical or biological sen-
sor elements[3] have an invigorating influence on nanomaterials
research. Among the wide variety of research activities on
nanomaterials, nanostructure-based field emitters have at-
tracted much attention because of their great commercial po-

tential. Carbon nanotubes (CNT) have long been recognized
as an excellent field emitter with a low turn-on field and high
current density.[4] However, some of the challenges involved in
the development of CNT emitters include uncertainty in their
electronic properties, and difficulties involved in their manipu-
lation and integration into devices. Several researchers have fo-
cused their effort on the search for alternate field-emitting ma-
terials. Studies on semiconducting oxide nanostructures have
shown great promise in this direction.[5]

Cobalt oxides belong to the family of transition-metal oxides
and the most stable phase, Co3O4, is an intrinsic p-type semi-
conductor (direct optical bandgaps at 1.48 and 2.19 eV).[6] The
chemical stability of Co3O4 over a wide temperature range and
its high mechanical strength (Young’s modulus ≈ 116–160 GPa)
render this material a potential candidate for field emitters.
The field-emission (FE) properties of Co3O4 nanostructures,
however, have not been investigated in detail. Cobalt oxide
nanoparticles have exhibited outstanding electrochemical,[7]

magnetic,[8] catalytic,[9] and gas sensing[10] capabilities. In recent
years, the synthesis and structural characterization of cobalt ox-
ide nanostructures have been reported.[11] More recently, Nam
et al. demonstrated the feasibility of employing viruses to
synthesize and assemble cobalt oxide nanowires as an elec-
trode material (anode) for lithium-ion batteries.[12] In an earlier
report, our group demonstrated an approach to synthesize
aligned cobalt oxide 2D nanostructures (nanowalls) by direct
heating of a cobalt foil using a hotplate under ambient condi-
tions and we investigated their FE properties.[13] However, the
hotplate technique is limited to the formation of simple 2D
nanostructures. Rational synthetic approaches to form differ-
ent nanostructures are highly desirable to fully exploit the po-
tential offered by the reduced dimensionality.

In this Full Paper, we report a facile method to synthesize
vertically aligned, single-crystalline 1D (nanowires) or 2D
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We report an efficient method to synthesize vertically aligned Co3O4 nanostructures on the surface of cobalt foils. This synthe-
sis is accomplished by simply heating the cobalt foils in the presence of oxygen gas. The resultant morphologies of the nano-
structures can be tailored to be either one-dimensional nanowires or two-dimensional nanowalls by controlling the reactivity
and the diffusion rate of the oxygen species during the growth process. A possible growth mechanism governing the formation
of such nanostructures is discussed. The field-emission properties of the as-synthesized nanostructures are investigated in detail.
The turn-on field was determined to be 6.4 and 7.7 V lm–1 for nanowires and nanowalls, respectively. The nanowire samples
show superior field-emission characteristics with a lower turn-on field and higher current density because of their sharp tip ge-
ometry and high aspect ratio.
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(nanowalls) structures of Co3O4 on a metal foil. This method
involves the reaction of gaseous oxygen with pre-annealed co-
balt foils to form Co3O4 nanostructures that naturally self-as-
semble on the cobalt foil. The growth temperature is relatively
low and is far below the evaporation temperature of cobalt.
The morphology variations of the nanostructures were
achieved by varying the reactivity and diffusivity of oxygen via
the creation of a plasma environment in the system. The direct
growth of quasi-aligned nanostructures on the cobalt foils
makes the samples excellent test candidates for field-emission
performance. This approach eliminates further post-growth
manipulation and assembly of the nanomaterials for FE char-
acterization. The FE properties of the as-synthesized Co3O4

nanostructures were studied in detail to explore the morpho-
logical effect on the emission characteristics.

2. Results and Discussion

Two different procedures were adopted for the synthesis of
cobalt oxide nanostructures. In the first case, cobalt foils were
initially heated to 450 °C on a heating coil in a vacuum cham-
ber at a base pressure of ≈ 1 × 10–6 Torr (1 Torr = 133.3 Pa).
Oxygen gas was introduced into the chamber at a flow rate of
30 sccm. During growth, pressure inside the chamber was
maintained at 1 Torr and the growth time was set for 3 h. The
growth was terminated by stopping the oxygen leak into the
system followed by pumping away the remaining oxygen from
the chamber. The samples were then cooled down naturally to
room temperature. In the second approach, a 200 W radio fre-
quency (RF) plasma was introduced to create an oxygen plas-
ma in the chamber, while all other conditions were identical to
the first experiment. Figure 1a and b shows scanning electron
microscopy (SEM) images of the cobalt foil heated in oxygen

gas. The foils were observed to be uniformly covered with
nanowires, aligned perpendicularly to the substrate surface.
The as-grown nanowires have diameters in the range of 10 to
50 nm and are 2–10 lm in length. Figure 1c and d shows SEM
images of the nanostructures formed on the cobalt foil heated
in the presence of oxygen plasma. These 2D nanowall-type
structures are also vertically aligned with a wall thickness typi-
cally in the range of 20–40 nm. The vertical height of the nano-
walls are in the range of 0.5–1.5 lm and the horizontal length
can be up to 3 lm. Recently, we have reported similar
morphologies for cobalt oxide formed by direct heating of co-
balt foil in ambient conditions using a hotplate.[13] With the
new approach adopted in this work, we were able to controlla-
bly and exclusively synthesize Co3O4 nanowires and nanowalls.
Also, the uniformity of the nanowalls has been improved sig-
nificantly in this new method. In addition, the growth duration
is extremely short in comparison to the previous work. The
number densities of nanowires and nanowalls were calculated
to be 7 × 107 and 4 × 108 per square centimeter, respectively,
from the SEM images. It should be noted that we have also car-
ried out a systematic investigation by growing the nanostruc-
tures using oxygen plasma generated at different RF power
values (Supporting Information, Fig. S1) and at different tem-
peratures (Supporting Information, Fig. S2). With an RF plas-
ma of 50–100 W, foil samples covered with a mixture of Co3O4

nanowires and nanowalls were formed (Fig. S1). However, the
process using an RF power of 200 W generated cobalt oxide
nanowalls exclusively. In the temperature studies (Fig. S2), we
found that growth at a lower temperature produced nanostruc-
tures with a low number density and poor uniformity.

Here, we have further demonstrated that the cobalt oxide
nanostructures can be synthesized directly on a wide variety of
substrates. By using substrates with a thin film of cobalt, it is
possible to grow cobalt oxide nanostructures on various sup-

porting platforms. To this end, substrates like silicon,
stainless steel, and so on, were coated with cobalt
(≈ 300 nm thick) using an RF magnetron sputtering
system. These substrates were then heated in the re-
spective conditions for the growth of cobalt oxide
nanowires or nanowalls, as described earlier. SEM
imaging revealed that these substrates were covered
with the expected nanostructures.

The crystal structures of the as-synthesized cobalt
oxide nanostructures were identified by X-ray dif-
fraction (XRD). Figure 2 displays the XRD patterns
of cobalt oxide nanostructures on cobalt foil (Fig. 2a
and b) and on a Si(100) substrate (Fig. 2c and d). The
peaks in the XRD patterns were indexed on the basis
of a spinel structure assuming the space group Fd3m
(Co3O4: Joint Committee on Powder Diffraction
Standards (JCPDS) card no.: 76-1802; CoO:
JCPDS card no.: 78-0431; Co metal: JCPDS card
no.: 01-1152). The XRD patterns of the nanowires
and nanowalls on cobalt foils show a Co3O4 phase in
addition to CoO and Co phases (peaks due to sub-
strate). For more clarity and also to avoid additional
peaks from the cobalt foil, the XRD patterns of the
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Figure 1. Scanning electron microscopy (SEM) images of vertically aligned cobalt ox-
ide nanowires grown on cobalt foil, viewed at a) 20° and b) 90° from the substrate
normal. c, d) SEM images of cobalt oxide nanowalls grown by oxygen plasma treat-
ment on a cobalt foil, viewed at 20° from the substrate normal.
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nanowires and nanowalls on a Si(100) substrate (Fig. 2c and d)
were recorded. The XRD patterns show a single phase with lat-
tice parameter a = 8.071 and 8.073 Å for nanowires and nano-
walls, respectively. The obtained lattice parameters are in good
agreement with the reported value of Co3O4 powder
(a = 8.072 Å; JCPDS: 76-1802). In conclusion, the XRD pat-
terns of both nanowires and nanowalls on cobalt foil contain
minor peaks indicating the presence of trace amounts of CoO
and Co phases, which are probably formed in the early stage of
growth or are substrate peaks. Whereas the XRD patterns of
the Co3O4 nanostructures on the Si(100) substrate are a good
indication of a well-ordered spinel structure.

The micro-Raman spectra of the cobalt oxide nanostructures
were recorded at room temperature. Cobalt oxide nanowire
and nanowall samples show identical Raman lines, as shown in
Figure 3. The five prominent Raman peaks observed corre-
spond to the A1g (693 cm–1), F2g (620 cm–1), F2g (523 cm–1), Eg

(485 cm–1), F2g (194 cm–1) modes of the crystalline Co3O4

phase and are in agreement with a previous report.[14]

To further elucidate the chemical composition of the as-
synthesized nanostructures, X-ray photoelectron spectroscopy
(XPS) measurements were carried out. The cobalt foils with

nanostructures were dried thoroughly at room temperature in
a vacuum chamber (≈ 10–6 Torr) to remove the adsorbed water
molecules prior to the XPS measurement. Samples covered
with nanowires as well as nanowalls show identical peaks with-
in the resolution limits of the instrument (Fig. 4). The O 1s
XPS spectra peak with a binding energy (BE) of approximately
530 eV corresponds to oxygen species in the spinel cobalt ox-
ide phase (Co3O4).[15] The peak observed close to 532 eV in
the O 1s spectra indicate the presence of –OH (hydroxyl) spe-
cies adsorbed on the surface due to our ex situ experimental
conditions. The Co 2p XPS spectra show two major peaks with
BE values at 795.6 and 780.2 eV, corresponding to the Co 2p1/2

and Co 2p3/2 spin-orbit peaks, respectively, of the Co3O4

phase.[16] The Co 2p1/2–Co 2p3/2 energy separation is approxi-
mately 15.4 eV. Lack of prominent shake-up satellite peaks in
the Co 2p spectra further suggests the presence of mainly
Co3O4 phase.[17] Thus, from BE measurements for O 1s and
Co 2p core levels and the spectral shape of the XPS spectra, it
is clear that the nanostructures formed are composed of
Co3O4.

Detailed investigations of the microstructures of the as-
grown cobalt oxide nanostructures were performed using trans-
mission electron microscopy (TEM). The nanostructure sus-
pension was first prepared by sonicating heated metal foil in
ethanol (99.9 %). This suspension was subsequently used for
dip-coating to transfer some of these nanostructures onto com-
mercially available carbon-coated copper TEM grids. These
grids were dried in air and then used for the TEM studies.
Figure 5a shows a typical TEM image of a cobalt oxide nano-
wire (diameter ≈ 30 nm), which is shown to be essentially
straight and possesses a more or less uniform cross section
throughout its length. The high-resolution TEM (HRTEM) im-
age (Fig. 5b) reveals fringes perpendicular to the nanowire axis
and clearly indicates its single-crystalline nature. The measured
lattice spacing is 2.83 Å, corresponding to the interlayer spac-
ing of the (220) planes of Co3O4 (d = 2.86 Å). Figure 5c shows
a TEM image of an isolated nanowall, and Figure 5d shows its
typical HRTEM image. The layered structure visible in the
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Figure 2. XRD patterns of cobalt oxide nanowires and nanowalls on
a, b) cobalt foil and c, d) a Si(100) substrate. Miller indices (hkl) are
shown.
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Figure 3. Micro-Raman spectra of cobalt oxide nanowires (upper) and
nanowalls (lower).
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TEM image of the nanowall is perhaps due to fast growth in
different lattice directions. The measured lattice spacings of
2.42 and 2.32 Å are congruent to the lattice spacings of the
(311) (d = 2.43 Å) and (222) (d = 2.34 Å) planes of Co3O4, re-
spectively. Figure 5e shows the selected-area electron diffrac-
tion (SAED) pattern of the nanowire with zone axis [001]. All
the diffraction spots in the SAED pattern can be indexed with
the spinel cubic Co3O4 phase. The SAED pattern (Fig. 5f) of
the nanowalls, however, is more complicated primarily because
of its layered structure.

A close-up view of nanowires reveals the presence of a facet-
ed particle at each nanowire tip (Fig. 6a). This suggests that the
growth would follow a self-catalytic growth mechanism, which
is primarily developed in the context of 1D growth of materials
with low-melting-point metal components.[18] The presence of a
particle with a high metal content at the tip is often associated
with the self-catalyst growth route.[19] However, TEM and en-
ergy dispersive X-ray (EDX) spectroscopy inspections of the
particle at the tip of the Co3O4 nanowires show no significant
variations, either in chemical composition or in phase, com-
pared to the main body of the nanowire. Figure 6b shows the
HRTEM image of the selected region (as indicated in the in-
set) at the tip of the nanowire. The measured lattice spacing of
2.46 Å is in good agreement with the (311) interplanar distance
of the Co3O4 phase (d = 2.43 Å). It should be noted that, in
HRTEM inspection, we did not observe any twin crystal for-
mation or grain boundary at the neck region connecting the

nanowire to its tip particle. EDX examination at different re-
gions along the length of the nanowires (including its tip) con-
firms that the constituents are only oxygen and cobalt, devoid
of other foreign elements (Supporting Information, Fig. S3).
Moreover, the atomic weight percentage of oxygen and cobalt
remains about the same at the tip as in the main body of the
nanowire.

To unravel the growth mechanism of the Co3O4 nanostruc-
tures a consecutive series of short-term nanowire growth steps
was carried out. Following the same growth conditions for the
synthesis of nanowires, a cobalt foil was first heated for 5 min
and cooled down as described before. The resulting nanostruc-
tures were inspected by using SEM. Thereafter, the same sam-
ple was heated again for another 5 min for subsequent growth
of the nanostructures. Figure 6c shows an SEM image of two
short nanowires on the sample after the initial 5 min growth
stage, while Figure 6d shows an SEM image of the same area
of the sample after an additional 5 min of growth. Evidently,
the second growth step resulted in a new segment of nanowires
that grew from the tip of the existing nanowires. Noticeably,
many of the nanowires on the sample exhibit such double-seg-
ment morphology. This suggests two possibilities for the growth
of the nanowires. Firstly, the precursors needed for the nano-
wire growth migrate through the side walls of the nanowires to
reach the growth front at the tip. In the second case, cobalt
vaporizes and combines with an oxygen species to form cobalt
oxide, following a vapor–solid (V–S) route for nanowire forma-
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Figure 4. XPS measurements for the a, c) O 1s and b, d) Co 2p core levels for nanowires (upper spectra) and nanowalls (lower spectra).
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tion. A very thin (< 3 nm) amorphous layer covering the crys-
talline core of the nanowire, as revealed by TEM (e.g., Fig. 6e),
favors the first possibility. In addition, taking into account the
much lower growth temperature compared to the evaporation
temperature of cobalt (≈ 1000 °C at 10–6 Torr),[20] the V–S route
appears to be unlikely.

Based on our experimental results, we propose the following
mechanism for the growth of Co3O4 nanostructures directly on
cobalt foil. Upon heating, a thin layer of Co melt is formed on
the surface of the foil due to surface melting. Oxygen from the
gaseous phase impinges on this molten surface and undergoes
chemical reaction leading to the formation of CoO, Co3O4, and
so on. Eventually the Co melt becomes saturated with Co3O4,
leading to the nucleation of cobalt oxide crystallites. Diffusion
of oxidizing species and cobalt atoms towards the nucleation
sites triggers the kinetically controlled growth along the [220]
direction. The advancing front of the nanowire is wrapped with

the cobalt melt containing the dissolved oxygen species and
various cobalt oxide phases, thus, forming a liquid/solid inter-
face. At this liquid/solid interface the cobalt and oxygen atoms
or suboxides of cobalt undergo further chemical reaction to
form Co3O4. The Co3O4 building blocks segregate from the
melt and attach to the main body of the nanowire, leading to
the rapid growth of nanowire. Thereafter, the growth of the
nanowire is predominantly controlled by the migration of oxi-
dizing species and cobalt atoms through the cylindrical body of
the nanowire to the tip of the nanowire and the reaction ki-
netics of formation of Co3O4 at the liquid/solid interface of the
growing front. It is probable that the formation of the faceted
particle at the tip occurs during the gradual cooling after the
termination of the growth process. Namely, at a slightly lower
temperature, the rapid growth of the nanowires becomes termi-
nated but the molten diffusive materials continue to accumu-
late at the tip of the nanowires. This accumulated melt be-
comes crystallites by the epitaxial crystallization of Co3O4

from the melt as the temperature of the system further de-
creases. As a result, the nanowires are found to be capped with
a faceted particle.

In a plasma environment, the oxygen species are more reac-
tive. Consequently, the formation events of nucleation sites for
cobalt oxide will be higher than in the absence of plasma. In
addition, the high diffusion rate of the oxidizing species in the
presence of plasma increases the growth rate of nanostructures.
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0.2 µm

Figure 5. a) Low-resolution TEM image of a cobalt oxide nanowire. b) A
typical high-resolution TEM (HRTEM) image of the nanowire near the
edge (arrow indicates the growth direction). c) Low-magnification TEM
image of the nanowall and d) a typical HRTEM image of the nanowall,
showing different growth directions. e, f) Selected-area electron diffraction
images of the nanowire and nanowall, respectively.

100nm 100nm

Figure 6. a) Close-up SEM image of Co3O4 nanowires, showing the facet-
ed particle at their tips and b) a HRTEM image of such a faceted particle
from the highlighted part in the inset. c) SEM image of the cobalt foil with
nanowires after 5 min of growth and d) SEM image of the same region of
the foil taken after a subsequent 5 min growth. e) A typical TEM image of
a Co3O4 nanowire, showing the amorphous outer layer.
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The high reactivity and diffusivity may cause the rapid growth
in different lattice directions leading to the formation of 2D
structures. Hence, the morphology switching from 1D (nano-
wire) to 2D (nanowall) nanostructures is primarily because of
the reactivity and diffusivity enhancement of the oxygen spe-
cies in the plasma.

FE measurements on various Co3O4 nanostructures were
carried out using a two-parallel-plate configuration in a vacu-
um chamber at a pressure of 1 × 10–6 Torr. The Co foil with ver-
tically aligned nanostructures was secured to a Cu substrate
cathode by copper double-sided tape. Indium tin oxide (ITO)
glass coated with a layer of phosphor was employed as the an-
ode. A 100 lm thick polymer film with a small rectangular hole
was used as a spacer between the electrodes. The voltage across
the electrodes was increased in steps of 5 V up to a maximum
of 1100 V and the corresponding emission current was mea-
sured using a Keithley 237 high-voltage source measurement
unit (SMU). All the FE measurements were performed at
room temperature. Figure 7a shows the field-emission current
density (J) versus applied field (E) for Co3O4 nanowires and
nanowalls. When recording data, the applied voltage was re-
peatedly ramped up and down until there were no significant
changes in the J–E plot in between the ramps. The turn-on
field, defined as the electric field needed to obtain a field-emis-
sion current density of 10 lA cm–2, is 6.4 and 7.75 V lm–1 for
Co3O4 nanowires and nanowalls, respectively. The highest
achievable current density is approximately 50 lA cm–2 at 7.0

and 8.5 V lm–1 for Co3O4 nanowires and nanowalls, respective-
ly. The relation between the emission current density with field
is given by the Fowler–Nordheim (FN) equation[21]

J � aA
�

�bEavg�2exp�� B�
3

2

bEavg
� �1�

where J is the emission current density [A cm–2], Eavg is the
average electric field [V lm–1], � is the work function of the
emitters [eV], a is the area factor, and b is the enhancement
factor. A and B are constants, and their values are 1.54 × 10–6

and 6.44 × 103, respectively. The linear variation of ln(J/E2)
with 1/E (FN plot), as shown in Figure 7b, supports the hypoth-
esis that the current is due to field emission, according to FN
theory. From the slope of the linear part of the FN plot and
using the reported value for the work function (�) of Co3O4

(4.5 eV),[22] the enhancement factor b was calculated to be 735
for Co3O4 nanowires and 654 for Co3O4 nanowalls. Thus, FE
measurements show that nanowires with higher aspect ratio
can enhance the local field better than nanowalls.[23] However,
the b values of nanowires and nanowalls are not significantly
different to explain the observed large variation in the current
density; this requires a more detailed discussion. In view of the
comparatively lower number density of nanowires than nano-
walls, the screening effect is likely to be the primary reason for
the variation in emission current density. The area factor a is
calculated to be 0.665 and 0.227 for Co3O4 nanowires and
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nanowalls, respectively. This suggests the higher emission area
for Co3O4 nanowires could be due to a reduction in the screen-
ing effect as the nanowires are spaced further apart than the
nanowalls. In addition, the field emission from nanowire and
nanowall samples was found to be uniform, justified by the
fluorescence images in Figure 7c and d, respectively.

Our FE measurements on the Co3O4 nanostructures have
shown that nanowires are superior field emitters compared to
the nanowalls. The low turn-on field and high current density
for the nanowires is attributed to its sharp tip geometry, high
aspect ratio, and optimum number density. However, it is
worth mentioning that the FE results obtained for nanowall
samples in the present study is better than our previous field-
emission studies on Co3O4 nanowalls grown by direct heating
of a cobalt film under ambient conditions.[14] The FE current
density of nanowires is adequate for many field-emission de-
vice requirements and is comparable with other metal oxide
nanostructures.

To illustrate the multifunctionality of the as-synthesized
nanostructures, preliminary electrochemical studies on Co3O4

nanowalls were carried out by using cyclic voltammetry (CV).
CV is a well-adopted electroanalytical technique to study
phase transformations, redox couples during the insertion/dein-
sertion process,[24] and electrode kinetics.[25,26] Cyclic voltam-
mograms were recorded on the cells with Co3O4 nanowalls in
the potential range of 3.0 to 0.2 V and at a scan rate of
0.1 mV s–1. The CV experiments were carried out at room tem-
perature with Li metal as both the counter and reference elec-
trodes. The cyclic voltammograms of Co3O4 nanowalls are
shown in Figure 8. During the cathodic scan (Li intercalation
into Co3O4 nanowalls), a reduction peak occurs at 1.0 V (vs.
Li), while during the anodic scan (Li deintercalation from the
host), an oxidation peak is shown at 2.1 V (vs. Li). The ob-
served cathodic and anodic peak potentials (redox potentials)
are in good agreement with reported CV results on Co3O4 thin
films.[25] The preliminary CV results demonstrate that Co3O4

nanowalls could be used as an anode material for lithium-ion
batteries. More detailed electrochemical studies on various
morphologies of Co3O4 nanostructures, by using galvanostatic
discharge–charge cycling, are currently in progress.

3. Conclusions

In summary, Co3O4 nanostructures with 1D and 2D
morphologies were synthesized using a simple method at rela-
tively low temperature. Morphology alteration of the nano-
structures was achieved by modifying the reactivity and diffu-
sivity of oxygen via the introduction of a plasma atmosphere.
The as-synthesized nanostructures were characterized using
XRD, micro-Raman spectroscopy, XPS, and HRTEM analysis.
Our synthesis method to create vertically aligned nanostruc-
tures has three major advantages; i) the processing tempera-
ture is considerably lower, ii) this is a catalyst-free method and
hence avoids the sometimes undesirable outcome of incorpora-
tion of catalyst particles into the nanostructures; and iii) mor-
phological variations can be readily achieved. In particular, this
method was found useful in the synthesis of other metal oxide
nanostructures with morphological variations, which will be
published elsewhere. Both 1D and 2D Co3O4 samples showed
promising FE properties and are comparable with other known
oxide nanostructures. The nanowires exhibited a lower turn-on
field and higher current density compared to the nanowalls.
These nanostructures could find application in the future in
cold-cathode-based electronics and as an anode material for
lithium-ion batteries.

4. Experimental

Cobalt foils (99.95 %) with 0.1 mm thickness were purchased from
Alfa Aesar. Pieces of cobalt foil of size 5 mm × 5 mm were used for
growing oxide nanostructures. The native oxide layer on the surface of
the foil was removed by polishing with sand paper followed by cleaning
in ethanol. These samples were dried in air and placed on a metallic
base inside a vacuum chamber. The sample temperature could be in-
creased up to a maximum of 600 °C and was measured with a thermo-
couple, which was kept in contact with the metallic base. A radio fre-
quency (RF) plasma generator (13.6 MHz) with maximum power of
550 W was coupled by way of a parallel-plate electrode to the chamber
to create a plasma environment. The vacuum system comprised a ro-
tary and turbo pump and was used to evacuate the chamber to a base
pressure of ≈ 1 × 10–6 Torr. Co3O4 nanowires were synthesized by heat-
ing cobalt foils at 450 °C followed by leaking oxygen into the chamber
at a flow rate of 30 sccm. During growth, the pressure inside the cham-
ber was maintained at 1 Torr and the growth time was set for 3 h. For
synthesizing Co3O4 nanowalls, the oxygen plasma was created in the
chamber with an RF power of 200 W, all the other conditions being
identical to the procedure employed for the nanowire growth. For the
growth of Co3O4 nanostructures on foreign substrates, a thin film
(≈ 300 nm thickness) of cobalt was first deposited on the substrates
using an RF magnetron sputtering unit (Denton vacuum Discovery18
system, 150 W). These substrates were heated in the respective condi-
tions for nanowire and nanowall growth.

The morphology and structure of the as-synthesized nanostructures
were characterized using field-emission scanning electron microscopy
(JEOL, JSM-6700F), high-resolution transmission electron microscopy
(JEOL, JEM-2010F, 200 kV), X-ray diffraction (Philips X-ray diffrac-
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tometer, X’PERT MPD; Cu Ka (1.542 Å) radiation; unit cell parame-
ters were determined by using TOPAS-R Software), Raman spectros-
copy (Renishaw system2000, 532 nm excitation wavelength), and X-ray
photoelectron spectroscopy (ESCA MK II; Mg Ka source). The field-
emission measurements were carried out in another vacuum chamber
with a base pressure of ≈ 1 × 10–6 Torr. A detailed description of the set-
up employed for the field-emission measurements have been reported
elsewhere [5d,14].

For cyclic voltammetry measurements, the working electrode con-
sisted of Co3O4 nanowalls on a stainless steel substrate, used as current
collector, and the geometrical area of the electrode was 2.0 cm2. Note
that no conducting carbon or binders were used for the fabrication of
the above electrodes. Coin-type test cells (size 2016) were assembled
using Co3O4 nanowalls as the electrode, Li-metal foil (Kyokuto metal
Co. Ltd., Japan) as the counter and reference electrodes, polypropylene
(celgard) as the separator, and a 1 M solution of LiPF6 in ethylene car-
bonate (EC) and diethyl carbonate (DEC) (1:1 by volume; Merck).
The cells were fabricated in an argon-filled glove box (MBraun, Ger-
many). More details of cell fabrication have been described elsewhere
[27]. The cyclic voltammetry was carried out by using the computer-
controlled Macpile II system (Biologic, France).
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