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Controlled Growth and Field-Emission
Properties of Cobalt Oxide
Nanowalls**

By Ting Yu, Yanwu Zhu, Xiaojing Xu, Zexiang Shen,
Ping Chen, Chwee-Teck Lim, John Thiam-
Leong Thong, and Chorng-Haur Sow*

Nanoscale materials, the basis of nanoscience and nanotech-
nology, have attracted a great deal of interest from research-
ers. Due to their large surface areas that can be exposed to
gaseous environments, two-dimensional (2D) nanostructures
such as nanowalls,[l] nanosheets,[z] and nanojunctions or net-
works®! form an important category of nanostructured materi-
als with great potential as important components for nano-
scale devices with various interesting functions. Thus, in the
past decade, many techniques have been developed for the
synthesis of such nanostructured materials. For example,
Lieber et al. developed the method of laser-assisted vapor-lig-
uid-solid (VLS) growth;** the oxide-assisted growth tech-
nique was systematically studied by Lee et al.;** and semicon-
ducting oxide nanobelts were fabricated by evaporating the
appropriate commercial metal oxide powder.m More recently,
metal oxide nanowires of low-melting-point metals were suc-
cessfully synthesized by directly heating metal powder in a
tube furnace.!®!

Cobalt oxide-based materials have many applications, such
as in solid-state sensors,[g] heterogeneous catalysts,[w] electro-
chromic devices'!! and as absorbers of solar energy.m]
Furthermore, Co3;O, nanoparticles show some interesting
magnetic, optical, and transport properties.'* % A few meth-
ods of fabricating Co;0,4 nanotubes and nanofibers have been
reported.'*!”) However, to the best of our knowledge, there
has been no report on the preparation of Co3;0,4 2D nanostruc-
tures. In this paper, we report the growth of freestanding,
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vertically oriented CozO4 nanowalls by a surprisingly simple
method: directly heating Co foil on a hot plate in ambient con-
ditions. The dimensions, such as thickness and length, of the
nanowalls were controlled by the growth temperature and
duration. The field-emission properties of Co3;O, nanowalls
were also investigated for the first time.

Figure 1a shows the scanning electron microscopy (SEM)
image of the Co foil heated at 350 °C for 12 h. It reveals a sur-
face covered with a large quantity of nanowall-like morpholo-
gies, with most of them perpendicular to the substrate. The

Figure 1. a) 20°-tilted SEM image of the top surface of the Co foil heated
at 350°C for 12 h. b) High-magnification image of the surface of the
heated Co foil.

edges of the nanowalls are irregular and the sides of some of
the nanowalls are not smooth. The high magnification image
(Fig. 1b) shows that the thickness of the nanowalls fabricated
using this method was around 25 nm. In order to study the
composition of the as-synthesized product, the sample shown
in Figure 1 was subjected to glancing-angle X-ray diffraction
(GAXRD) measurements; the XRD pattern is shown in Fig-
ure 2a. Two phases of cobalt oxide, CoO and Co;0,, are
present and no Co pattern is observed.'"®! Since the top surface
contributes most significantly to the GAXRD measurements,
we deduce that the top layer is predominantly cobalt oxide. To
further characterize the nature of the nanowalls, we scraped
the nanowalls from the sample surface onto a piece of glass
slide and performed micro-Raman spectroscopy on them. Fig-
ure 2b shows the Raman spectrum obtained. There are four
peaks at 483, 523, 621, and 694 cm™, which correspond, re-
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Figure 2. a) GAXRD pattern of the Co foil heated at 350°C for 12 h.
b) Micro-Raman spectrum of the nanowalls.

spectively, to the E,, Fig, F%g, and A, modes of the crystalline
Co50,."! With repeated measurements of different samples,
only the Co3;04 Raman spectrum was observed, a result that
could be further strengthened by high-resolution transmission
electron microscopy (HRTEM) studies of the nanowalls. In
addition, it is noted that, besides the nanowalls on the top sur-
face of the heated Co foil, there is a dense film underneath the
nanowalls (Fig. 1a). Combining the XRD and Raman results,
it is reasonable to attribute the dense film to CoO, as being the
precursor for the growth of the Co;0,4 nanowalls.

Figure 3a shows typical TEM images of the Co;O,4 nano-
walls lying on the carbon film of a TEM Cu grid. The nano-
walls were transparent to the electron beam, which further
suggests very thin walls. Figure 3b is an HRTEM image of
the edge of a Co;0,4 nanowall (highlighted by the square in
Fig. 3a). The lattice fringes show a fringe spacing of 0.472 nm,
corresponding to the (111) plane.'" The selected area elec-
tron diffraction (SAED) pattern of the region highlighted by
the circle in Figure 3a was carried out, and the pattern is
shown in Figure 3c. As indexed, the pattern of the [111] zone
axes is present. Figures 3b,c clearly demonstrate that the
Co3;04 nanowalls are single-crystalline. In this work, it is
noted (see Figs. 3d—f) that some nanowalls showed compli-
cated SAED patterns. Figure 3e shows the HRTEM image of
the edge highlighted by the square in Figure 3d. The fringe
spacings show good agreement with the lattice spacings of
(111), (220) and (131) planes, respectively. The SAED pattern
of this region (highlighted by the circle in Fig. 3d) is shown in
Figure 3f. Obviously, there are two patterns, with zone axes of
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Figure 3. a) Typical TEM image of the Co304 nanowalls fabricated from
Co foil after heating at 350°C for 30 min. b) HRTEM image of the Co304
nanowall highlighted by the square in (a). c) SAED pattern of the region
highlighted by the circle in (a). d) TEM, e€) HRTEM, and f) SAED mea-
surements demonstrate that some nanowalls show complicated SAED
patterns. The dashed lines and solid line in (f) show the patterns of [112]
and [123] zone axes, respectively.

[112] and [123]. This could be due to the overlap of the nano-
walls. The detailed crystal structure of such nanowalls will be
further investigated. Thus, based on the above observations,
the Co30,4 nanowalls are single-crystalline.

To control the morphologies of the Co;O,4 nanowalls, the
effects of heating temperature and duration of heating were
investigated. Co foils were heated for 1 h at different temper-
atures in the range 200-350 °C, or they were heated at 350 °C
for different duration times, from 1 to 20 min. The dimensions
of the walls, such as thickness and length, show obvious differ-
ences with the change of temperature or duration of heating.
The thicknesses and lengths of the Coz;O4 nanowalls synthe-
sized under different conditions are plotted as a function of
temperature or duration and are shown in Figure 4. A strong
dependence of the dimensions on the growth conditions can
be clearly seen. This suggests that the morphologies of the
Co304 nanowalls could be controlled by varying the heating
temperature and duration.
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Figure 4. Plots of the dimensions (thickness and length) of the Co;0,4
nanowalls as functions of a) heating temperature (duration was 1 h) and
b) heating duration (temperature was fixed at 350 °C).

VLS"! and vapor—solid (VS) growth?”! are two common
mechanisms for producing one-dimensional (1D) and 2D
nanostructures. From our SEM and TEM results, the VLS
mechanism is unlikely because we do not

observe terminators on the Co3;O4 nano-
25
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melting point of Co foil (which was suggested to be near
300 °C*?l) or even when the temperature may be high enough
to melt a CoO thin layer, the surface starts to melt and forms a
liquid media. Subsequently, oxygen in air may dissolve in the
liquid Co and oxidize Co to CoO, which acts as the precursor
for subsequent growth of the Co3;0,4 nanowalls. The CoO near
the surface is further oxidized to Co3;04, which would precipi-
tate after saturation in liquid media to begin the growth of the
nanowalls. The growth could continue until cooling, when the
liquid condenses into the solid state. Thus, the mechanism cor-
responding to the growth of Co3;0,4 nanowalls may belong to
some kind of solid-liquid—solid (SLS) method.*!

Since the Co304 nanowalls are vertically aligned with very
rough edges (see Fig. 1), they are potential candidates for field
emission (FE) studies. In this work, FE properties of the Co;04
nanowalls were investigated for the first time. The details of
the experimental setup and method have been described else-
where.?*! Briefly, measurements of the FE properties of the
Co304 nanowalls were carried out by using a two-parallel-plate
configuration with an electrode distance of 100 um, under a
pressure of about 4 x 107~ torr (1 torr~133 Pa). An indium tin
oxide (ITO) glass covered with a layer of phosphor was em-
ployed as the anode in order to show fluorescent images simul-
taneously. Figure 5 shows a typical current density—electric-
field (J-E) curve of the Co;04 nanowalls synthesized at 350 °C
for 5 h, from which we can see that the turn-on field of such
Co304 nanowalls was about 6 V um’] and the maximal current
density reached about 25 uA cm™ (under a field of 11 V um™).
Here, the turn-on field was defined as the field at which a cur-
rent density of 0.1 pA cm™ was reached. Repeated measure-

walls. Considering the growth tempera-
tures (200-350 °C), which are much low-
er than the boiling point of bulk Co
(2927°C),” VS may not be the main 20
mechanism of the growth of the Co;0,

nanowalls either. To test our supposi- .
tion, we flowed air at a rate of about
1.3 x 10° sccm towards the sample during 15 1
the growth process. This flow rate is
much larger than those normally used for
the growth of nanostructures”®! and en-
sures that there is not much vapor stay-
ing above the sample surface during the i
heating process. The SEM image of the
products under such conditions showed 5
that the Cos04 nanowalls can still be
formed and the morphologies are similar
to those fabricated without air flow. This
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suggests that vapor does not play a signif- 2
icant role during the growth of Co;O,
nanowalls. Based on these observations,
we propose the following mechanism for

E (V/um)

Figure 5. Typical FE J-E curve of the Co304 nanowalls. The inset depicts the Fowler-Nordheim

the growth process: When the tempera- (FN) plot, which shows a linear dependence, and a uniform FE fluorescence image with the diam-
ture of the hot plate reaches the surface  eter of emission area of about 2.8 mm under a field of 11 Vum™. The scale bar is 1 mm.
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ment of different samples showed that the turn-on field of
the Co;0, nanowalls varied between 5 and 7.5 Vum™. Also,
up to the maximum field of our measurement system (about
11 V um™), no evidence of FE current saturation was observed.
In addition, rather uniform FE fluorescence images were re-
corded under a field of 11 Vum™, as demonstrated in the pic-
ture inset of Figure 5. Such FE performance of Co;0,4 nano-
walls is comparable to many other nanostructures,? which
makes Cos;04 another novel candidate for future electron emit-
ters.

The inset graph of Figure 5 shows the FN plot (i.e., a plot of
the relationship between In(J/E%) and 1/E) of the field emis-
sion of the Co;0,4 nanowalls. Two linear regions at high fields
are obtained, implying that a quantum-tunneling mechanism
is responsible for the emission in each range.pé] According to
the FN theory,[24'26] the slope of the FN plot can be expressed
as

32
S — —6.44 x 10° % 1)

where ¢ is the work function of emitters (in eV) and f is the
field enhancement factor, defined as the ratio of the local
field in the vicinity of the emitter to the average field, E (in
Vum™), used in our FE measurements. The values of S can
be obtained by fitting the two linear regions of the FN plot for
S1 and S,. The work function of Co304 has been previously
estimated to be 4.5 eVIZ7%, Thus, using this value and the
two slope values, $;=-204%13 and S,=-5512, the average
enhancement factors were obtained to be about $;=302+19
and f,=1118+41. Both values are comparable to those ob-
tained from different measurements on carbon nanotubes."*"
Finally, it is worth noting that, the two-region feature of the
FN plot of the Co3;04 nanowalls is different from that of car-
bon nanotubes, for which the magnitude of the slope at higher
fields generally is higher due to increased space—charge ef-
fects, interactions between neighboring emitters, and so on."!!
Such different FE behavior could be caused by more compli-
cated edge morphologies and the 2D nature of the Coz;Oy4
nanowalls, which will be further studied in our future work.

In summary, we have demonstrated a simple and conveni-
ent method to fabricate vertically oriented Co3;04 nanowalls
supported on metal substrates. Both TEM and diffraction in-
vestigations indicate the single-crystalline property of such
nanowalls. The morphologies of the Co3;04 nanowalls can be
controlled by varying the growth temperature and duration.
Our preliminary study implies the possible dominant growth
mechanism could be SLS. Also, the CozO4 nanowalls show
promising FE performance with a reasonably uniform FE im-
age. The turn-on fields and enhancement factors are compar-
able to those of many other nanomaterials. This suggests that
the Co3;0,4 nanowalls or other morphologies of Co;O,4 nano-
structures could be a potentially useful electron field emitter.
In addition, the properties, such as large surface area, good
vertical alignment, and catalyst-free synthesis, suggest that
Co3;0,4 nanowalls may have wide potential applications not
only in the research laboratory, but also in industry.

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Experimental

The synthesis process of Co;04 nanowalls is similar to our previous
work on the growth of copper oxide (CuO) nanowires on Cu foil
[24,32]. We heated, polished, and cleaned Co foil (Aldrich Chem. Co.,
0.1 mm thick, 99.95 %) on a hot plate in ambient conditions. In this
work, the growth temperature was set within the range of 200-350 °C
and the heating duration was varied from 1 min to 12 h. Typically, the
heating caused the shiny surface of metallic foils to become dull
and darkened. Different from the growth of CuO nanowires, where
the CuO film tended to crack during cooling of samples [20,24,32], the
darkened surface layer remained tightly connected with the Co sub-
strate, which made it very convenient to directly investigate the elec-
trical properties of the as-grown samples. The morphologies and crys-
talline structures of the as-grown surface layer were studied by
scanning electron microscopy (SEM, JEOL JSM-6400F) and trans-
mission electron microscopy (TEM, JEOL JEM-2010F, 200 kV),
respectively. Glancing angle X-ray diffraction (GAXRD, Bruker Ana-
lytical X-Ray Systems, CuKa radiation, 4=1.5406 A), and micro-
Raman spectroscopy (ISA T64000 Triple Grating System, Ar Laser,
A=514.5 nm) were used to analyze the structural phase and composi-
tion of the resultant surface layer.
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Achieving High Strength and High
Ductility in Precipitation-Hardened
Alloys**

By Zenji Horita, Kunihiro Ohashi, Takeshi Fujita,
Kenji Kaneko, and Terence G. Langdon*

It is now well established that the processing of metals
through the application of severe plastic deformation (SPD)
leads to significant grain refinement to the submicrometer or
nanometer level:'! an example of SPD is the procedure of
equal-channel angular pressing (ECAP). Although the ultra-
fine-grained materials produced by SPD have high strength,
in accordance with the Hall-Petch relationship, and a poten-
tial for use in a wide range of structural applications, their util-
ity is generally restricted because they exhibit only limited
ductility.[z] This problem may be overcome at cryogenic tem-
peratures by combining ECAP with subsequent cold-rolling
(CR).”! but this approach is not effective at ambient tempera-
tures because of the advent of grain growth. Alternatively,
high strength and high ductility have been achieved in pure
copper by developing a special thermomechanical treatment
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to produce a bimodal grain size.l! However, the viability of
this procedure is limited because new thermomechanical
treatments must be developed for each selected alloy. We now
report a technique for producing high strength and high duc-
tility in precipitation-hardened alloys at ambient tempera-
tures, based on the introduction of intermediate metastable
phases into ultrafine-grained microstructures.

The experiments were conducted using an aluminum-silver
alloy containing 10.8 wt.-% Ag; this alloy was selected be-
cause it is well established that Al-Ag alloys are capable of
exhibiting significant hardening through aging treatments
due to the formation of the metastable y’-phase.”! Full details
of the material preparation and the experimental procedures
are given in the Experimental section. Briefly, the material
was prepared in a solution-treated condition with a grain size
of ~480 um, and some of the solution-treated samples were
further processed either by CR, to give an elongated grain
structure, or by ECAP, to give an equiaxed microstructure
with an average grain size of ~500 nm. Ageing treatments
were conducted after solution treatment (ST), after ST and
subsequent CR, and after ST and subsequent ECAP.

Figure 1 shows the Vickers microhardness, HV, as a function
of the aging time for billets in the solution-treated condition,
and after ST followed by CR or ECAP. These results reveal
several significant trends. Firstly, the microhardness is initially
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Figure 1. Variation of Vickers microhardness with aging time at 373 K for
samples after ST, CR, and ECAP.

relatively low in the solution-treated condition, HV =56%3,
but it increases with aging time and reaches a peak value of
HV=~74+2 after aging for 100 h (3.6x10° s). Secondly, the
values of HV are higher after CR but there is only a minor
increase with aging time. Thirdly, the highest values of HV
are recorded after ECAP, with a value of HV=79+1 in the ab-
sence of aging and a peak value of HV=90%2 after aging
for 100 h. Under all three conditions, the values of HV de-
crease at aging times longer than 100 h. The high values of
HYV attained after ECAP are due to the high strain imposed
during processing and the consequent refinement of the mi-
crostructure into an array of ultrafine grains with boundaries
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