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Metal oxide nanostructures (CuO, Co304, ZnO and a-FesO3) have been successfully fabricated by a sim-
ple and efficient method: heating the appropriate metals in air at low temperatures ranging from 200 to
400°C. The chemical composition, morphology and crystallinity of the nanostructures have been characterized
by micro-Raman spectroscopy, X-ray diffraction, scanning electron microscopy and transmission electron mi-
croscopy. Two mechanisms: vapor-solid and surface diffusion play dominant roles in the growth of metal oxide
nanostructures starting with low melting point metals (Zn and Cu) and high melting point metals (Fe and
Co), respectively. With sharp ends and large aspect ratio, the metal oxide nanostructures exhibit impressive
field-induced electron emission properties, indicating their potentials as future electron source and displays.
The water wettability and anti-wettability properties of iron oxide nanoflakes were also discussed in this work.
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1. Introduction

Metal oxide nanostructures possessing many at-
tractive properties, such as chemical stability, var-
ious electron band configurations and unique mag-
netic behaviors, have great potential for applications
as chemical or biological sensors, electron-field emit-
ters, electrodes of lithium-ion batteries and lasers.
These structures have received intensive research in-
terests and become one of the most important mem-
bers in the nanostructure family™ 7. Many meth-
ods have been developed to fabricate metal oxide
nanostructures!® 13/, Among them, vapor-liquid-solid
(VLS) and vapor-solid (VS) are most widely used as
they are well suited for growth of single crystalline
structures with a relatively large scale. However, some
disadvantages are also associated with the VLS and
VS techniques. For example, an elevated temperature
normally >1000°C is required to vaporize the metal
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or metal oxide source. Special care has to be afforded
on the atmosphere, flow rate and substrate location.
For the VLS process, catalyst introduced to trigger
nucleation and initial growth of nanostructures may
modify the properties of metal oxide nanostructures

and affect the functions of nanodevices!(!.

There is on-going interest to find novel methods
to synthesize metal oxide nanostructures. In this
work, we report a simple and straightforward way
to fabricate metal oxide nanostructures by direct re-
acting metals (foil and film) with oxygen in air at
a lower temperature (200-400°C). Our attempts suc-
cessfully demonstrate that single crystalline metal ox-
ide (CuO, Co30y4, ZnO and a-FesO3) nanostructures
on various substrates (metal foil, Si wafer, glass slide,
atomic force microscopy (AFM) tip and nanowire)
with different morphologies (nanowire, nanowall and
nanoflake) could be readily fabricated by this simple
method. Considering the melting point of the start-
ing metals and the crystal structure of the nanostruc-
tures, the growth mechanisms were attributed to VS
(for ZnO and CuO) and surface diffusion (for CozO4
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Fig.1 SEM images of the top surfaces of the Cu (a), Co (b), Zn (c) and Fe (d) foil heated at 400, 350, 375 and

260°C for 10 h, respectively

and a-Fes03), respectively. Considering that the
sharp tips or narrow edges of nanostructures can ef-
fectively enhance local electric fields and consequently
enhance the efficiency of emission, investigations of
field-induced electron emission from these metal oxide
nanostructures were performed and the results indi-
cate their potentials as high brightness electron source
and field emission display media. The wetting behav-
ior of solid surfaces by a liquid is a very important
aspect of surface chemistry, which may have a variety
of practical applications!'¥. Here, water wettability
and anti-wettability of iron oxide nanoflakes were also
studied. Both hydrphobicity and hydrophilicity were
achieved and tuned from one to the other.

2. Experimental

Experimentally, fresh metal foils (Cu, Co, Zn
and Fe) with purity of 99.9% (Aldrich) were pol-
ished and cleaned before heated on a hot-plate where
metal-oxygen reaction occurred. The metal films
with thicknesses ranging from 300-900 nm were de-
posited onto different substrates by radio-frequency
magnetron sputtering (Denton vacuum Discovery 18
system). The morphologies of the starting ma-
terials and the final products were monitored by
scanning electron microscopy (SEM, JEOL JSM-
7=6700F) while the chemical composition and crys-
tal structures were analyzed by micro-Raman spec-
troscopy (Witech CRM200, Ajaser=532 nm), X-ray
diffraction (XRD, Bruker D8 with CuK « irradiation)
and transmission electron microscopy (TEM, JEOL
JEM 2010F, 200 kV). Field emission measurements
were conducted in a vacuum chamber at room temper-
ature under a two-parallel-plate configuration. The
water wetting behavior was tested by measuring the

contact angle (CA) between the water droplet and the
substrate surface (FTA 1000 system).

3. Results and Discussion

3.1 Formation and characterization

Figure 1 presents the SEM images of the top sur-
faces of Cu (a), Co (b), Zn (c) and Fe (d) foils after
heating in air at 400, 350, 375 and 260°C for 10 h,
respectively. The majority of the nanostructures ori-
ent themselves perpendicular to the substrate. One
dimensional (1D) wire or needle-like structures ap-
pear on the Cu and Zn foils while 2D wall or flake-
like structures present on the Co and Fe foils. Care-
ful measurements reveal that the average length of
nanowires is in the range of 6-10 pm in length and
100 nm in diameter. The thickness of walls (Fig.1(b))
is around 20 nm and the sharpness of the flakes
(Fig.1(d)), defined by the radius of curvature at the
tip is around 5 nm.

To further extend the practical attributes of this
method, for example substrate-friendly growth, which
is desirable for the nanodevices, the appropriate metal
was deposited onto the various types of substrates.
As an example, Fig.2(a) and (b) show the SEM im-
ages of the as-deposited Fe film on silica microspheres
and CuO nanowires, respectively. After heating,
nanoflakes were successfully grown on the different
substrates as shown in Fig.2(c) and (d). Figure 2(e)
demonstrates the success of growth of nanoflakes on
the AFM tip cantilever by heating the Fe films. The
high magnification image (Fig.2(f)) shows that the
nanoflakes preferentially grow perpendicularly to the
local surface. Similar 1D and 2D nanostructures
(Fig.1(a—c)) were also obtained on Cu, Co and Zn
films, respectively, with similar dimension but better
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Fig.2 SEM images of the as-deposited Fe films on silica micro-spheres (a) and CuO nanowires (b) and the
as-heated samples (c) and (d). (e) and (f) showing the nanoflakes on AFM cantilever

alignment as the surface of films are much flatter than
metal foils (SEM images were not shown).

To elucidate the crystal structure and preferential
growth direction of the nanostructures, micro-Raman
spectroscopy, XRD and TEM were performed. In
this paper, Fe oxide was selected to demonstrate the
characterization process. Figure 3(a) shows the Ra-
man spectrum of the Fe foil after heating in air. All
the peaks could be clearly indexed to crystalline a-
Fey03 or FezOy as indicated. The existence of crys-
talline a-FesO3 or Fe3O4 was also revealed by the
XRD of the same sample. The sharp peak located
at 45° is the diffraction peak from the Fe foil sub-
strate. It was noted that the most intensive diffrac-
tion peak of a-FesO3 nanoflakes occurred between
(110) planes, which differs from bulk a-Fe;O3 where
the (104) contributes the strongest peak and the ra-
tio between the diffraction peaks from (104) to that
from (110) is 1.3['*]. This may imply that there is
a preferential growth plane for a-FesOs nanoflakes.
Figure 3(c) presents typical TEM image of a-FeaOs
nanoflakes. The high-resolution TEM (HRTEM) im-
age was shown in Fig.3(d). The fringe spacing of

0.252 nm matches well with the lattice spacing for the
plane (110)1'%1. The selected area electron diffraction
(SAED) (inset of Fig.3(d)) exhibits a clear diffraction
pattern of single crystalline a-FesOg from the zone
axis of [441]. Thus, the XRD and TEM results clearly
reveal the growth direction of a-Fe;O3 nanoflakes as
[110]. The same analysis process confirms the nanos-
tructures shown in Fig.1(a—c) are crystalline CuO,
Co304 and ZnO, respectively[?:9:13]

3.2 Growth mechanism

VLS and VS are two of the most common growth
mechanisms. However, from our SEM and TEM im-
ages, the VLS process is unlikely in our case be-
cause we failed to observe any catalyst terminators on
the nanostructures. Similar works!®®l have demon-
strated that VS is responsible for the growth of CuO
and ZnO nanowires. Considering that the growth
temperatures (250-350°C) are much lower than the
melting points of Fe (1353°C) and Co (1495°C)17)
the VS process is likely inexplicable. In our work, we
attributed the growth mechanism for Fe and Co to
the surface diffusion. At the first stage of heating,
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Fig.3 Raman spectrum (a) and XRD pattern (b) of the as-heated Fe oxide sample. The typical TEM and
HRTEM images are shown in (¢) and (d), respectively. The inset of (d) shows the SAED of a-Fe;Og3

nanoflake

the top layer of Fe was oxidized by the oxygen
molecules in air and formed a very thin layer of a-
Fe; O3 and Fe3O4 mixture. The continuous reaction
further oxidized the Fe3Oy4 to a-FeaOsz and formed
another layer of Fe3O4 below the very top layer of a-
Fe;03 by diffusion of oxygen through the thin oxide
layer. During the formation and growth of a-Fe;Og
top layer, some screw dislocations might be produced
along certain crystal direction to release the stress.
This may cause the migration of Fe atoms or oxide
molecules adsorbed on the surface along this direc-
tion and stack in the corresponding plane to maintain
a flake shape. For the growth of a-FesO3 nanoflakes,
the driving force is the O-rich and Fe-deficient prop-
erty in the (110) plane or along [110] direction, which
is the growth direction as revealed by our XRD and
TEM results!!8].

3.3 Electron field emission and water wetting behav-

ior

We have studied the field emission properties of
our metal oxide nanostructures. Here, we use a-Fe;Og
nanoflakes as an example. Figure 4(a) shows the typi-
cal current density-electric field (I-V) curve. The ex-
ponential dependence between the emission current
and the applied field, plotted in In(J/E?) vs 1/E
relationship (Fig.4(b)), indicates that the field emis-
sion from a-Fe; O3 nanoflakes film follows the Fowler-
Nordheim (F-N) relationship*l. The dots are exper-
imental data and the solid line is the fitting curve ac-
cording to the simplified Fowler-Nordheim equation:

Bo?
aE )

J:Mexp[_

5 (1)

where J is the current density; F is the applied field
strength; @ is the work function for electron emis-
sion, which is estimated to be 5.4 eV2Y for a-Fe,Os;
A and B are constants with the value of 1.54x107°
(A-V=2.eV) and 6.83x107 (V-em™'-eV=3/2)[4 re-

spectively. Here, § is the field enhancement factor
defined by:
v
Eigcal = ﬁE = E (2)

where Foca is the local electric field nearby the emit-
ter tip; d is the average spacing between the electrodes
(d=100 pm in this work) and V is the applied volt-
age. For the a-Fe;O3 nanoflakes, 8 was obtained to
be 1131 from the linear fitting of the F-N curve and
the turn-on field was measured to be about 7.2 V/um,
which is acceptable for the practical application.

ZnO nanowire is a well-known excellent field emis-
sion candidate. In this work, we fabricated ZnO
nanowires on transparent ITO (indium tin oxide)
glass slide and tested its emission properties. As
shown in Fig.4(c) and (d), the “milk-white color” ZnO
nanowires cover the entire piece of slide, indicating
large scale growth; the “Great Wall of China” back-
ground can be clearly seen, demonstrating the trans-
parent property; and the bright “NANQO” —emission
image reveals the high efficiency and uniformity of the
emission. These significantly imply the potential of
ZnO nanowires grown by this method in future large-
scale flat transparent display.

The large surface to volume ratio and significant
roughness has attracted growing attention to study
the water wetting behavior of nanostructures for both
fundamental understanding and practical applica-
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Fig.4

a) Typical field-emission current-voltage (I-V) curve of the a-FesOs nanoflakes films, (b) the F-N plot

¢) optical graph of the as-grown ZnO nanowires on ITO glass slide and (d) electron emission image of the

ample shown in (c)

@)

()

Fig.5 Photographs of water droplet shape on: (a) the
as-grown a-Fes O3 nanoflakes, (b) stored in N2 for
2 d (same piece)

(
(In(J/E?) vs 1/E) accordingly, which exhibits a good linear dependence (solid line is the fitting result),
(
s

tions. Figure 5(a) shows the optical photograph of wa-
ter droplet shape on the as-grown a-Fe, O3 nanoflakes.
The water wettability was evaluated by the water con-
tact angle (CA) measurement. As a-FeyOj is polar
molecule, hydrophilic property of the fresh a-Fe;Og
nanoflakes was expected and revealed by a CA of
8° (Fig.5(a)). It is noted that the CA of a-FeyOg
nanoflakes is much smaller than that of a-FesOgs film
(CA=about 30°). This difference could be explained
by the dramatic increase of the surface roughness!'4.
Interestingly, after stored in a neutral gas environ-
ment such as Ar or Ny for 2 d, the a-Fe, O3 nanoflakes
changed to be hydrophobic with a CA of 127°. We
temporally attributed this to the absorbance of neu-
tral gas molecules, which was supported by trans-
forming the hydrophobicity back to hydrophilicity af-
ter heating the a-FeyO3 nanoflakes on a hot-plate
again, where desorption of the neutral gas molecules
is likely to happen. The detailed study is undergoing
in our group. This controllable transformation be-
tween hydrophobicity and hydrophilicity might open
a new category of potential applications of a-FeyOg3
nanoflakes.

4. Conclusion

Single crystalline metal oxide nanostructures have
been successfully fabricated by simple reaction be-
tween metals and oxygen at low temperatures using
hot plates. The practical desirable attributes such
as low cost, large scale, substrate-friendly and diver-
sified samples demonstrate that our technique could
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be an effective method to supply nanomaterials for
further fundamental studies and practical applica-
tions. The impressive electron field emission prop-
erties from these metal oxide nanostructures indicate
their promising potential as electron source and in
electron emission displays. The reversible transforma-
tion between hydrophilicity and hydrophobicity sug-
gests a new potential for a-FeoO3 nanoflake applica-
tions.
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