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Oxidation of Zn foil at temperatures of 100–400 ◦C was carried out in air to produce ZnO with various
nanostructures. The final morphology of the oxidised Zn foil is largely dependent on the oxidation tem-
peratures. At less than 300 ◦C, spherical oxide grains are seen. At 400 ◦C, 50 nm thick, porous nanosheets
were formed after 30 min of oxidation. In portions of the samples, nanorods can be seen with diame-
ters <10 nm and lengths reaching 1 �m. The nanosheets were formed in accordance to a vapour–solid
xide materials
anostructured materials
xidation

mechanism whereas the nanorods were formed by diffusion of Zn through a certain path leading to the
rod structure. At 450 ◦C, the nanorods became much more uniform. Oxidation at 500 ◦C resulted in ZnO
nanorods. The rods are also blunt with smaller rods seen to branch out from the main rod. The lumines-
cence properties of the ZnO were investigated as a function of the morphology of the oxide. Both green
and blue emissions are seen for the samples with nanosheets whereas the nanorods ZnO has mostly
green emission.
. Introduction

ZnO is a wide band gap semiconductor (3.37 eV) with large
xciton binding energy (60 meV) [1]. It is an exceptionally versa-
ile compound for applications in electronics and optoelectronics,
specially as material for: data storage, sensors, emission devices
nd photocatalyst [2,3]. For these applications, nanostructured ZnO
s preferred as it has higher surface area and much better electronic
ransport properties. Works on the formation of ZnO nanostruc-
ures have been targeted at the development of synthesis methods
hat can give a good control over the dimensions of the nanostruc-
ure produced. These methods include: physical vapour deposition
nd chemical methods [1,4]. Despite the formation of interesting
nO nanostructure by both methods, vapour deposition methods
ave always seen as more complicated as these methods would
equire rather complex equipment. On the other hand, chemical
ased methods are seen as contenders in the formation of well con-
rol ZnO nanostructures. In an effort to produce the nanostructures
ith an even simpler method, oxidation is proposed as an alter-
ative technique [5–11]. By the use of oxidation, the formation of

nO covering a large area at a short time will be possible. In the
ormation of nanostructured ZnO, oxidation works have been tar-
eted not only on the oxidation of Zn foil but also the oxidation
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of thin Zn film on substrates like glass [5,6], silica and sapphire
[7]. Oxidation of powdered Zn particles under various oxidation
atmospheres have also been explored by many authors [8–11].
In this work, oxidation of etched Zn foil was performed at wide
temperature range to explore on the morphologies evolution as a
function of oxidation times and temperatures. During oxidation,
it is speculated that at ultra-low temperature, the oxide will be
flat and upon the increase of the temperature nanorods may form.
Nonetheless, it was observed that in a low temperature regime,
porous nanosheets were formed; and as the temperature increases,
nanorods emerged and as the oxidation temperature was further
increased, blunt branched nanorods were observed. Among these
structures produced, perhaps the porous nanosheets structure is
the most interesting as the porous structure can greatly enhance
the active surface area available for either catalytic or sensing appli-
cations.

2. Experimental

99.95% pure Zn foils were oxidised in air to study the effect of oxidation tem-
peratures and time on oxide structure formation on the Zn surface. The zinc foils
that were used consisted of 99.95% purity. The Zn foils were cut into the desired
dimensions (2 cm × 2 cm) and then ground using SiC paper with ascending grit.
After grinding, the Zn foils are polished using alumina powder at 1 �m and 0.05 �m,
respectively until a mirror-like surface was obtained. The Zn foils were cleaned an
ultrasonic acetone bath for 15 min before being chemically etched using 5% of HCl
in ethanol for 3 min. The Zn foils were then oxidised at two different times of 30 min

and 1 h at temperatures of 100–500 ◦C in air. The Zn foil was placed in a pre-heated
furnace at the desired oxidation temperature and was then quenched in air to room
temperature after the oxidation period was achieved. The surface morphologies of
oxidised Zn foils were viewed under a ZEISS SUPRA 35VP Field Emission Scanning
Electron Microscope (FESEM). X-ray diffraction (XRD) Siemens D5000 was used for
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ig. 1. Surface morphologies Zn foils, (a) before oxidation (after polishing and etchi
e-i) 400 ◦C (high magnification), (f) 450 ◦C and (g) 500 ◦C. All oxidation processes w

he phase investigation and photoluminescence spectroscopy was performed using
Jobin Yvon HR 800 UV.

. Results and discussion

.1. Structural and morphological properties

Surface morphology of the Zn foil after being etched in 5% HCl,
s shown in Fig. 1(a). Inset in this figure is the higher magnifica-
ion image of the etched surface. After oxidation, the surface of
he foil changed dramatically depending on the oxidation temper-
tures. Fig. 1(b)–(g) is the FESEM images of the oxidised Zn foil at
00 ◦C, 200 ◦C, 300 ◦C, 400 ◦C, 450 ◦C and 500 ◦C, respectively. All
amples were oxidised for 30 min in air. After oxidation at 100 ◦C,
t could be seen that the surface of the foil is covered with thin
xide with preferential growth along the grain boundaries. As the
xidation temperatures were increased from 200 ◦C to 300 ◦C, the

urface morphologies evolved from sparsely distributed spheri-
al grains with diameters ranges from 30 to 50 nm (Fig. 1(c)) to
more dense structure (Fig. 1(d)). Oxidation at 400 ◦C produced

urface oxide with a porous, flaky structure (Fig. 1(e)). Arrows
d after oxidation at, (b) 100 ◦C, (c) 200 ◦C, (d) 300 ◦C, (e) 400 ◦C (low magnification),
one in air for 30 min.

pointing from Fig. 1(e) are showing the detailed morphologies at
two spots: (i) the porous, flaky structure resembling nanosheets
and (ii) nanorods that are seen emerging from the edge of the
nanosheets. The nanosheets have a thickness averaged at ∼50 nm
and they are made out of particles with a diameter of ∼30 nm. These
particles are not bonded together, forming the open, porous struc-
ture. Nanorods that emerged from the edge of the nanosheets have
a diameter of <10 nm and length reaching 1 �m.

As the oxidation temperature was increased to 450 ◦C, the length
of the nanorods had increased to ∼2 �m as seen in Fig. 1(f). At parts
of the sample, the length of the nanorods could reach 5 �m. More-
over, a belt-like structure with submicron width is also detected.
The belt-like structure becomes more prominent as the oxidation
temperature was increased to 500 ◦C (Fig. 1(g)). Branches appear
from the belt-like structure resembling dendrites.

Oxidation at a longer time of 1 h was then carried out to fur-
ther investigate the morphologies of the oxidized Zn. Fig. 2(a)–(e)

is the surface morphologies of Zn foil oxidised at 300 ◦C, 350 ◦C,
400 ◦C, 450 ◦C and 500 ◦C, respectively. Images shown on the left
hand column marked with an ‘i’ are the low magnification images
whereas images on the right hand column marked with an ‘ii’ are
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in particular oxygen vacancies [12]. Sample oxidised at 300 C is
ig. 2. Surface morphologies of the metallic Zn after being oxidized for 1 h at (a)
00 ◦C, (b) 350 ◦C, (c) 400 ◦C, (d) 450 ◦C and (e) 500 ◦C in air.

he higher magnification images of the same samples. Oxidation for
h at 300 ◦C resulted in surface oxide with spherical, particulate-

ike grains as seen in Fig. 2(a-i and ii). Preferential growth occurs
long the metal grain boundaries as well as along scratches induced

y etching. The sample oxidised at 350 ◦C (Fig. 2(b-i)) has mor-
hology similar to samples oxidised at 400 ◦C for 30 min. The oxide

s consisted of porous nanosheets. From the higher magnification
Fig. 3. XRD patterns of zinc oxidized at (a) 100 ◦C, (b) 200 ◦C, (c) 300 ◦C, (d) 350 ◦C
and (e) 400 ◦C for 1 h in air.

image (Fig. 2(b-ii)), nanorods are also seen emerging from the edge
of the nanosheets. The sample oxidised for 1 h at 400 ◦C consists of
branched rods covering the whole area of the foil, as seen in Fig. 2(c-
i). In Fig. 2(c-ii), it can be seen that these rods have a diameter
distribution from 10 nm to several microns with a length averaged
at 2 �m. A belt-like structure with sub-micron width can also be
detected and the structure becomes much obvious in the sample
oxidised at 450 ◦C, as seen in Fig. 2(d-i and ii). Sub-micron rods
formed in this sample also have branches with a diameter much
smaller (in the range of 10–20 nm) than the main rod. The average
length of the rods is 2 �m and at parts of the sample the length of
the rods reaches more than 5 �m. Similar structures are observed
in the sample oxidised at 500 ◦C for 1 h (Fig. 2(e-i)): sub-micron
rods, nanorods and nanobelts. However, as seen in the higher mag-
nification image in Fig. 2(e-ii), most of the rods have blunt tips and
smaller diameter nanorods are seen to branch out from the rods.

Fig. 3 is the X-ray diffraction patterns for samples oxidised for
1 h at: (a) 100 ◦C, (b) 200 ◦C, (c) 300 ◦C and (d) 400 ◦C. From the pat-
terns, only Zn peaks can be detected for samples oxidised at 100 ◦C
and 200 ◦C (ICCD no. 00-004-0831). ZnO formed at very low tem-
perature are expected to be very thin and amorphous; therefore,
the diffraction peaks from the ZnO are expected to be rather broad
with very small intensity. Higher intensity peaks can be detected
for samples oxidised at 300 ◦C and 400 ◦C (Fig. 3(c) and (d)). The
peaks are located at 2� of 32.0◦, 34.5◦, and 36.5◦ corresponding to
(1 0 0), (0 0 2) and (1 0 1) ZnO, respectively (ICDD no. 00-036-1451).

3.2. Luminescence properties

Fig. 4 shows the photoluminescence (PL) spectra for zinc foils
oxidised at: (a) 100 ◦C, (b) 200 ◦C, (c) 300 ◦C and (d) 400 ◦C. As seen,
no peaks can be seen for zinc oxidised at 100 and 200 ◦C (Fig. 4(a)
and (b)). For samples oxidised at 300 and 400 ◦C the PL spectra have
two prominent peaks: near band edge UV emission and the green
emission (Fig. 4(c) and (d)). The UV emission at 380 nm is related
to the emission from the recombination of electrons from the con-
duction band to the valance band (free excitonic emission). On the
other hand, the green emission at 500 nm is related to defect states,

◦

consisted of a rather flat thin oxide film as seen in Fig. 2(a), there-
fore the sample has the least defects. On the other hand, as seen
in Fig. 2(d) sample oxidised at 400 ◦C is consisted of branched
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ig. 4. Photoluminescence (PL) spectra for samples oxidised at: (a) 100 ◦C, (b) 200 ◦C,
c) 300 ◦C and (e) 400 ◦C for 1 h.

anorods and sub-micron belts and hence defects at the bound-
ries are much higher explaining the green emission peak. Apart
rom oxygen vacancies, an excess of Zn may also account for the
reen emission. At this high temperature, more Zn ions will diffuse
rom the Zn foil, hence creating oxide with excess Zn. This would
ive rise to the green emission as well.

.3. Growth mechanisms of ZnO nanostructures formed by
hermal oxidation

Fig. 5 shows an evolution summary of the morphology of the
nO as a function of oxidation temperature. Zinc is a metallic ele-
ent with a low melting point of 419.6 ◦C [13]. Etched bare Zn is

ketched in Fig. 5(a) and upon the exposure to the low oxidation
emperature a passivated layer (initial oxide) will form rapidly on
ts surface. According to Cabrera and Mott, at this low temperature,
dsorptions of oxygen on the surface of the native oxide will create
trong field across the oxide (from the oxide|metal interface to the
xide|air interface). Due to the establishment of the field, Zn ions
an be pulled through the oxide film outwards allowing growth of
he ZnO [14]. However, the migration of Zn ions is thickness depen-
ent, whereby the process will stop when the thickness of the ZnO
eached around 10 nm. Growth can only be possible when Zn ions
ave extra energy to migrate to the oxide|air interface forming ZnO
t this front. It has been accepted that the self-diffusion co-efficient
f Zn ions in ZnO is much larger than oxygen ions at lower tempera-
ure regimes [15,16]. Assuming that the diffusion mechanism is via
vacancy mechanism, Nakamura et al. has suggested that a temper-
ture of 150 ◦C is far too low for the Zn ions to diffuse through the
nitial oxidation layer [17]. However, growth at the grain bound-
ries may have been possible at the low temperature regimes due
o the availability of the easy diffusion path along the grain bound-
ries (Fig. 5(b)). This is seen from the surface morphology of the
xidised Zn at 100 ◦C (Fig. 1(b)). At slightly higher temperatures,
he migration of the Zn is possible. The formation of the oxides on
he grains as well as at the grain boundaries can be seen in a sam-
le oxidised at 200 ◦C (Fig. 1(c)). Upon closer inspection, the oxide
ppears to be in the form of spherical grains and the oxides are not
eing distributed evenly on the surface.

Oxidation at 300 ◦C for 30 min induced the formation of more
f these spherical grains. At this point, the preferential growth at
he grain boundaries is no longer prominent and the size of grains

vidently became larger (Fig. 1(d)). The distribution of the grains is
uch more uniform and the surface of the oxide is relatively flat,

s sketched in Fig. 5(c). The surface morphology does not change
ery much even after 1 h of oxidation. The flat oxide layer has a PL
mpounds 509 (2011) 6806–6811 6809

spectrum consisting of mainly that UV emission. This is related to
perfect and stoichiometric ZnO crystals with minimum defects.

The formation of porous nanosheets can be as seen in Fig. 1(e)
for a sample oxidised at 400 ◦C for 30 min and Fig. 2(b) for sample
oxidised at 350 ◦C for 1 h. Upon closer inspection of the nanosheets,
it could be seen that the sheets consist of weakly bonded, spher-
ical ZnO crystals. The formation of these porous nanosheets can
be explained by a vapour solid (VS) mechanism. As seen in the
inset of Fig. 1(a), the surface of the Zn after being etched consists of
hexagonal-shaped holes that correspond to (0 0 0 1) Zn grains. The
(0 0 0 1) oriented grains do not oxidise very fast in comparison to
sidewalls of the hexagonal Zn [18,19]. According to Gui et al. [20],
in an oxidation of pure Zn nanoparticles, the surface of the particles
are thought to be very loose and there is a Zn vapour aero-sphere
hanging over the particles when the particles are heated. As the
(0 0 0 1) face of Zn grains has a slower rate of oxidation, it is spec-
ulated that there is a tendency of the formation of this Zn vapour
aero-sphere at the vicinity of the surface as shown in Fig. 5(d). Tem-
peratures of 350 ◦C and 400 ◦C are high enough to allow a certain
degree of sublimation of Zn, forming the Zn vapour as Zn melts
at 419 ◦C. The vapour would, however, react quickly with oxygen
forming ZnO nuclei. As the ZnO nuclei concentration increases and
reaches supersaturation, growth occurs and the particles will be
redeposited back onto the surface of the substrate to form the open,
porous nanosheets (Fig. 5(e)). Such morphology has an extremely
broad XRD pattern, indicative of the size of the nanocrystals. As
the open, porous structure may have a large surface area, the cor-
responding defects existing at the surface may have been reflected
by the existence of the green emission from the photoluminescence
data of such sample. It is inferred that the etching process of the Zn
foil, which was done to reveal the (0 0 0 1) Zn grains, may have con-
tributed into the formation of this morphology. To date, no works
on the formation of porous nanosheet by oxidation of Zn has been
reported via VS mechanism.

The surface oxide of samples oxidised at 400 ◦C for 30 min and
350 ◦C for 1 h consist of nanorods protruding at the edge of the
nanosheets. Increasing the oxidation temperature above 400 ◦C
produced more nanorods, covering the surface of the metal more
uniformly. As mentioned, at higher temperatures, diffusion of Zn
ions will be much faster. Assuming that the diffusion is occurring
only in a certain direction, favouring the migration of the Zn ions
within the inner part of the rods, the growth would then occur at
the tip of the oxide outwards, forming the rod-like structure. A sim-
ilar observation was made by Li and Gao [16] on the oxidation of
Zn in wet air. Since the diffusion process is thickness dependent, as
the rods become longer the amount of Zn that could diffuse to the
tip becomes lesser causing the sharp-ended tip. The morphology
is termed nanoneedles by several authors including Umar et al. [8]
and Yu et al. [5] and is sketched in Fig. 5(f).

The sample oxidised at 450 ◦C resulted in the formation much
more uniform ZnO nanorods but with blunt tips. As stated previ-
ously, the formation of the nanorods occurs by fast diffusion of Zn
ions via a particular diffusion channel inside the rods towards the
tip of the nanorods. Therefore, at the tip of the nanorods, Zn ions
will accumulate and as the oxidation temperature is above the met-
ing point of Zn, the accumulated Zn at the tip of the rods will melt,
forming blunt tips as seen in Fig. 2(d-ii).

Oxidation at temperatures above 500 ◦C has resulted in the for-
mation of branched nanorods as seen in Figs. 1(g) and 2(e) for
samples oxidised at 30 min and 1 h, respectively. According to the
Gibbs–Thomson effect, as discussed by Hejazi et al., the growth
rates of the ZnO nanorods are inversely proportional to the radius

of the nanorods formed [21]. This indicates that the growth rate
decreases with increasing nanorod diameter. The increase of the
nanorod diameter can also originate from the migration of mate-
rial from one rod to the other, as illustrated in Fig. 5(g). This results
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Fig. 5. Schematic illustration of growth of ZnO nanowires and nanosheets on the surface of etched Zn foil by oxidation in air.
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n a merging of smaller rods forming sub-micron rods and belt-like
tructure, as seen from the FESEM in Fig. 2(e). From this figure, it can
lso be seen that at the blunt tips where partial melting was thought
o occur, smaller nanorods emerge forming the branched nanorods.
t this temperature, secondary growth leads to the formation of
endritic nanorods. This is sketched in Fig. 5(h).

. Conclusion

Oxidation of etched Zn resulted in the formation of ZnO
anostructures with morphology dependent on the oxidation tem-
eratures and times. Oxidation at temperatures <300 ◦C resulted in
relatively flat oxide. At 350 ◦C, the oxide is in a form of open,

orous nanosheets with thickness of 50 nm. The nanosheets were
roduced via oxidation of Zn vapour. At 400 ◦C, 2 �m ZnO nanorods
ormed and above the melting point of Zn, blunt nanorods were
roduced. At these temperatures, some of the nanorods merged
o form a belt-like structure and the nanorods started to branch
ut forming a dendritic nanostructure. The length of the nanorods
ncreased with the increase of temperature. The longest nanorods
ould reach 10 �m but the average length is 5 �m for the sample
xidised at 450 ◦C. The photoluminescence of ZnO is morphology
ependent with much more green emission as the nanostructure
ecomes apparent. This indicates more oxygen vacancies and/or
xcess Zn in the nanostructure.
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