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Morphological transformation of hematite
nanostructures during oxidation of iron
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and Guangwen Zhou*a

Oxidation of metals usually results in the formation of an oxide nanostructure with poorly controlled

growth morphologies. By employing a simple mechanical approach that uses sandblasting to modify

the surface roughness of iron substrates, we demonstrate that the morphologies of hematite (a-Fe2O3)

nanostructures varying from the growth of one-dimensional nanowires to two-dimensional nanoblades

can be achieved during the thermal oxidation of iron. Electron microscopy studies show that the effect

of surface sandblasting is to effectively modify the oxide nucleation locations that define the growth

shapes. The optical properties of hematite nanowires and nanoblades are examined for the

demonstration of the morphology–property correlations.
1 Introduction

Metal oxides are among the most ubiquitous materials in
nature. This abundance is dictated by the simple fact that
oxides are typically more stable than their metallic counterparts
in an oxidative environment, and many such materials can be
formed by oxidation of metals in air. Metal oxides have provided
a fundamental stepping-stone for the development of func-
tional nanomaterials for applications ranging from semi-
conductors to insulators.1 These exciting opportunities stem
from the tunable functional properties (sensor, catalytic, elec-
tric, optical, etc.) of metal oxides via stoichiometry, coordina-
tion, and bonding of the constituent atoms that depend on the
size, shape and dimensionality of the nanoscale systems.2 In
connection with this, it is of greatest practical importance to
study oxidation of metals for the growth of metal oxide nano-
structures, which can eliminate the need for many complex
multistage processes of catalytic chemical synthesis of oxide
nanostructures that involve many intermediaries. Due to its
technical simplicity and large-scale growth capabilities, the
growth of oxide nanostructures by thermal oxidation of metals
has thus recently received intensive interest.3 However, a
signicant challenge is the poor control over the growth
morphologies of oxide nanostructures during the oxidation
process, largely due to convolution of different processes
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involved in oxidation, including multi-phase oxide growth,
coupling between growth stress and diffusion, and micro-
structure evolution.

Hematite (a-Fe2O3) is a nontoxic and the most stable iron
oxide with a full set of functional properties. The use of a-Fe2O3

has been demonstrated in catalysis,4 gas sensors,5 water split-
ting,6 dye solar cells,7 magnetic storage media,8 environmental
protection,9 and controlled drug delivery.10 For instance,
hematite has emerged as a strong candidate material for pho-
toconversion of light to electric energy as it possesses a bandgap
(Eg ¼ 2.1 eV) that permits absorption of visible light.11 It is
essential that hematite crystallites should provide a high
photoelectric yield efficiency. The growth of extended oxide
nanostructures and, in particular, hematite nanostructures, is
highly desired for these applications. Various a-Fe2O3 nano-
structures have been reported by oxidation of Fe substrates to
produce nanowires and nanobelts by controlling the oxidation
conditions.12 It was shown more recently that a-Fe2O3 nano-
wires, nanobelts, and platelets can be produced by introducing
water vapor to the oxidation of shot-peening Fe substrates.13 In
this work we describe a simple approach that allows for
tailoring the growth morphologies of hematite nanostructures
during oxidation of iron. By exerting sandblasting onto Fe
substrates, we show that a shape transition from the growth of
a-Fe2O3 nanowires to a-Fe2O3 nanoblades can be achieved by
increasing the surface roughness. These results shed light on
the fabrication of unique hybrid morphology nanostructures via
a simple way. These tunable growth morphologies may offer
excellent opportunities to study the morphology–property
correlations in nanostructured hematite, which is demon-
strated in this work by examining the photoluminescence (PL)
and nonlinear optical (NLO) properties of nanowires and
nanoblades obtained from oxidation. The PL intensity and
Nanoscale, 2013, 5, 7581–7588 | 7581
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high-order NLO susceptibilities are observed to show clear
dependence on the oxide growth morphologies, which can be
attributed to the surface effects. This may have broader impli-
cation for the aforementioned potential applications (e.g.
heterogeneous catalysis, gas sensing) of nanostructured hema-
tite because the fundamental processes governing these appli-
cations are mostly dominated by surface effects.
Fig. 1 (A) Surface roughness Ra vs. sandblasting time. (a), (b), and (c): 3D surface
images taken by profilometer showing the surface morphology of the samples
being sandblasted for 0 s, 3 s, and 9 s, respectively. (B) 3D profile image of a single
crater formed by sandblasting.
2 Experimental section

High-purity iron foils (99.99%) with a thickness of 0.25 mm
obtained from Sigma-Aldrich are used in the oxidation experi-
ments. The iron foils are rst sandblasted by glass bead abra-
sives with a diameter range of 150–250 mm at the pressure of
�100 psi with different durations to modify the surface
morphologies and surface roughness. The surface roughness of
the sandblasted Fe samples is measured using an optical
proler (WYKO NT1100). The sandblasted samples are then
thoroughly rinsed with deionized water followed by ultra-
sonication in acetone for 5 min. The cleaned Fe substrates are
dried in N2 and then placed on a substrate heater in a vacuum
chamber and the sample temperature is monitored using a
K-type thermocouple in contact with the substrate heater. The
oxidation loading apparatus is large enough so that Fe speci-
mens with different surface roughness can be loaded simulta-
neously and then oxidized under the same oxidation
conditions. The oxidation chamber is rst pumped to vacuum
(�2� 10�6 Torr), and then lled with 300 mbar oxygen pressure
(the purity of oxygen is 99.999%). The chamber is then sealed
and the Fe samples are heated to 400 �C–600 �C at the rate of
�20 �C min�1 and oxidized at the temperature for different
durations. It is then cooled down in the same oxygen atmo-
sphere to room temperature at the rate of �10 �C min�1.
Growth morphologies and crystal structures of the oxidized
samples are examined using a eld emission scanning electron
microscopy (FEG-SEM, FEI Supra 55VP) and X-ray diffraction
(XRD, PANalytical's X'Pert). Cross-sectional transmission elec-
tron microscopy (TEM) specimens are made from the oxidized
Fe foils and analyzed using a JEOL JEM 2100F TEM that oper-
ated at 200 kV.

Both PL and NLO experiments are performed on the nano-
wire and nanoblade samples at room temperature. The pump
beam is produced using an EKSPLA PL 2250 series diode-
pumped picosecond Nd:YAG laser with a pulse width of 30 ps
and a repetition rate of 50 Hz. An ESKPLA Harmonics Unit H400
is utilized along with an EKSPLA PG403-SH-DFG optical para-
metric oscillator to obtain a widely tunable coherent laser light:
the output wavelength (l) can be varied in the range of 250–4450
nm. For the PL measurement l is tuned to 532 nm (green) in
order to induce one-photon band-to-band excitation (Eg �
2.1 eV) with an input pulse energy of 20 mJ. The PL intensity is
recorded as a function of wavelength using a charge couple
device (CCD) camera. For NLO experiments the incident beam
is more tightly focused on the sample with l being tuned to
1200 nm. We measure the corresponding second harmonic
generation (SHG) and third harmonic generation (THG) using
the same collection apparatus with a 30 s collection time.
7582 | Nanoscale, 2013, 5, 7581–7588
3 Results and discussion
3.1 Growth and morphological control of a-Fe2O3 nanowires
and nanoblades

Sandblasting is a common mechanical procedure providing
repeated impacts on a surface at a high speed and is widely used
in metal and alloy treatments. Sand spheres of specic diame-
ters are propelled through a pressurized gun and hit the surface
of the metal. The sandblasting can generate compressive
residual stresses and high-density dislocations in the target
substrate, resulting in increased surface roughness and
cracking.14 Fig. 1(A) shows the surface roughness of the Fe
substrates with different sandblasting durations. Clearly, the
surface roughness of the Fe substrates increases with increasing
the sandblasting time. The inset images are optical proler 3D
surface morphologies of the iron substrates being sandblasted
for 0 s (without sandblasting), 3 s, and 9 s, where the surface
roughness is increased from�0.19 mm to 0.62 mm, and then to 2
mm. Fig. 1(B) shows a 3D prole surface image of a single crater
formed from the sandblasting. The diameter of the crater is
about 200 mm with a ramp area, which corresponds well with
the round shape and the diameter range of the spherical glass
beads used for the sandblasting. The different surface areas
across the crater experience different levels of deformation, as
expected from the different stresses exerted during sand-
blasting. The ramp area experiences more deformation than the
This journal is ª The Royal Society of Chemistry 2013



Fig. 2 SEM micrographs of the surface morphology of oxidized Fe substrates
sandblasted for (a) 0 s; (b) 5 s; (c) 7 s: (d) 9 s and (e) and (f) are the XRD patterns
obtained from (a) and (d), respectively.
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rim area but less deformation compared to the bottom area
because the ramp area suffers more stress during sandblasting
than the rim area but less stress than the crater bottom.

Fig. 2 shows representative SEM images of the surface
morphology of the Fe substrates oxidized at the oxygen pressure
of 300 mbar and 600 �C for 1 h. Fig. 2(a) is from the at
substrate and Fig. 2(b–d) correspond to the samples which are
sandblasted for 5 s, 7 s, and 9 s, respectively. It can be seen that
oxidation of the at Fe sample results in the formation of
nanowires with a relatively low surface density. With increasing
the sandblasting time to 5 s, the surface density of nanowires
increases signicantly and nanoblades also start to form. With
increasing the sandblasting time to 7 s, the nanowire density
starts to decrease while the density of nanoblades continues to
Fig. 3 Typical SEM images of an oxidized Fe sample with individual craters pro
magnification and (b–f) the morphology of the areas marked in (a).

This journal is ª The Royal Society of Chemistry 2013
increase. On the surface of the Fe sample being sandblasted for
9 s, the entire surface is covered by a high density of nanoblades
with almost no nanowire formation. These SEM observations
reveal that the at or slightly sandblasted Fe surface is domi-
nated by the growth of nanowires while the highly roughened
surface is dominated by the nanoblade formation. The growth
of both nanowires and nanoblades occurs on the surfaces
between the two extreme conditions. Fig. 2(e and f) show XRD
patterns obtained from as-prepared nanowire and nanoblade
samples shown in Fig. 2(a and d), both of whichmatch well with
the rhombohedral a-Fe2O3 structure. The XRD patterns show
that the (11�20) peak has a much stronger intensity than other
peaks, suggesting that both nanowires and nanoblades grow
preferentially along the [11�20] direction.

To conrm that such a morphology transition is caused by
the enhanced surface roughness, we examine the oxide growth
morphology around individual craters generated by sand-
blasting. Fig. 3 shows a typical single crater formed on a Fe
substrate that is sandblasted for 1 s and oxidized for 1 h at 600
�C. As shown by the low-magnication SEM image in Fig. 3(a),
the crater has a diameter of �230 mm, which suggests that the
oxidation results in no noticeable change in the shape and size
of the crater compared to Fig. 1(B). High-magnication SEM
examination reveals that these different surface areas (as
marked by b–f in Fig. 3(a)) show different oxide growth
morphologies. Fig. 3(b) shows that the at surface region
outside of the crater (i.e., region b shown in Fig. 3(a)) is covered
by nanowires with an average length of about 1 mm, which is
similar to the case obtained by oxidation of the at sample
without experiencing sandblasting (i.e., Fig. 2(a)). Fig. 3(c) is an
SEM image from the crater rim region, which shows that the
rim area is covered by nanowires with a higher surface density
and longer length. Fig. 3(d) shows the ramp area of the crater,
where the density of nanowires is further increased as
compared to areas b and c marked in Fig. 3(a). In the area e,
both nanowires and nanoblades are visible, where nanoblades
are about 1 mm wide, 500 nm high, and 50 nm thick. Fig. 3(f) is
from the crater bottom, where large and wide nanoblades are
formed. The above observations reveal clearly that the nanowire
growth is promoted successively from the outside at area to the
duced by sandblasting for 1 s before the oxidation: (a) a single crater at low

Nanoscale, 2013, 5, 7581–7588 | 7583



Fig. 4 Interface SEM images showing the Fe2O3 morphological transformation
from the growth of nanowires to nanoblades by increasing the sandblasting time:
(a) flat sample at low magnification showing the growth of a three-layered oxide
structure of FeO/Fe3O4/Fe2O3 with the growth of a-Fe2O3 nanowires on the
outer a-Fe2O3 layer; (b) the growth of both a-Fe2O3 nanowires and nanoblades
for the Fe sample sandblasted for 5 s and (c) the growth of a-Fe2O3 nanoblades
for the Fe sample sandblasted for 9 s.
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rim region and to the inner ramp area and then suppressed in
the crater bottom area while the formation of nanoblades is
promoted gradually from the inner ramp area to the crater
bottom. For the samples being sandblasted for a longer time,
more craters are created, but each crater shows the similar
trend. The prolonged sandblasting results in signicant over-
lapping of craters, and the entire surface is thus dominated by
nanoblade growth, as shown in Fig. 2(d).

Fig. 4(a) shows a cross-sectional SEM image of a at Fe
substrate oxidized at 600 �C. Three oxide layers (Fe2O3/Fe3O4/
FeO/Fe) are visible with a thick inner FeO layer (�8 mm) in
contact with the Fe substrate, an intermediate Fe3O4 layer
(�4 mm), and a thin outer a-Fe2O3 layer (�650 nm thick) on
which a-Fe2O3 nanowires grow. The phases of the different
oxide layers can be conrmed by measuring the oxide compo-
sitions using X-ray energy dispersion spectroscopy (EDS) in
conjunction with the SEM observation of the cross-section of
the oxidized Fe samples, as shown in our earlier work.19 In
Fig. 5 (a) Typical cross-sectional SEM image shows that hematite nanowires are
formed on the underlying Fe2O3 layer; the inset SEM image shows the growth of
an initially formed nanowire, revealing that the nanowire is formed on top of a
single Fe2O3 grain and (b) HRTEM image revealing the bi-crystal structure of the
Fe2O3 nanowire. The nanowire growth direction is along [11�20] as shown in the
inset TEM image.
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addition, the phase of the underlying oxide layers was also
conrmed by the TEM electron diffraction pattern as shown
later in Fig. 6(d). A similar layered oxide structure is observed
from oxidation of sandblasted Fe samples, however, the inter-
face between the FeO layer and the sandblasted Fe substrate is
rough and varies dramatically across the FeO/Fe interface area
due to the large surface roughness caused by sandblasting.
Shown in Fig. 4(b and c) are interface SEM images obtained
from the oxidized Fe samples being sandblasted for 5 s and 9 s,
respectively, i.e., corresponding to the samples shown in
Fig. 2(b) and (d). The interface images further conrm the
surface morphology transformation from the growth of nano-
wires to nanoblades upon increasing the sandblasting time.
Close examination of the different areas indicates that the
bottom FeO layer contains large grains and the intermediate
Fe3O4 layer is composed of coarse columnar grains whereas the
outer a-Fe2O3 layer consists of considerably ne grains.

Fig. 5(a) is a cross-sectional SEM image showing the root
region of the Fe2O3 nanowire growth. It can be seen that
nanowires grow directly on the underlying Fe2O3 grains. This
can be further conrmed by the inset SEM image of the initial
growth morphology of a Fe2O3 nanowire, which reveals that the
Fe2O3 nanowire is formed on top of the underlying Fe2O3 grain.
Fig. 5(b) is an HRTEM image, which shows that the nanowire
has a bi-crystal structure. The lattice image reveals that the two
sides of the nanowire have different crystal orientations but
share the same growth direction (i.e., length direction) along
[11�20], as shown in the inset bright-eld TEM of Fig. 5(b). The
origin resulting in forming a bi-crystal structure in the nanowire
can be ascribed to the side facets of underlying Fe2O3 grains, on
which Fe2O3 nanowires nucleate and grow. The crystals grown
on the side facets of a Fe2O3 grain naturally merge at the grain
apex and form a twin structure starting from the grain top and
continuing into the nanowire along the axial direction.

Fig. 6(a) is a cross-sectional SEM image of the nanoblade
growth morphology. Different from the nanowire growth occur-
ring directly on top of Fe2O3 grains, the nanoblade root can be
traced to the Fe2O3/Fe3O4 interface. It can be seen that the
nanoblade is formed viamerging of two thin Fe2O3 grains and the
thickness becomes gradually thinner from the root region to the
top end. Themerged grain boundary of the nanoblade starts from
the Fe2O3/Fe3O4 interface and continues into the extruding
portion above the Fe2O3 layer. A cross-sectional TEM specimen is
also made to examine the root region of the nanoblades formed
from oxidation of the sandblasted Fe. Fig. 6(b) is a bright-eld
TEM image obtained from the Fe2O3/Fe3O4 region. Consistent
with the SEMobservation, it is visible that the nanoblade is rooted
at the Fe2O3/Fe3O4 interface and the merging boundary runs
through the entire nanoblade, conrming the growth feature
revealed from the SEM observation shown in Fig. 6(a). Fig. 6(c) is
an HRTEM image taken from the nanoblade marked by the
dashed black rectangle in Fig. 6(b), which shows clearly the
presence of the boundary formed from the merged grains.
Fig. 6(d) is a typical selected area electron diffraction (SAED)
pattern obtained from the large Fe3O4 grain underneath the Fe2O3

layer as shown in Fig. 6(b), and the diffraction pattern can be
indexed with the cubic Fe3O4 structure.
This journal is ª The Royal Society of Chemistry 2013



Fig. 6 (a) Typical cross-sectional SEM image reveals that nanoblades are originated from the Fe2O3/Fe3O4 interface with a visible merged grain boundary starting from
the Fe2O3/Fe3O4 interface through the entire nanoblade; (b) cross-sectional bright-field TEM image further confirms that the nanoblades are rooted from the Fe2O3/
Fe3O4 interface and the boundary formed by merging Fe2O3 grains runs through the entire nanoblade; (c) HRTEM image recorded from the rectangle area marked in
(b) confirms the existence of the merged boundary in the nanoblade and (d) SAED pattern from the underlying Fe3O4 grain shown in (b) reveals the single crystal
structure of the large grain.

Fig. 7 Schematics showing the growth of Fe2O3 nanowires and nanoblades: (a)
oxidation of a flat Fe surface: oxide nucleation and growth on Fe2O3 grains results
in Fe2O3 nanowire growth; (b) oxidation of a sandblasted Fe surface: merging
Fe2O3 grains nucleated and grown on the adjacent areas of a Fe surface trench
produced by sandblasting results in a Fe2O3 nanoblade growth with a bi-crystal
structure. For both cases, the phase of Fe2O3 is formed first and is subsequently
transformed to Fe3O4 at the Fe2O3/Fe interface and then to FeO at the Fe3O4/Fe
interface due to the oxygen pressure drop across the interfaces.
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According to the iron–oxygen phase diagram,15 three iron
oxides, FeO, Fe3O4, and a-Fe2O3, form upon oxidation. Oxida-
tion of Fe at 600 �C develops a Fe2O3/Fe3O4/FeO/Fe layered
structure with the FeO layer next to the Fe substrate and the
Fe2O3 layer on top, as shown in Fig. 4(a). Such oxide layering is
governed by the Fe and oxygen gas equilibrium conditions with
the stability of Fe2O3 > Fe3O4 > FeO under the oxidation
condition employed in the present study. The layered oxide
growth is driven by chemical potential gradient across the oxide
layers due to many orders of magnitude in oxygen gas pressure
between Fe/FeO and Fe2O3/O2 interfaces. Fe2O3 forms rst on
the bare Fe substrate upon oxidation under the high oxygen
pressure. The thickening of the Fe2O3 layer results in a signi-
cant drop in the oxygen pressure at the buried Fe2O3/Fe inter-
face, for which the formation of Fe3O4 becomes more favorable
and the inner portion of the Fe2O3 layer is thus reduced to Fe3O4

at the Fe2O3/Fe interface. This results in the formation of two
new interfaces, i.e., the Fe2O3/Fe3O4 and Fe3O4/Fe. Further drop
in the oxygen pressure at the Fe3O4/Fe interface for continued
oxidation makes FeO more stable and the Fe3O4 phase adjacent
to the Fe3O4/Fe interface is thus reduced to FeO at the interface,
resulting in the observed Fe2O3/Fe3O4/FeO/Fe layered structure
as shown in Fig. 4(a).

Based on our experimental observations and the layered-
oxide growth described above, the effects of surface sand-
blasting on the Fe2O3 morphological transformation are sche-
matically shown in Fig. 7. Oxidation of many metals including
Fe at high temperature proceeds via nucleation, growth, and
coalescence of oxide nanoislands, which can be signicantly
inuenced by the surface conditions of the metal substrate.16

During the early stages of oxidation of Fe, it rst forms Fe2O3

nuclei under the high oxygen pressure and temperature.17 As
oxidation continues, Fe2O3 nuclei impinge with each other,
This journal is ª The Royal Society of Chemistry 2013
resulting in ne grains in the coalesced Fe2O3 layer.18 The
signicant drop in oxygen pressure at the Fe2O3/Fe interface
leads to Fe3O4 formation at the Fe2O3/Fe interface and then FeO
formation at the Fe3O4/Fe interface. The Fe2O3/Fe3O4 interfacial
reaction for this phase transition generates interfacial stress
due to the molar volume difference between the two oxides,
which drives Fe2O3 nanowire formation on top of Fe2O3 grains
to accompany the relaxation of interfacial stress by grain
boundary diffusion, as shown in our previous work.19 Since
grains typically show different surface facets, crystals nucleated
on the side facets of a grain grow and merge at the grain top to
Nanoscale, 2013, 5, 7581–7588 | 7585



Fig. 8 Room-temperature time-integrated PL spectra obtained from Fe2O3

nanoblades (red traces) and Fe2O3 nanowires (blue trace), respectively. The laser
excitation is indicated by the green line.
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form a bi-crystal structure. Such a process of the nanowire
formation is schematically shown in Fig. 7(a).

However, prolonged sandblasting onto the Fe substrate
results in signicant plastic deformation and even cracking,
particularly at the bottom of craters which experiences larger
stress than the surrounding areas. This can be seen evidently
from Fig. 3(a), which shows the formation of a crack at the
crater bottom. A higher density of nanoblades at the crater
bottom indicates that these deformed surface areas are ener-
getically more favorable for nucleation of Fe2O3 grains, as
shown schematically in Fig. 7(b). Oxide grains nucleated on the
adjacent faces of the deformed regions grow and merge to form
a bi-crystal, resulting in themorphology of nanoblades, which is
correlated with the geometry of surface deformation caused by
sandblasting. The nanoblades grow at the tip via fast diffusion
of Fe atoms through the merged planar grain boundary which
leads to the platelet growth with the wide and thin blade
geometry. Initially, Fe cations supporting the nanoblade growth
are directly from the underlying Fe substrate through the
internal grain boundary formed by merging Fe2O3 grains. With
continued oxidation that leads to the formation of the ther-
modynamically more stable phases of Fe3O4 and FeO at the
inner regions, the root region of the nanoblade is thus trans-
formed to Fe3O4 to accompany the layered oxide growth. The
process of the nanoblade formation is shown schematically in
Fig. 7(b). The oxide growth by this mechanism results in direct
contact of Fe2O3 nanoblades with the Fe2O3/Fe3O4 interface,
and this is consistent with our SEM and TEM observations, as
shown in Fig. 6. It becomes evident that the formation of
nanowires and nanoblades has their different origins, i.e.,
nanowires are grown on top of Fe2O3 grains while nanoblades
are formed on the trench areas of the Fe substrate that are
produced by sandblasting.
3.2 Optical properties of a-Fe2O3 nanowires and nanoblades

To examine the effect of the morphology–property correlations,
we perform both PL and NLO experiments on several hematite
nanoblade and nanowire samples at room temperature. Fig. 8
shows the time-integrated PL from a representative nanoblade
sample (red trace) and a nanowire sample (blue trace), respec-
tively, obtained under the same experimental conditions; the
green line indicates the laser excitation (532 nm). The onset of
the PL occurs below the bandgap (Eg �2.1 eV), which extends all
the way down to a near-infrared (IR) range with the maximum
around 670 nm. This broad PL spectrum indicates that it arises
due to electron–hole recombination.20 The overall PL trend for
both types of hematite is rather similar but the corresponding
PL intensity is signicantly more intense for the nanoblade
sample. Although the PL intensities for both the nanowire and
nanoblade samples are quite low, the measurable PL from our
nanostructured a-Fe2O3 samples is interesting because it is well
known that a-Fe2O3 in the bulk does not show any photo-
luminescence.21 Due to the small exciton Bohr radius in
a-Fe2O3, it has been suggested that the changes of the band
structure caused by the size reduction is not evident, but the
surface effect become dominant in determining the properties
7586 | Nanoscale, 2013, 5, 7581–7588
of nanostructured a-Fe2O3.21 Indeed, our PL measurements
showed that the nanoblade samples have stronger PL compared
to the nanowire samples (Fig. 8). This is presumably due to the
more signicantly extended surface area associated with the
nanoblade morphology compared to that for the nanowire
morphology, which thus results in more effective illumination
by the incident laser beam.

We now present NLO properties of the samples based on the
SHG and THG responses at l ¼ 1200 nm. Note that this l is
chosen to avoid any possible two-photon absorption of the
input beam. When an intense light enters an NLO medium, the
dielectric polarization P(t) of the medium responds nonlinearly
to the electric eld of the incident light E(t) at time t and can be
written by

P(t) ¼ 30[c
(1) E(t) + c(2) E2(t) + c(3) E3(t) + .] (1)

where 30 is the vacuum dielectric constant and the coefficients
c(n) are the n-th order susceptibilities of the NLO material.
Although eqn (1) is written in its simplest form, it is important
to note that c(n) are generally tensors operating on each of the
components of the electric eld.

Second harmonic generation (SHG) arises from the second
term and is nonzero only in crystals which lack inversion
symmetry. This results in the phenomenon of frequency
doubling, where an input pump wave generates a wave with
twice the frequency, and therefore half the wavelength, inside
the NLO material. Therefore, the corresponding SHG wave-
length is (1200 nm)/2 ¼ 600 nm for our experiment. Similarly,
third harmonic generation (THG) is the frequency tripling
process and can be achieved with the third-order nonlinearity
c(3) in eqn (1). The corresponding THGwavelength is (1200 nm)/
3 ¼ 400 nm for our experiment. Unlike SHG that requires
noncentrosymmetry, THG essentially occurs in every material.

Fig. 9(a) plots the SHG photon number measured from a
Fe2O3 nanowire sample at l ¼ 1200 nm. It can be seen that the
sample exhibits some weak SHG. This further conrms that the
sample is a-Fe2O3 (crystal structure: rhombohedral) rather than
the g-phase which is cubic and no SHG is thus anticipated. The
corresponding THG photon number obtained from the Fe2O3

nanowire sample under the same experimental condition is
This journal is ª The Royal Society of Chemistry 2013



Fig. 9 (a) SHG and (b) THG from the Fe2O3 nanowire sample when l is set to
1200 nm, respectively. However, no harmonic signals are observed from the Fe2O3

nanoblade samples.

Paper Nanoscale
plotted in Fig. 9(b). It is quite surprising that the THG is much
stronger than the SHG considering that THG is a higher-order
process. This unusual case might occur due to the relatively
random orientations of nanowires that tend to cancel the
overall SHG dipole moments, whereas the odd-parity THG
polarization persists in this random structure.22 We do not see
any measurable SHG and THG signal from all the nanoblade
samples (4 samples examined) under the same experimental
conditions. This implies that NLO properties can strongly
depend on the structural conguration of hematite. In fact, the
NLO coefficients tend to increase for a lower-dimensional
sample geometry (like nanowires) due to the contribution from
a local enhancement of the eld.23
4 Conclusion

In summary, we have demonstrated an efficient approach for
the selective growth of hematite nanowires and nanoblades
during thermal oxidation of iron. By exerting sandblasting onto
Fe substrates, we nd that an initial increase in the surface
roughness can promote a-Fe2O3 nanowire growth while further
increase in surface roughness leads to the transformation from
the growth of a-Fe2O3 nanowires to a-Fe2O3 nanoblades. We
show that such a growth morphology transformation is driven
by the effect of sandblasting which results in surface deforma-
tion, where nanoblades nucleate and grow on trench areas of
the deformed regions. It is observed that PL and NLO properties
show clear dependence on the growth morphologies of the
nanostructured hematite. Due to the simplicity and widespread
availability of sandblasting, it is expected that this approach can
be easily extended to other metals and alloys for producing
oxide nanostructures with hybrid growth morphologies.
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