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We observed two long-range-ordering structures of oxygen vacancies, one in every tenth plane of
(33j0) and another in every fourth plane of (11j2) in R-Fe2O3 nanowires and nanobelts synthesized under
the same conditions. Interestingly, both types of oxygen-vacancy structures found in different nanowires
have an equivalent ordering distance of 1.45 or 1.47 nm and were parallel to the growth direction of the
nanowires and nanobelts. Lattice mismatch induced strain at the growth temperatures seems to justify
the observed vacancy-ordering distance and may explain the reason for occurrence of such oxygen-
vacancy ordering in various metal oxide nanowires grown from using both foils and catalyst clusters.

Introduction

Nanotubes and nanowires of metal oxides,1–3 such as
hematite (R-Fe2O3) nanowires, have attracted tremendous
interest due to their potential applications in catalysis,4,5

semiconductor devices,6 sensors,7,8 magnetic storage media,9

and instruments for clinical diagnosis and treatments.10 The
crystal structure of hematite R-Fe2O3 can be described as
hexagonal unit cell, with hcp (hexagonal close packed) arrays
of oxygen anions stacked along the [001] direction, wherein
iron cations occupy two-thirds of the sites.10 Stacking faults
and twin boundary layers were found in the synthesized
Fe2O3 nanowires.11–13 Particularly, the oxygen vacancies
were found ordered in the plane of 1/5(33j0).11 Later, this
ordering was found to be 1/10(33j0) in the annealed R-Fe2O3

nanowires.12 More interestingly, the oxygen-vacancy order-
ing resulted in the p-type conductivity of R-Fe2O3,13 indicat-
ing that the electronic and optical behavior of the oxygen-
deficient metal oxide nanowires could be different depending
upon the kind of oxygen-vacancy ordering observed. How-
ever, the origin of such ordering of oxygen-vacancy planes
in nanowires still remains unclear.

Recently, a different process involving direct plasma
oxidation of bulk materials has been successfully applied
for the rapid synthesis of a high density of metal oxide
nanowires.14,15 Specifically, R-Fe2O3 nanowires and nano-
belts were produced by rapid oxidation of iron foils using
highly dissociated oxygen plasma. In this process, iron
species are not supplied from the vapor phase. The nanowires
primarily grow in a basal mode, which is different from the
traditional methods utilizing tip-led growth of nanowires via
catalytic clusters. As this growth methodology is very much
different from traditional ones, we have extensively studied
the oxygen-vacancy ordering in these iron oxide nanowires
using high-resolution electron microscopy (HREM).

Experimental Section

Synthesis. The iron oxide nanowires and nanobelts were
synthesized directly from the solid foils by plasma oxidation during
the exposure of Fe to the oxygen plasma. A commercially available
low-purity (98.85% mass) iron substrate 3 mm thick was treated
with an rf glow plasma generated in oxygen at 100 Pa for 120 s,
where the sample surface was heated to 600 °C. The detailed
process is described elsewhere.15

Characterization. Synthesized nanowires or nanobelts were
scratched from a sample’s surface, and suspended in ethanol
solution and dispersed on a 300-mesh copper grid with a thin layer
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of carbon film for transmission electron microscopic (TEM)
observations. The individual nanowires or nanobelts were separated
while the TEM specimens were prepared. Conventional high-
resolution electron microscopy (HREM) was performed using a
field-emission TECNAI F20 XTWIN TEM equipped with Gatan
GIF 2002 system operated at 200 kV. The superstructure models
were constructed using Crystalkit software and the high-resolution
image simulations were carried out using MacTempas software.

Results and Discussion

Figure 1a shows the typical structure of the synthesized
iron oxide nanowire on one end of a palm-shaped nanobelt.
Both nanowire and nanobelts have the same crystal structure.
Both exhibit a new oxygen-vacancy superstructure in the
(11j2) plane with an ordering of 1/4(11j2) found in R-Fe2O3

nanowires and nanobelts. The HREM image in Figure 1b
taken at position A has lattice fringe distances of 0.37 and
0.25 nm that correspond, respectively, to the d-spacings of
the R-Fe2O3 (1j12j) and (110) planes, respectively. Visible
bands are regularly present in the HREM images separated
by a distance of 1.47 nm. Interestingly, extra maxima can
be seen in the corresponding fast Fourier transform (FFT)
image (inset in Figure 1b). The d-spacing of the maxima
closest to the transmitted beam is about 1.47 nm, which is
precisely 4 times the d-spacing of the (11j2) plane. The extra
maxima resemble the SAD pattern of R-Fe2O3 nanowire
reported before.11,12 However, these extra maxima originate
from the oxygen vacancies that lie in a different plane
compared to those previously reported.11,12 A similar oxygen-
vacancy-ordering structure is also found in the nanobelts.
The HREM image (Figure 1c) taken from position B shows
clear bands at a distance of 1.47 nm, and an extra maximum
is present in its FFT image. We concluded that both the palm-
shaped belt and the finger-shaped nanowire have the same
structure in terms of an oxygen-vacancy ordering of 1/4(11j2).
The FFT images also show that both the nanowires and the

nanobelts have the same growth direction of [110]. In
addition, the oxygen-vacancy planes (11j2) are parallel to the
growth direction in both forms.

To confirm the structure of this oxygen-vacancy ordering,
we constructed a superstructural model, a′ ) b′ ) 4a ) 4b
) 2.0136 nm, and c′ ) 4c ) 5.4808 nm (as shown in Figure
2c), with oxygen vacancies on every fourth (11j2) plane. The
corresponding high-resolution TEM image was simulated
using MacTempas software. The simulated HREM image
(inset of Figure 2a) was obtained using a defocus of 4 nm,
a thickness of 35 nm, and the [1j11] zone axis; it matches
well with the experimental image shown in Figure 2a. The
arrows indicate the position of the oxygen-vacancy planes.
The same image, shown in Figure 2b, was reconstructed
using the obtained FFT mask. It is noticeable that the
ordering feature coincides with the column of oxygen
vacancies in the plane of (11j2), wherein the oxygen vacancies
formed in pairs and aggregate linearly. The diffraction pattern
obtained from the FFT image (Figure 2f) also agrees well
with the calculated diffraction pattern (DP) (Figure 2e) of
the constructed superstructure model. This DP estimated in
Figure 2d is assessed as stochiometric R-Fe2O3. As the DPs
are calculated using same thickness for both the oxygen-
vacancy superstructure and stoichiometric Fe2O3 models, we
can see that the extra maxima in the DPs of superstructure
model are originating from the oxygen-vacancy ordering, and
not from the double diffraction (Figure 2d,e). This leads us
to conclude that the oxygen-vacancy ordering is formed in
the planes 1/4(11j2) of R-Fe2O3 nanowires and nanobelts.

In addition to this ordering in the plane of R-Fe2O3(11j2),
another superstructure in the (33j0) plane with an ordering
of 1/10(33j0) was observed. In the conventional HREM image
(Figure 3b) from the larger nanowire region A (Figure 3a),
blurred ordering bands are visible. The d-spacing of the extra
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Figure 1. (a) ZLP filtered image showing straight R-Fe2O3 nanowires partly
merged to form a nanobelt. (b) HREM image taken in region A; the inset
FFT image shows extra maxima (indicated by arrows). (c) HREM image
taken from region B presenting clear ordering features with a ordering
distance of 1.47 nm; the inset FFT image shows that this ordering is the
same as the one in region A. (d) Indexed schematic drawing of FFT image,
where the ordering plane in R-Fe2O3 is 1/4(11j2).

Figure 2. (a) Enlarged HREM image with simulated HREM image (inset)
of the superstructure that matches the simulated image. (b) Reconstructed
masked inverse FFT image showing a clear ordering band structure. (c)
Superstructure constructed with induced 1/4(11j2) oxygen vacancies in
R-Fe2O3 structure. (d-f) FFT image (d) of the original HREM image taken
from region B (Figure 1c) with the simulated diffraction pattern of the
superstructural model (e) showing the extra maxima caused by oxygen-
vacancy ordering, and a simulated diffraction pattern of stoichoimistric
R-Fe2O3 with a thickness of 35 nm (f).
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maxima in FFT image (Figure 3b) closest to the transmitted
beam is about 1.45 nm, which is 10 times the d-spacing in
the (33j0) plane. The vacancy-ordering distance in our present
observation was further confirmed to be the same as that in
ref 12, instead of 5 times the d-spacing of plane (33j0) as
reported earlier (ref 11). This value of the distance seems to
be the equivalent of the above ordering distance of 1/4(11j2)
considering possible lattice distortion. Our further analyses
also confirmed the presence of an oxygen-vacancy ordering
of 1/10(33j0) in the R-Fe2O3 nanobelts. This finding indicates
that the formation of nanowires or nanobelts is independent
of the oxygen-vacancy ordering.

Similarly, we constructed a superstructure model with
oxygen vacancies in every 10 (33j0) planes (Figure 4) with
the following lattice parameters: a′ ) b′ ) 10a ) 10b )
5.034 nm and c′ ) c ) 1.375 nm. The corresponding high-
resolution TEM images were simulated using a defocus of
-39 nm and a thickness of 25 nm. The simulated HREM
image (Figure 4a), obtained with the [001] zone axis, matches
well with the experimental image (Figure 4c). The white
circles in Figure 4b indicate the positions of oxygen
vacancies. This ordering feature, seen in the image as the
blurred bands, coincides with the column of oxygen vacan-
cies in the plane of (33j0). After comparing the integrated
diffraction patterns of the model (Figure 4h) with those of
the stoichiometric R-Fe2O3 (Figure 4g), we concluded that
the extra maxima in the DPs of the superstructure model
originate from the oxygen-vacancy ordering in the planes
of 1/10(33j0).

The formation of oxygen-vacancy ordering still is unclear,
though it has been reported for many oxides, particularly in
ferromagnetic and superconducting perovskite oxides.17–21

In the latter, the long-range ordering of oxygen vacancies
generally was thought to reflect the replacement of a high
and low cationic oxidation state, i.e., Ti4+ with Fe3+. In such
cases, one or more oxygen atoms must be removed to retain
the neutral charge balance. Nevertheless, this mechanism
cannot apply to the present observations in pure binary oxide
systems.

A study of Nb12O29 revealed that the formation of oxygen-
vacancy pairs at the nearest-neighbor sites is energetically
favorable.22 Our observations with R-Fe2O3 (shown in
Figures 2c and 4e) also suggest that the oxygen vacancies
form in pairs. A relaxation displacement model, similar to
that used for sodium vacancy in a NaCl crystal,23 was used
for R-Fe2O3 by considering only the nearest-neighbor
interactions. The arrows in Figure 5a show the directions of
stresses generated using a single oxygen vacancy; evidently,
this resulted in a tendency for both the oxygen and iron ions
to move. However, a pair of oxygen vacancies led to a more
stable structure with balanced stresses (Figure 5b). Moreover,
once a single oxygen vacancy forms, less energy is needed
to form a second vacancy next to the first one, since the
valence strength of the O-Va-Fe that is generated is weaker
than that of O-Fe. After a pair of oxygen vacancies has
formed, the second pair could be parallel to the first pair, or
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Figure 3. (a) BF TEM image with analysis spots (marked) showing the
straight R-Fe2O3 nanowire with a tip and merger area with nanowire of
different orientation. (b) HREM image taken from the A region showing
an ordering distance of about 1.45 nm, and the corresponding fast Fourier
transform (FFT) image on the bottom illustrating that ordering occurred by
1/10(33j0). (c) HREM image taken from position B revealing few ordering
features.

Figure 4. (a) Simulated HRM image with overlaying atoms drawn in. (b)
HREM image showing that the blurred bands in the image correspond to
the positions of the oxygen-vacancy planes. (c) Matching of the simulated
image with that of the HREM image taken from region A (Figure 1c). (d)
Reconstructed inverse FFT image with a mask on the maxima showing
clear ordering features. (e) Superstructure model constructed with dimensions
a′ ) 10aR-Fe2O3, b′ ) 10bR-Fe2O3, and c′ ) cR-Fe2O3, and with oxygen-vacancy
ordering at 1/10(33j0). (f) FFT of the HREM image taken from region A
(Figure 1c) with the simulated diffraction pattern of stoichiometric R-Fe2O3

with a thickness of 25 nm. (g) Simulated diffraction pattern of the
superstructural model. (h) Illustration of the extra maxima caused by oxygen-
vacancy ordering.
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aligned with it to form a chain of oxygen vacancies. If the
pairs were parallel, then one of the iron ions next to the
vacancies would have a much lower oxidization state with
high internal energy and, hence, would not be energetically
favorable (Figure 5c). When pairs of oxygen vacancies form
in a chain, all of the iron and oxygen ions next to the oxygen
vacancies have the same state, presumably considered as
lower internal energy (Figure 5d).

The above discussion might explain how the oxygen
vacancies assume a linear dimension during the growth of
an iron oxide nanowire. However, why do two oxygen-
vacancy orderings occur in the R-Fe2O3 nanowires/nanobelts,
and why are they properly situated on the planes of (33j0) or
(11j2) with the same large ordering distance? In the present
study, our nanowire/nanobelts are directly grown from the
iron alloy bulk and the growth direction was [110]. The
nucleation of R-Fe2O3 is likely to follow a certain orientation
relationship to the iron substrate, and thus, R-Fe2O3 may have
grown in an epitaxial relationship with its iron-foil substrate.
Although there is little evidence of a direct orientational
relationship between R-Fe2O3 and iron substrate, this relation
can be derived from the relationship between Fe and FeO,
FeO and Fe3O4, and Fe3O4 and Fe2O3. The formation of FeO
from iron followed the orientation relationships of (001)Fe//
(001)FeO and [100]Fe//[110]FeO.24 There also are such relation-
ships between FeO and Fe3O4: (001)FeO//(001)Fe3O4 and
[110]FeO//[100]Fe3O4. Then the orientation relationships be-
tween Fe3O4 and Fe would be (001)Fe//(001)Fe3O4 and
[100]Fe//[100]Fe3O4. Then again the orientation relationship
between R-Fe2O3 and Fe3O4 is known to be (111)Fe3O4//
(0001)Fe2O3 and [11j0]Fe3O4//[101j0]Fe2O3.25 Therefore, the
direct orientational relationship between R-Fe2O3 and iron
substrate could be derived from (111)Fe//(0001)Fe2O3 and
[11j0]Fe//[101j0]Fe2O3. The ordering planes 1/2(33j0)Fe2O3 and
(11j2)R-Fe2O3 are, respectively, parallel to (123j)Fe and
(001)R-Fe. The mismatch between these two planes can be

calculated with the equation δs ) (df - ds)/ds, where df and
ds are the d-spacings of R-Fe2O3 and the iron substrate planes.
Indeed, our calculated mismatch between 1/2(33j0)Fe2O3 and
(123j)Fe, (11j2)R-Fe2O3 and (001)R-Fe, are, correspondingly, about
5.2% and ∼27.9% at 600 °C. The lattice parameters of
R-Fe2O3 and Fe at 600 °C were taken from ref 26, so that
mismatch caused by thermal stress is already included. If
we assume that the oxygen-vacancy planes of (33j0) and (11j2)
are an array of edge dislocations, the Burgers vector would
be b ) 1/2[33j0], [11j2], respectively. The relaxation distance
of this edge dislocation is given by dRD ) |b|/δs.

The calculated dislocation relaxation distances are then
1.405 and 1.329 nm for (33j0) and (11j2), respectively.
However, there still are differences of ∼3.8% and ∼10%
between our experimental observations and the calculated
distances. However, we note that the calculated distances
did not include the possibility of deformation of the iron
substrate. At 600 °C, the d-spacing of R-Fe2O3(11j2) is about
0.371 nm, while that of Fe(001) is about 0.29 nm. This
difference in lattice spacings would impose a compressed
stress on R-Fe2O3(11j2) and a tensile stress on Fe(001).
Hence, the deformation of Fe(001) would be much easier
than that of R-Fe2O3(11j2). Therefore, it is reasonable to
attribute the formation of the oxygen-vacancy planes to the
relaxation of interfacial stress between R-Fe2O3 and the iron
substrate and, similarly, very likely that the oxygen-vacancy
orderings originate from the expitaxial growth of R-Fe2O3

nanowires/nanobelts. Indeed, other researchers working on
STO found that interfacial and thermal stress caused the
growth of oxygen-vacancy-ordered planes parallel or per-
pendicular to the interface of the epitaxially grown thin
film.17 However, there are a few reports of oxygen-vacancy
ordering in different planes of oxides. The above model also
may explain the formation of oxygen-vacancy-plane ordering
in metal oxide nanowires grown via the tip-led growth mode.
Even in these cases the interfacial stresses at the synthesis
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Figure 5. (a) Schematic drawing of a single oxygen vacancy showing that it is not a stable structure and indicating the formation of O-Va-Fe valence. (b)
Schematic drawing of a pair of vacancies in the (33j0) (top) and (11j2) (bottom) planes of R-Fe2O3 wherein a balanced local stress leads to a stable structure.
(c) Schematic drawing of parallel oxygen-vacancy pairs depicting a balanced local stress, but a much lower oxidization state of (/) iron atom. (d) Schematic
drawing of linear oxygen-vacancy pair chain in the (33j0) (top) and (11j2) (bottom) planes of R-Fe2O3 that resulted in a balanced local stress as well as a
higher oxidization state of (/) iron atoms. (O ion, sky blue; Fe ion, blue; Va, red dashed circle).
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temperature could trigger the formation of oxygen-vacancy
planes in an ordered fashion.

It is very likely that all oxides might have more than one
oxygen-vacancy-ordering plane. Indeed, our recent investiga-
tions of tungsten oxide nanowires demonstrated that at least
two oxygen-vacancy planes were present. Similar results
were obtained with Nb2O5 nanowires. These results on Nb2O5

and WO3 nanowire systems will be detailed later.

Conclusions

In summary, we studied long-range ordering of iron oxide
nanostructure planes derived by a new direct plasma
synthesis. We found that there are two oxygen-vacancy-
ordered superstructures from different planes in R-Fe2O3

nanowires, which have an equivalent ordering distance. These
two long-range-ordering superstructures were explained by

the introduction of oxygen vacancies in the planes of
1/10(33j0) and 1/4(11j2) in the R-Fe2O3 nanowires/nanobelts.
Both oxygen-vacancy planes share similar ordering distances
of 1.45 and 1.47 nm, and lie parallel to the growth direction
of the nanowires. The formation of such ordering was
attributed to the relaxation of a stress at the interface between
R-Fe2O3 and its iron substrate during the growth of nanow-
ires/nanobelts.
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