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ABSTRACT: We report the rational synthesis of R-
FeOOH (goethite) nanowires following a dislocation-dri-
ven mechanism by utilizing a continuous-flow reactor and
chemical equilibria to maintain constant low supersatura-
tions. The existence of axial screw dislocations and the
associated Eshelby twist in the nanowire product were
confirmed using bright-/dark-field transmission electron
microscopy imaging and twist contour analysis. The R-
FeOOH nanowires can be readily converted into semicon-
ducting single-crystal but porous R-Fe2O3 (hematite) na-
nowires via topotactic transformation. Our results indicate
that, with proper experimental design, many more useful
materials can be grown in one-dimensional morphologies in
aqueous solutions via the dislocation-driven mechanism.

Nanowire (NW) growth can be driven by axial screw disloca-
tions which provide self-perpetuating step edges at the tip of

NW and break the symmetry of crystal growth.1 Only two
conditions are required to promote dislocation-driven growth:
the presence of dislocation sources and low precursor super-
saturation.1d Distinctly different from the prevailing vapor�
liquid�solid or related catalyst-driven mechanisms,2 dislo
cation-driven NW growth does not rely on catalysts, and thus
the consideration of catalysts/NWs eutectic behaviors, and can
be easily conducted in low-temperature aqueous solutions. There-
fore, this approach could eventually become more versatile.1f

Besides the examples of vapor-phase growth of PbS1a,b and
PbSe3 pine tree NWs and the solution growth of ZnO NWs
and nanotubes (NTs),1c,d dislocation-driven growth of Co-
(OH)2 NWs from solution4 and strong evidence for disloca-
tion-driven GaN NWs grown via chemical vapor deposition5

have recently been reported. In particular, by considering
fundamental crystal growth theories, the improved synthesis of
ZnO NWs illustrates a general framework for rational imple-
mentation of dislocation-driven NW growth1c that can enable
large-scale, low-cost NW synthesis of various functional nano-
materials for diverse applications.1f Here we expand such rational
synthetic design to a new type of material, Fe(III) oxides/
oxyhydroxides NWs, and confirm that their growth is indeed
driven by screw dislocations.

Hematite (R-Fe2O3, also known as rust) is actually a semi-
conductor with a bandgap of about 2.1 eV. It is a promising
material for solar energy conversion, particularly photocatalysis,
due to its stability in aqueous environments.6 However, its poor
semiconducting properties, such as lowmobility and short carrier
diffusion length, have prevented the bulk material from being

used for meaningful applications. Making R-Fe2O3 nanoscale,
including NWs, can help to circumvent some of these short-
comings by minimizing the distance the minority carriers have to
diffuse. Illustrated by recent research efforts toward nanoscale
hematite for solar energy conversion, this strategy does yield
promising performance characteristics.7 The family of Fe(III)
oxides/oxyhydroxides represents inexpensive, abundant, and
stable materials for solar energy conversion applications and
perhaps best epitomizes the key advantages of dislocation-driven
NW growth.

We have designed and accomplished the growth ofR-FeOOH
NWs with high quality and yield using a continuous-flow reactor
(CFR, Figure 1a).1c Previous reports on the “spontaneous”
catalyst-free growth of Fe(III) oxides/oxyhydroxides one-dimen-
sional (1D) nanostructures invariably employed a forced hydro-
lysis method in static hydrothermal reactions, sometimes assisted
by surfactants or organic ligands8 but never with intentional
supersaturation control. Due to the often lower concentration
used and the earlier observations of hollow NTs (a sign of
dislocation-driven growth) reported,8a,b we hypothesized that
their growth was actually driven by screw dislocations and set out
to rationally design a well-controlled hydrolysis of low-concen-
tration Fe ions from aqueous solutions to enable the formation of
higher quality NWs via the dislocation-driven mechanism. Fol-
lowing classical crystal growth theory,9 supersaturation (σ),

Figure 1. (a) Schematic of the CFR for R-FeOOH NW growth. (b,c)
SEM images of R-FeOOH NWs yielded from a CFR reaction (b) and a
static hydrothermal reaction (c).
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defined as σ = ln(c/co), where c is the precursor concentration
and co is the equilibrium concentration, determines the mode of
crystal growth. Dislocation growth, layer-by-layer growth, and
dendritic growth progressively dominate crystal growth as σ is
increased. Therefore, to control the mechanism of crystal
growth, it is essential to manipulate the supersaturation of the
precursors. However, commonly applied static hydrothermal
reactions fail to maintain the precursors’ supersaturation, as
they are gradually depleted during the reaction, leading to
convoluted and poorly controlled growth. The CFR utilized
here maintains constant low supersaturation and does not suffer
from these issues.

We prepared the precursors for the CFR reaction by mixing a
2.5 mM aqueous solution of FeCl2 with 5 g/L of Fe metal
particles with sub-10-μm diameters under vigorous magnetic
stirring at 0 �C to give a suspension with a pH of ∼6. The
precursor suspension was then continuously flowed through the
CFR at 60 �C for 4�24 h as Fe ions steadily hydrolyzed to form
Fe(III) oxyhydroxides/hydroxides/oxides. A piece of Si or glass
substrate was mounted in the CFR to collect the produced NWs.
The contrast between the product morphologies seen for a CFR
reaction and a static hydrothermal reaction with comparable
conditions (see Supporting Information for experimental details)
is rather dramatic: there are copious amounts of fairly uniform
NWs (Figure 1b) for the CFR reactions, while the static
hydrothermal reaction yields mainly microparticles with sparse
NW growth (Figure 1c). The NWs are usually 60�80 nm in
diameter and vary in length from 2�3 μm to >20 μm, depending
on the growth time. In the current case, defective particles are still
inevitably produced and likely provide the source of disloca-
tions,1c as evidenced by the observation of the seed particles at
the end of the NWs (Figure 1c inset).

Powder X-ray diffraction (PXRD, Figure 2a) shows that the
majority of the as-synthesized NWs are orthorhombic
R-FeOOH (goethite, JCPDS No. 29-0713, space group Pnma,
a = 9.95 Å, b = 3.01 Å, c = 4.62 Å) with a few impurity peaks that
can be attributed to the β-FeOOH (akaganeite, JCPDS No. 34-
1266, space group I4/m, a = 10.44 Å, b = 3.01 Å). Therefore, the
hydrolysis reaction taking place is the following:

Fe3þ þ 2H2O f FeOOHþ 3Hþ

Wenotice that there are a number of reports8 confirming that the
FeOOH phases are the major direct hydrolysis products. The
stability of the many different polymorphs of Fe(III) oxides/
oxyhydroxides/hydroxides depends on their surface energetics,
sizes, and environment. While R-Fe2O3 is the most stable phase
in bulk, at the nanoscale in a hydrated environment,R-FeOOH is
predicted to be the most stable phase due to its much lower
surface energy.10

In order to guarantee the low supersaturation of Fe3þ, which
readily hydrolyzes, we have designed two “protection” reactions.
First, as mentioned previously, we started with Fe2þ ions instead
of directly using Fe3þ ions. The hydrolysis of Fe3þ ions is so
favorable [Ksp for Fe(OH)3 = 4 � 10�38] and fast that prevent-
ing such favorable hydrolysis (high supersaturation) requires an
extremely low pH condition that is inconvenient and unsafe for
our current CFR system. On the other hand, Fe2þ ions do not
hydrolyze and precipitate significantly even at near-neutral pH
because theKsp for Fe(OH)2 is 8� 10�16, but they can be readily
oxidized to Fe3þ by the dissolved oxygen in aqueous solution.

4Fe2þ þO2 þ 4Hþ f 4Fe3þ þ 2H2O

Second, the presence of Femetal powder further maintains the
low supersaturation of Fe3þ: Fe would reduce Fe3þ back to Fe2þ

ions and guarantee a constant and low concentration (super-
saturation) of Fe3þ, as dictated by the Fe3þ/Fe2þ redox equi-
librium.

2Fe3þ þ Fe a 3Fe2þ

Transmission electron microscopy (TEM) characterization of
the R-FeOOHNWs further confirms the phase identity and that
they are indeed dislocation-driven. Select area electron diffrac-
tion (SAED) confirms that the NWs are single-crystal R-
FeOOH, with the most common zone axes observed being
Æ001æ (Figure 3b). We have examined over 30 NW objects using
SAED and confirmed that all of these examined NWs are single-

Figure 2. PXRD of as-synthesized (a) and annealed (d) NW samples in
comparison with the reference diffractograms for R-FeOOH (b),
β-FeOOH (c), and R-Fe2O3 (e).

Figure 3. TEM characterization of R-FeOOH NWs. (a) Low-resolu-
tion bright-field TEM image of a single NW, revealing the dislocation
contrast at the center of the NW. (b) Indexed SAED pattern corre-
sponding to (a). (c) HRTEM image of a single NW, confirming growth
along the Æ010æ direction (inset is the corresponding indexed fast
Fourier transform). (d) Zero beam bright-field TEM image of a
representative NW, showing two indexed twist contours (inset is the
SAED pattern). (e,f) Displaced-aperture dark-field TEM used to index
the two labeled contours.



8410 dx.doi.org/10.1021/ja200841e |J. Am. Chem. Soc. 2011, 133, 8408–8411

Journal of the American Chemical Society COMMUNICATION

crystalR-FeOOH (Figure S1 in the Supporting Information (SI)
shows some of them), so the minor impurity phase seen in the
PXRDmost likely comes from the occasional microparticles that
are still present on the growth substrate. Using high-resolution
TEM (HRTEM, Figure 3c), we have determined that the growth
directions of these NWs are along Æ010æ. A zero beam bright-field
TEM image (Figure 3a) of a NW clearly shows a contrast line
going through the center of the NW, which is evidence for an
axial screw dislocation. Over 15 NWs that contain similar
features have been observed (Figure S2, SI), which is approxi-
mately half of the total number of the NWs examined. Consider-
ing the fact that dislocations in small volumes are especially
mobile and that the R-FeOOH is so unstable under high-energy
electron beam exposure that sometimes it was converted into R-
Fe2O3 during observation (Figure S3, SI), such statistics are
reasonable.

Further evidence for dislocation-driven growth is the con-
firmation of Eshelby twist using twist contour analysis. Axial
screw dislocations create stress and strain in the NWs, which
causes NWs to twist, known as the Eshelby twist,11 and/or hollow
out at the dislocation core, creating tubes.1c Interestingly, a few
NWs actually have small voids near the dislocation core of the
NWs, perhaps indicating the beginning of nanotube formation
(Figure S4, SI). Most of our products are solid NWs; therefore,
the NWs must be twisting to alleviate the dislocation strain
energy. Several methods based on electron microscopy or
diffraction techniques have been established to identify the
Eshelby twists.12 Here we quantify the lattice twists using “twist
contour” analysis, which involves indexing dark twist contour
bands seen along the NWs in zero beam bright-field TEM
images, whose principles have been described in our previous
work.1d To conduct a twist contour analysis, the NW first needs
to be oriented in such a way that the g vectors that are orthogonal
to the NW growth direction are excited. In our case, since the
NW growth direction is Æ010æ and the most approachable zone
axis is Æ001æ, the most probable g vectors to excite are from the
{100} families (Figure 3d inset). A zero beam bright-field image
is then taken to record the locations of the contour bands for
measurement of the separation between them. A representative
example (Figure 3d) shows a separation of 94.3 nm. To be clear,
each twist contour can be uniquely indexed to a certain g vector
using displaced-aperture dark-field imaging. This is in contrast to
bend contours, which can be assigned to multiple g vectors.
(Some examples are shown in Figure S5, SI.) The two twist
contours seen in this example can be indexed to (400) and (400)
g vectors, respectively (Figure 3e,f). The real-space twisting angle
(R) is then calculated using the following equation:1d,12

R ¼ λ

2L

� �
jg2 � g1j

where λ is the wavelength of electrons (2.51 pm here), L is the
measured real-space distance between the two indexed twist
contours (94.3 nm), and g1 and g2 are two opposite reciprocal
lattice vectors [(400) and (400)]. The calculated twist for the
NW shown is 6.1�/μm, which is reasonable for a NW with a
diameter of 70 nm. The dislocation contrast observed in TEM
together with this twist contour analysis confirms that the NWs
grown here follow the screw dislocation-driven mechanism.

The R-FeOOH NWs formed by direct hydrolysis can be
readily converted to semiconductingR-Fe2O3NWs by annealing
in air from 300 to 600 �C. PXRD confirms that, after the

annealing at 600 �C for 8 h, the only crystalline phase present
is the hematite, since the R/β-FeOOH peaks completely dis-
appear and the major R-Fe2O3 peaks (JCPDS No. 33-06644)
emerge (Figure 2d). SAED (Figure 4a inset) also confirms the
phase identification of rhombohedralR-Fe2O3 (space group R3c,
a = 5.034 Å, c = 13.75 Å) and further shows that the annealed
NWsmaintain single crystallinity. The thermal dehydration ofR-
FeOOH NWs to form R-Fe2O3 NWs undergoes a topotactic
transformation process due to their structural similarity.13 Inter-
estingly, it seems that the thermal treatment has introduced
porosity to R-Fe2O3 NWs (Figure 4a,b), which has also been
observed in other metal hydroxides/oxides systems.14 This can be
attributed to the loss of watermolecules in the lattice that causes an
increase in the crystal density [F(R-FeOOH) = 4.3 g/cm3,
while F(R-Fe2O3) = 5.3 g/cm3]. The porous structure of
single-crystal R-Fe2O3 NWs could improve the photocatalytic
efficiency of water splitting since the small crystal domain size can
further decrease the carrier diffusion distance to the electrolytes
and increase the surface area.7

Here we have rationally synthesized R-FeOOH NWs follow-
ing the dislocation-driven mechanism by using a CFR and other
chemical equilibria to maintain constant low supersaturations,
which realized a significant improvement over previously re-
ported syntheses. Axial screw dislocations, whose presence are
confirmed by both diffraction contrast TEM images and twist
contour analysis, enable the 1D growth of NWs observed. We
note that, unlike previous reports where either surfactants or
organic ligands are used and argued to be important in the NW
synthesis, our synthetic method requires only the simple inor-
ganic precursors Fe2þ and Fe. By controlling the hydrolysis of
Fe3þ and therefore the supersaturation level of Fe3þ, conditions
that favor dislocation-driven crystal growth are created, enabling
more effective R-FeOOH NW growth. It would be interesting if
the roles of surfactants or organic ligands could be examined
from the viewpoint of controlling supersaturation in the solution
system, as many are multidentate ligands or pH buffers. The as-
synthesized R-FeOOH NWs can be readily converted into
single-crystal porous R-Fe2O3 NWs, which have potential appli-
cations in solar energy conversion. These results support the
generality of dislocation-driven nanomaterial growth and show
that, with new understanding and proper design on how to
control the supersaturation, many more useful materials can be
grown into 1D morphologies via the dislocation-driven mechan-
ism in aqueous solutions at low cost.

Figure 4. TEM characterization of porous R-Fe2O3 NWs annealed at
300 �C for 1 h. (a) Low-resolution bright-field TEM image of a single
NW (inset is the corresponding SAED pattern). (b) HRTEM image of a
single NW showing Æ011æ growth direction and the porous nature (inset
is the corresponding indexed fast Fourier transform).
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