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Aggregation-induced growth and transformation
of B-FeOOH nanorods to micron-sized a-Fe,Oz
spindles

Cathrine Frandsen;1*?® Benjamin A. Legg;i® Luis R. Comolli, Hengzhong Zhang,?
Benjamin Gilbert,? Erik Johnson® and Jillian F. Banfield*?

Intimate interconnection of crystal growth, (oriented) aggregation and phase transformation seem
common in the formation of nano- and microcrystalline materials from solutions. Yet, the mechanistic
linkages between the different processes have not been fully understood. In this work, we studied the
hydrothermal growth of akaganeite (B-FeOOH) nanorods and their transformation to micron-sized
hematite (a-Fe,Os) spindles using high-resolution cryogenic transmission electron microscopy (cryo-TEM).
Only akaganeite particles and hematite spindles were detected in the samples. Further, cryo-electron 3D
tomograms show that akaganeite nanorods were aggregated into loose three-dimensional networks with
some embedded hematite spindles. Based on our cryo-TEM and additional X-ray diffraction, electron
microscopy, and chemical data, we propose the following mechanism: first, formation of the early-stage
hematite spindles is driven by phase stability change due to increase in size caused by oriented aggregation
of akaganeite. Then, akaganeite particles continue to transform to hematite upon contact with and recrys-
tallization onto hematite surfaces, making hematite grow with a constant aspect ratio and forming micron-
sized nano-porous single-crystal spindles. Our growth model interprets experimental observations well and
it resolves previous long-time debate over whether the hematite spindles are formed via classical Ostwald
ripening or by oriented aggregation of hematite nanoparticles. Possibly, this aggregation-based concurrent
growth and transformation model may also be applicable to crystal growth and phase transformation in
other systems.

continue to grow by addition and transformation of amor-
phous precursor particles.” The apparently tight mechanistic

In nanomaterials, aggregation, crystal growth, and phase sta-
bility can be interconnected. For example, 5 nm amorphous
silica spheres may aggregate into 30-50 nm diameter particles
that transform to single silicate crystals while retaining the
size and shape of the precursor aggregate.' Another example
is ferrihydrite particles, a few nm in diameter, that form loose
rod-shaped aggregates which later fuse into straight, single-
crystalline goethite (a-FeOOH) rods.> Moreover, a study has
reported how secondary crystals of magnetite (Fe;O0,) can
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linkages between particle aggregation and phase transition
seem relevant for describing (non-classical) crystal growth
processes.

Iron (oxyhydr)oxides provide an interesting system for
the development of models to explain linkages among
aggregation, phase transformation and morphology develop-
ment, because environmentally driven phase transitions and
aggregation-based growth of iron (oxyhydr)oxides have been
widely reported.”® Additionally, iron (oxyhydr)oxide systems
are important in many natural settings and industrial appli-
cations, and understanding the interplay between growth,
nanocrystallinity, and phase transitions is important for
understanding and controlling e.g., availability of (heavy)
ions in water systems, corrosion processes, pigment produc-
tions, magnetic data bit formation, and metallurgy.

The formation of micron-sized a-Fe,O; (hematite) particles
from B-FeOOH (akaganeite) precursor nanoparticles has been
reported under hydrothermal conditions.””® The final product
is monodisperse single hematite crystals. There has been
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considerable debate as to whether the hematite particles form
by aggregation of hematite nanoparticles”™" or instead by
dissolution and reprecipitation.®'?

Here, we analyzed the growth of akaganeite and its transfor-
mation to hematite in aqueous solution using a combination
of hydrothermal experiments, high-resolution transmission
electron microscopy (HRTEM), cryogenic transmission electron
microscopy (cryo-TEM), chemical analysis, and synchrotron
X-ray diffraction. We propose a new growth model in which
aggregation of primary akaganeite particles and also aggre-
gation of akaganeite particles onto hematite precede phase
transformation.

Experiments

Nanoparticle suspensions were prepared from an aqueous
solution containing 20 mM FeCl; and 0.45 mM NaH,PO,.
Solutions were filtered through 0.2 um pores and placed in
closed Pyrex bottles. Precipitation was induced by heating in
a preheated oven at 100 °C for up to 7 days, following the
method of ref. 7 and 10. Phosphate was added to the syn-
thesis to induce formation of spindle-shaped hematite that is
partly transparent to TEM. Without phosphate, micron-sized
pseudo-cubes of hematite form.” It has been suggested that
phosphate ions adsorb more strongly to the (%k0) crystal
faces of hematite, and hence growth along the c-axis is
favored." In our experiments, the particle growth and trans-
formation processes were documented by removing a series of
bottles from the oven at different time points. Containers
were cooled by immersion in cold running water. The samples
were stored in solution at room temperature prior to analysis.

Synchrotron X-ray diffraction patterns of dried suspen-
sions were measured at the Advanced Light Source, Lawrence
Berkeley National Laboratory, beam line 11-3-1 (photon wave-
length 1 = 0.729294 A).

Transmission electron microscopy (TEM) images of particle
suspensions after 23, 56, 71, 102 and 166 h of heat treatment,
drop-casted and dried onto holey amorphous carbon films,
were obtained using a JEOL 200CX microscope and a FEI
Technai microscope at the National Centre for Electron
Microscopy, Lawrence Berkeley National Laboratory.

2D and 3D cryo-TEM images were acquired using a JEOL-
3100-FFC electron microscope equipped with a FEG electron
source operating at 300 kv, an Omega energy filter (JEOL),
cryo-transfer stage, and a Gatan 795 2K x 2K CCD camera
(Gatan Inc., Pleasanton, CA, USA) at the Life Science Division,
Lawrence Berkeley National Laboratory. Prior to sample addi-
tion, carbon-coated Lacey Formvar support grids (Ted Pella)
were pretreated by plasma discharge to induce sample wet-
ting. Citrate-capped, 10 nm colloidal gold particles (BB Inter-
national) were added to the grid to serve as fiducial markers
for image alignment. A ~4 uL drop of sample suspension was
added to each grid. Excess solution was removed by blotting
with cellulose filter paper, leaving a thin film, between 100
and 400 nm thick, which is immediately plunged into liquid
ethane at -180 °C. This transforms the solution to vitreous
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ice, allowing particles and aggregate structures to be imaged
directly in the TEM.

Five tomographic datasets, at magnifications of 50kx to
110kx, were produced by acquiring a tilt series, over a range
of 65 degrees, at 2° increments. Image alignment was
achieved by fiducial tracking with etomo.'* Fiducial particles
were digitally removed and a 3D reconstruction was com-
puted using tomo3d."> The tomogram was converted into a
3D binary image, using the automated trainable segmenta-
tion algorithm in FIJI.*®

Size selective ultra-centrifugation (up to 300k rcf for
30 minutes) was used to sediment out increasingly smaller
particles, allowing us to isolate very large and very small par-
ticles for further analysis by X-ray diffraction, via PANalytical
X'Pert Pro diffractometer with a Co source (Ko / = 1.79021 A).
After the final centrifugation step, the dissolved iron concen-
trations in the remaining supernatant solutions (which are
colorless and transparent) were measured using UV-Vis spec-
troscopy with ferron dye (600 nm adsorption band)."” This
chemical assay is only sensitive to dissolved iron species.

Results

Upon heating aqueous solutions containing 20 mM FeCl;
and 0.45 mM NaH,PO, at 100 °C for <1 hour, samples
changed from their original translucent yellow color to a
translucent deep red-brown color. After heating for ~50 hours,
the samples became cloudy, and after 60 hours of aging the
color turns more orange-brown and particle sedimentation
occurs. The pH of the ferric solutions drops from 2.2 before
heat treatment to 1.5-1.6 afterwards.

Ferron assay measurements of the dissolved supernatant
iron concentration in centrifuged samples showed a decrease
from 20 mM to 10.0 mM after 1 hour and a continuous
decrease with increasing heating time to a value of 0.9 mM
after 167 hours.

Fig. 1a shows synchrotron X-ray diffraction data at aging
times from 15 hours to 102 hours. At early times, all diffrac-
tion lines were from akaganeite, indicating that akaganeite is
the dominant phase. Hematite remains below the detection
limit until 56 h of aging. By 65 h, hematite is abundant. Only
trace amounts of akaganeite can be detected by X-ray diffrac-
tion after 88 hours, indicating almost complete replacement
(in wt%) of this phase by hematite.

Rietveld total pattern fitting was performed to determine
the mass fraction of each phase and respective particle sizes
over time using MAUD.'® Akaganeite (I2/m) lattice parame-
ters' (a, b, c, ) were refined by fitting the 15 h sample to a =
10.587 A, b = 3.032 A, ¢ = 10.513 A and S = 90.41°. Hematite
(R3c) lattice parameters® (a, ¢) were refined by fitting the
data from the 102 h sample to @ = 5.032 A and ¢ = 13.800 A.
The mass fraction of each phase was obtained from whole
pattern analysis of intermediate time-point X-ray data, with
particle size and abundances as free refinement parameters.
Fits of all data are good (Rwp% always less than 10, but typi-
cally between 2.6 and 4.6). The mass fraction curve was fit

This journal is © The Royal Society of Chemistry 2014
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Fig. 1 X-ray diffraction. (a) Synchrotron X-ray data of samples heat treated for 15-102 h. The top and bottom curves show computed, refined
curves for 100% akaganeite and 100% hematite, respectively. (b) Weight fraction hematite with treatment time, obtained from (a); solid curve rep-
resents Avrami fit to data. (c) X-ray diffraction (Co Ka 1) of the smallest particles in samples after heat treatment for 1-96 h. The narrow diffraction
peaks in (c) denoted with asterisks are from the Si-substrate, the 2.82 d-spacing on 72 h data denoted ? is unidentified but not hematite.

using an Avrami transformation model (Fig. 1b). An Avrami
exponent of 8.3 was obtained. An Avrami exponent of >4
suggests non-standard growth kinetics, with rapid transfor-
mation following a significant incubation period.**

TEM images of the samples taken after different times of
heat treatment (examples shown in Fig. 2 and 3) showed, in
particular, two particle types with different morphologies:
rods of akaganeite and larger spindle-shaped hematite, as
expected based on our synthesis approach.”'*'? Particle
phases were identified from lattice fringe spacing. At early
aging times, the akaganeite particles dominated but TEM
also revealed that some spindle-shaped hematite particles
were present after 23 h of treatment. In correspondence with
TEM observations, X-ray diffraction of size selective samples
obtained by centrifugation of samples aged for 1, 24, 48, 72,
96 h showed that the largest size particle fractions contain
hematite if samples had been aged for 24 hours or more.

TEM images also revealed a subset of very small particles
with pseudo-spherical shape and size <5 nm (circled in
Fig. 2c). Although previous authors'" posited the existence of
small hematite particles, we found no evidence of them. X-ray
diffraction patterns obtained for the smallest size fractions of

This journal is © The Royal Society of Chemistry 2014

samples aged for 1, 24, 48, 72, and 96 h only revealed
akaganeite (Fig. 1c).

We used TEM images to measure the lengths and widths
of akaganeite rods and hematite spindles in samples aged for
23, 49, 56, 71, 102, and 166 h. The lengths and widths of
300 akaganeite particles were measured in samples from
each time point. The particle sizes of akaganeite were calcu-
lated as length times width squared, and the particle size
distribution fit with a log-normal distribution (number
weighted). Fig. 4a shows the evolution of the akaganeite parti-
cle size distribution, with the populations normalized to reflect
the total amount of akaganeite in the suspension, as estimated
from Rietveld refinement of synchrotron X-ray diffraction
patterns. The mean particle size increased over time, with a
very slight narrowing in the distribution breadth. This is due to
an increase in mean particle width from 7.6 + 2.3 nm to 11.5 +
2.5 nm and decrease in the mean particle length over time. Par-
ticle aspect ratio decreases monotonically from a value of 3.3 +
1.9 at 23 hours, to 1.7 + 0.8 at 102 hours (Fig. 4b). Hematite
particles grew with a constant aspect ratio of 6-7 and increased
in length from 200 + 30 nm at 23 h to 580 + 30 nm at 71 h and
670 + 60 nm at 166 h (Fig. 4c).

CrysttngComm, 2014, 16, 1451-1458 | 1453
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Fig. 2 Cryo-TEM images, after 56 h heat treatment. (a)-(c) High-resolution images of akaganeite rods. Lattice spacing in (b) is ~0.74 nm. White cir-
cles in (c) surround very small akaganeite particles. (d)-(e) Broad-field views showing connectivity of akaganeite particles and hematite spindles (H).

Fig. 3 TEM images of hematite spindles, after 56 h and 96 h. White-boxed area in (a) is enlarged in (b). Fast-Fourier transformed images in (c) and
(e) show aligned and nearly aligned nanocrystalline grains in protruding spindle ends like those in (d) and (f). White ellipsoid in (g) surrounds
contrast from hematite grains with different crystalline orientation.

1454 | CrysttngComm, 2014, 16, 1451-1458 This journal is © The Royal Society of Chemistry 2014
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Fig. 4 Particle growth with heat treatment time. (a) Particle size
distribution of akaganeite. (b) Aspect ratio of akaganeite particles.
(c) Hematite spindles’ width and length.

High-resolution TEM images showed akaganeite rods are
elongated along their b axis. Cryo-TEM analyses achieved
lattice fringe resolution for akaganeite nanoparticles in a
sample recovered after 56 h of treatment. Preservation in
vitrified ice allowed us to visualize the akaganeite rods in
multiple orientations, including side- and end-on (Fig. 2a, b),

This journal is © The Royal Society of Chemistry 2014
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and to capture particle arrangements as in aqua. As also seen
in conventional TEM analysis (data not shown), small groups
of akaganeite rods were often crystallographically aligned
and primarily attached on their (100) and (001) surfaces. The
small discrepancy in lattice parameters for the a and ¢ axes
in akaganeite's monoclinic structure can lead to low angle
grain boundaries, as observed in Fig. 2b.

The hematite spindles are much larger than the akaganeite
rods and are nano-porous. The hematite spindles typically
diffract as single crystals, but their outlines are very irregular
and they appear to be composed of several thousand crystal-
lographically aligned subparticles (3-5 nm thick) (Fig. 3a, b).
The hematite spindles and their nanoporous structure are
elongated along the hexagonal ¢ axis of hematite (Fig. 3c, d).
Substructure is most apparent where component units
protrude from the spindle ends. Irregularities on hematite
crystal surfaces (Fig. 3b, d, f, ) have shapes similar to those
of primary akaganeite nanoparticles. Occasionally, low-angle
grain boundaries are present within the hematite spindles
(Fig. 3e). In addition, we sometimes observed diffraction
contrast between adjacent regions of hematite (see white
circle in Fig. 3g), suggesting domains in slightly different
crystallographic orientations.

Slices of TEM tomograms obtained for a hematite spindle
after 56 h of aging revealed an irregular external surface and
high internal porosity (see cross sections in Fig. 5a, b). With
further aging time, the internal porosity appeared to decrease,
but some porosity remained even after 96 h of aging (Fig. 3b).

TEM images of dried samples suggest that akaganeite and
hematite particles are co-aggregated (Fig. 3g); however, these
results may be influenced by drying artifacts. Cryo-TEM
analysis circumvented this problem by directly imaging the

100 nm-]

-

Fig. 5 Cryo-TEM tomographs. (a)-(b) Cross sections of the large
hematite spindle in (c). (c) Broad-field view of akaganeite particles
(grey) in 3D-network with hematite spindles (red).

CrysttngComm, 2014, 16, 1451-1458 | 1455
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particle aggregation state in aqua in three dimensions. Fig. 5¢
shows a broad field-of-view 3D cryo-TEM image of a vitrified
sample after aging for 56 h, where akaganeite particles are
aggregated into extensive open networks around hematite.
Five or more groups of akaganeite particles (grey colored) are
in close proximity of each of the two hematite spindles (red
colored) in Fig. 5c. Examples of close-proximities have been
verified from tilted views. 2D-cryo-TEM images in Fig. 2d-e
also indicate akaganeite crystals in close contact with the
hematite spindles. Typically, hematite spindles are found in
close contact with akaganeite particles, but the number of par-
ticle contacts per spindle varies a lot (say between 0 and 20).

Dissolved iron concentrations were compared with chemi-
cal equilibrium calculations using MINTEQ. These calcula-
tions show that our starting solutions (20 mM FeCls, 0.45 mM
NaH,PO,, pH 2.2) should reach equilibrium with bulk
hematite (log[{Fe*"}?/{H"}°] = -1.418) at a pH of 1.3 and a
dissolved iron concentration of 0.28 mM. The pH values are
in good agreement with measurements, and dissolved iron
concentrations (~1 mM at 102 hours) are moderately higher
than expected.

From the X-ray diffraction data, which provide relative
weight fractions of akaganeite and hematite, and from the
TEM data, which provide detailed information on particle
shape and size distributions, we estimated the particle con-
centrations in samples recovered at each time-point. From
this, we calculated that the number of akaganeite particles
decreased by two orders of magnitude, from 1 x 10** m™ at
23 h to 2 x 10" m™ at 102 h. The number of hematite parti-
cles is roughly constant over time (~1 x 10'” m™). Even at
102 h, when the suspension is dominated by hematite spindles
on a mass basis, akaganeite nanoparticles still outnumber
hematite particles, but the reactive surface areas of akaganeite
and hematite are comparable.

Discussion of the growth model

Our TEM observations show clear evidence for growth of

akaganeite particles by oriented aggregation, where the parti-

cles (Fig. 6i) aggregate, align, and subsequently fuse to form a

single crystal (Fig. 6ii). Many larger akaganeite particles have

irregular surface morphology and appear to consist of two or
Growth model

three rods sitting directly side by side (Fig. 2b). In some cases,
/'"\-»/ »"»‘»‘

i ii iii iv v
Fig. 6 Growth model. Akaganeite particles (grey rectangles, i)
aggregate (ii) and transform to hematite spindles (red structures, iii).
After the “incubation period” (i-iii), the hematite spindles grow more
rapidly through aggregation of akaganeite particles (iv) followed by
phase transformation of akaganeite to hematite (v).
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particles were aligned, but have not yet fused (Fig. 2a, c). Such
aggregate-like particle morphologies with single-crystalline,
low-angle or twin boundaries are often found in nanoparticle
systems that grow by oriented aggregation.”>>* Our evidence is
comparable to that reported previously to indicate the opera-
tion of this growth mechanism, a pathway that was recently
directly confirmed for a similar iron oxyhydroxide phase by
in situ high-resolution TEM experiments.°

We suggest that the formation of the early-stage hematite
spindles is driven by aggregation of akaganeite rods (Fig. 6iii),
i.e., akaganeite rods aggregate until the resulting particles
reach a size where transformation to hematite is favorable.
Size-driven phase transformations are common in the iron
(oxyhydr)oxide systems.>* In all cases (Fig. 4), hematite spin-
dles were larger than 15 nm by 150 nm, which is significantly
larger than the vast majority of akaganeite rods. Hematite has
a larger interfacial energy than akaganeite, and therefore the
transformation from akaganeite to hematite by dehydration
and atomic rearrangement is thermodynamically favored only
for large particles (surface area <2000 m*> mol " and particle
width greater than 4 nm).>* However, we still observe relatively
large akaganeite particles, >4 nm, that have not been
converted to hematite. Such particles would be metastable, and
a large energy barrier clearly exists with respect to their dehy-
dration and recrystallization. Regarding the initial formation of
hematite, we speculate that akaganeite-akaganeite interfaces
may serve as favorable sites for the nucleation of hematite.
Phase transformation driven by oriented attachment has been
proposed previously. For example, the twin interface that can
form during oriented attachment-based growth of anatase
(TiO,) shares some structural characteristics with rutile, and
thus may serve to nucleate thermally-driven transformation to
rutile.>® Due to the relatively low number of hematite spindles,
we infer that the correct attachment is a somewhat rare event
(ie., it is not due to the commonly observed fusions of (100)
and (001) planes of akaganeite). Although the precise interface
that would favor transformation is unknown, less prominent
surface features such as (010) steps and ledges may play a role;
configurations that generate face-sharing octahedra would
seem to favor hematite formation. The rate of spindle forma-
tion is evidently higher during the first hours of hydrolysis, as
we observe that the number remains constant during the later
stages of the experiment (from 23 to 102 h). The reduced for-
mation rate of spindles later during the experiment may be
due to changing thermodynamic conditions (as pH and super-
saturation drop), or due to changes in surface morphology of
the primary akaganeite particles.

The nano-porous structure of hematite spindles suggests
construction from crystallographically aligned (and nearly
aligned) subparticles, as found for growth by oriented attach-
ment.*'®?**” It was proposed that similarly synthesized
hematite spindles have formed by aggregation of hematite
nanoparticles.”" This idea has been very strongly argued
against, in favor of a process where akaganeite dissolves and
reprecipitates as hematite.*'> Sugimoto and Muramatsu'?
make a strong case that the formation of hematite spindles

This journal is © The Royal Society of Chemistry 2014
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cannot be due to the continuous precipitation and aggregation
of individual hematite nanoparticles, based on their observa-
tions that the final number of spindles can be manipulated by
adding hematite seeds (<5 nm diameter) to the solution. If
small hematite particles were continuously generated in the
solution, such seed particles would not have a major impact on
the final product. Notably, we observe no sign of small hema-
tite nanoparticles in the solution. Also, as our chemical analy-
ses show a low Fe concentration and low pH after the initial
(<1 h) nucleation burst of akaganeite particles, it is unlikely
that hematite particles could be continuously nucleated
homogenously within the next 160 h of heat treatment. We
therefore agree with Sugimoto and Muramatsu'> but note that
their analysis does not preclude the possibility that the aggre-
gation involves akaganeite onto hematite, followed by phase
transformation.

A recent paper'' studied cryo-plunged FeClz(aq)-samples
that had aged in an autoclave at 160-200 °C and found that
individual hematite nanoparticles exist as the sole precursors
to hematite spindle formation. At this temperature, dehydra-
tion of individual precursor particles would be more strongly
favored than in our experiments, and growth by hematite
nanoparticle aggregation may be favored.

Only the precursor nano-scale akaganeite and the end
product hematite spindles are detectable in our samples. The
constant number of hematite spindles throughout the experi-
ment (from 23 h to 102 h) indicates that hematite spindle
nucleation is completed during the first hours of hydrolysis
and the primary process controlling hematite formation
thereafter is growth (not nucleation). This conclusion is
supported by the high monodispersity of the spindle size dis-
tribution at all time-points (Fig. 4c).

The in aqua cryo-TEM finding of akaganeite and hematite
particles in extended aggregate networks requires an altered
view of particle interactions in suspension. Traditional models
of stable colloidal suspensions, based on DLVO theory, posit
that electrostatic repulsion inhibits direct contact between
particles and the formation of large clusters.>® However, in
this suspension, we show extensive direct contact between
particles, i.e., a large fraction of the particles participate in a
network, which may provide opportunities for enhanced
crystal growth.

The simplest explanation for the observed hydrothermal
growth of monodisperse micron-sized nanoporous hematite
spindles at 100 °C is that akaganeite particles transform to
hematite upon making suitable contact with a hematite sur-
face (Fig. 6iv, v). Such a process is also consistent with prior
studies that have shown that aggregation of nanoparticles
can alter nanoparticle crystallinity?® and that surface-bound
molecules may induce phase transformations in nano-
particles.®® Thus, we suggest that akaganeite-hematite inter-
faces promote dehydration and atomic rearrangement of
newly attached akaganeite particles into the larger and ther-
modynamically more stable hematite. We did not observe
intergrowths of akaganeite within hematite, suggesting that
the reaction occurs rapidly upon suitable attachment.

This journal is © The Royal Society of Chemistry 2014
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The coarsening of the hematite spindles that occurs
simultaneously with growth via aggregation is most likely
caused by ion addition of dissolved iron. This seems reason-
able since the iron concentration is quite high, probably due
the solubility of akaganeite at low pH and the presence of
small akaganeite particles (<5 nm in diameter) like those
circled in Fig. 2c.

In summary, we propose the growth, aggregation and
transformation model shown in Fig. 6, where growth and
phase transition are induced first by oriented aggregation of
primary particles and later by aggregation of primary parti-
cles onto secondary particles. We speculate that this model
may be applicable in explaining growth and phase transitions
in other two-phase systems where particle aggregation exists
and where ion concentrations and pH do not permit homoge-
nous nucleation of the secondary particles. Detailed investi-
gations of the interfaces and nanoparticle arrangements that
may facilitate phase transitions are of much interest for
further exploration.
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