Chapter 13

A Perspective on the Particle-Based Crystal
Growth of Ferric Oxides, Oxyhydroxides,
and Hydrous Oxides

R. Lee Penn, Dongsheng Li, and Jennifer A. Soltis

13.1 Introduction

The diversity of iron oxide, oxyhydroxide, and hydroxide materials in natural
settings is remarkable. Hereafter referred to simply as the iron oxides, these
materials exhibit myriad textures and morphologies, and such features provide
evidence that classical growth cannot adequately explain the formation and growth
of iron oxides.

The iron oxides often form as a result of iron leaching from iron-containing
minerals (e.g., biotite) through both abiotic and biotic weathering processes (Barker
et al. 1998). Furthermore, iron oxides can form when natural water containing Fe(II)
encounters oxidizing conditions (e.g., Waychunas et al. 2005). With its abundance
in near-surface materials and its redox reactivity, iron plays important roles in
biogeochemical cycling of a wide range of species, including metals and molecular
species. The capacity of the iron oxides for sorption of metals and polyatomic
anions makes these materials important players in the fate and transport of a wide
range of contaminants (Waychunas et al. 2005). Elucidating how these minerals
form, transform, aggregate, and grow is critical to understanding their geochemical
reactivity.

Particle-based crystallization has been featured prominently in the recent crystal
growth literature (De Yoreo et al. 2015 and references therein). Of the diverse
crystal growth mechanisms known, both classical crystal growth and particle-based
crystal growth are particularly important in the iron oxides. Classical crystal growth
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can be simply described as the monomer-by-monomer addition of molecular-scale
species to a growing crystal. Oriented attachment is a special case of particle-
based crystal growth and has been recognized since at least the late nineteenth
century (Ivanov et al. 2014). In oriented attachment, primary particles associate
to reversibly form complexes that are analogous to the outer sphere complexes
described in inorganic chemistry. The primary particles composing these complexes
lack direct contact, with solvent molecules and other molecular-scale species
residing in the spaces separating them. The primary particles can rearrange and
reorient through Brownian motion within this intermediate structure. If the primary
particles achieve a common crystallographic orientation, the intermediate structures,
which are sometimes referred to as mesocrystals (Colfen and Mann 2003; Yuwono
etal. 2010; Rao and Colfen 2017, Chap. 8), can either dissociate or irreversibly bond
together to form new secondary crystals. These new crystals can have symmetry-
defying morphologies and contain defects like dislocations, stacking faults, and twin
boundaries (Penn 2004).

Numerous reviews describing crystal growth by oriented attachment have
appeared in the relatively recent literature (De Yoreo et al. 2015; Ivanov et al. 2014;
Xiong and Tang 2012; Dalmaschio et al. 2010; Zhang et al. 2010; Zhang et al.
2009; Niederberger and Colfen 2006; Penn 2004), among others. These reviews
provide concise descriptions of the fundamental mechanism as well as observations
of oriented attachment, reporting numerous examples of oriented attachment in
synthetic materials, such as titanium dioxide, iron oxides, metal selenides and
sulfides, and more. In addition, evidence for oriented attachment (OA) has been
observed in natural environment (Banfield et al. 2000; Hochella et al. 2008; Penn
et al. 2001b).

Currently, there is no universal description of how the iron oxides grow. In
fact, the iron oxides literature is rife with contradictions, even when observed
morphologies, textures, and microstructures are similar. An excellent example is the
case of pseudocubic hematite crystals, which have been prepared by several research
groups. Kandori et al. (1991) prepared synthetic hematite by aging an acidic
solution of ferric chloride at 100 °C for 20 days, and they described their product
pseudocubic crystals as polycrystals composed of smaller and oriented subcrystals.
They concluded that the pseudocubic hematite formed by aggregation of hydrous
ferric oxide crystallites is followed by recrystallization and dehydration. Whether
the hydrous ferric oxides precursor particles were oriented prior to recrystallization
and dehydration was not addressed (Kandori et al. 1991). Similarly, Sugimoto
et al. (1993) described their synthetic pseudocubic hematite particles, which were
prepared by aging a partially neutralized solution of ferric chloride at 100 °C for
8 days, as consisting of oriented subcrystals and even stated that their product
appeared similar to that of Kandori et al. (1991). However, they stated that single
crystals could not be produced by an aggregative mechanism and concluded that
their pseudocubic hematite must have grown by addition of monomeric species
(e.g., dissolved ferric complexes) from the solution phase. They concluded that
the observed textures arose because individual two-dimensional surface nuclei
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could not progress to form a continuous surface layer due to surface sites blocked
by adsorbed species like protons, chloride anions, and chloro ferric complexes
(Sugimoto et al. 1993).

Texture, morphology, microstructure, and the absence or presence of defects can
serve as clues regarding the crystal growth mechanisms at play. Relics of a particle-
mediated crystal growth mechanism can include dimpled surfaces, symmetry-
defying morphologies, dislocations, twin boundaries, stacking faults, and internal
porosity, and many of these features are often observed in reports describing iron
oxide crystal growth and phase transformations. Indeed, features apparent in images
of iron oxide particles shown in the classic Cornell and Schwertmann (Cornell
et al. 1989; Cornell and Schwertmann 2003) books are often consistent with
particle-mediated crystal growth. Recent work has demonstrated the importance of
aggregation, including oriented attachment, not only in iron oxide crystal growth
(e.g., Burleson and Penn 2006; Burrows et al. 2012; Burrows et al. 2013; Penn et al.
2006) but also during iron oxide phase inter-transformations (e.g., Davidson et al.
2008; Frandsen et al. 2014). Aggregation, including the special case of oriented
attachment, can lead to final crystals with rough surfaces as well as the incorporation
of pore spaces, defects, stacking faults, all of which can dramatically impact the
chemical and physical properties of the iron oxides.

Nucleation of particles with a structure distinct from the thermodynamically
most stable phase given the conditions (e.g., pH, temperature) is also common.
Phase transformation subsequently occurs to produce the more stable phase at the
expense of the initially nucleated phase. An excellent example is goethite produced
from six-line ferrihydrite nanoparticles in moderately acidic aqueous suspensions
(e.g., Burleson and Penn 2006; Burrows et al. 2012; Burrows et al. 2013; Penn
et al. 2006). Forced hydrolysis of dissolved ferric nitrate results in formation of
ferrihydrite nanoparticles that are a few nanometers in diameter. With time, the
ferrihydrite nanoparticles loosely aggregate into fractal aggregates, within which
the primary particles rearrange and reorient to form linear strings of nanoparticles.
These linear strings range from one to a few primary particles wide and several to
tens of particles long. In this intermediate state, the primary particles lack direct
contact with one another, with water and possibly other dissolved species residing
in the spaces between them. Further, the fraction of particles residing in the linear
strings increases with time (Yuwono et al. 2010), as does the fraction of goethite.
At some point, the phase transformation from ferrihydrite to goethite occurs. Based
on high-resolution imaging and X-ray diffraction results (Burleson and Penn 2006)
in combination with high-resolution imaging of the loose aggregates in vitrified
water (Yuwono et al. 2010), the current hypothesis is that phase transformation
to goethite precedes rearrangement from random appearing fractal aggregates to
linear strings of nanocrystals (Fig. 13.1 upper scheme). Indeed, linear strings with
overall morphologies consistent with goethite twins were frequently observed (e.g.,
Fig. 13.2), with the angle between the crystalline arms residing on either side of the
twin boundary matching that observed in twinned goethite crystals (Yuwono et al.
2010).
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Fig. 13.1 Simple scheme
illustrating the two end
member possibilities for
phase transformation after
(top) or before (bottom)
primary particles are
crystallographically aligned
with respect to one another
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Fig. 13.2 Cryo-TEM image of aggregates of iron oxide nanoparticles. The aggregate with the
shape of “v” has a morphology and size that matches those of goethite twins observed in the
product material. High-resolution images of similar objects demonstrate lattice fringes that span
the entire object and with spacings consistent with the goethite crystal structure (Yuwono et al.
2010)

Alternatively, the phase transformation could occur after a threshold size is
achieved (Fig. 13.1 lower scheme). Indeed, size-dependent thermodynamic rela-
tionships between initial and product phases can mean that the new phase is not
thermodynamically favored until the initially nucleated crystals reach a threshold
size (Navrotsky et al. 2008). This results from the interplay between surface
and bulk energies, with the material with lower surface energy favored at small
size and the material with lower bulk energy favored at larger size. A beautiful
example of phase transformation occurring after oriented attachment is hematite
produced from oriented aggregates of akaganeite under hydrothermal conditions.
Cryo-TEM, in combination with XRD results, leads to the proposal that akaganeite
nanorods grew by oriented attachment and that the initial formation of hematite was
driven by a change in phase stability due to the increasing size of the akaganeite
crystallites. That is to say, once an akaganeite crystallite passed a threshold size,
phase transformation was driven by the comparative stability of hematite versus
akaganeite (Frandsen et al. 2014). Such size-dependent phase stability has been
demonstrated in a number of systems, such as the titanium dioxides (Navrotsky
2011), calcium sulfate (Van Driessche et al. 2012), as well as the iron oxides system
(Navrotsky et al. 2008).

In fact, considering the size-dependent phase stability of the iron oxides means
reevaluation of the results presented above regarding the growth of goethite from
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six-line ferrihydrite. Examining the thermodynamic relationships presented by
Navrotsky et al. (2008) does not, unfortunately, yield a clear answer regarding
the relative phase stability of ferrihydrite compared to goethite at extremely small
particle size. Ferrihydrite presents unique challenges because its crystal structure,
its hydrated state, and the probability that this material’s composition may vary
with particle size are not yet well understood. A challenge of the high-resolution
transmission electron microscopy (HRTEM) images presented by Burleson and
Penn (2006) is that the particles were dried before inserting into the high vacuum
of the transmission electron microscope (TEM). Thus, conclusions drawn about the
structure of individual particles as observed via HRTEM may not match the structure
of individual particles while still suspended in aqueous solutions. Nevertheless, the
relative stability for akaganeite and hematite as a function of particle size (Navrotsky
et al. 2008) seems consistent with the conclusions described by Frandsen et al.
(2014).

13.2 The Critical Role of Materials Characterization

Generally speaking, the final morphology, microstructure, and texture of a crys-
talline object are path dependent. That is to say, the detailed crystal growth
mechanism leads to the presence and/or absence of specific features in the growing
crystal. However, the dominant crystal growth mechanism(s) can change over
time. Later crystal growth can effectively erase evidence for early crystal growth
mechanisms (De Yoreo et al. 2015). The above disparate descriptions of how
hematite crystals composed of smaller subcrystals form highlight the challenges
of connecting the properties of the final product to its crystal growth history.
Interestingly, Sugimoto et al. (1993) stated that drawing conclusions from ex situ
TEM images is problematic because the dispersed state of the particles will change
upon drying on the TEM grid. Indeed, drawing conclusions based on data obtained
once the final crystal has been produced is risky, although sometimes these are the
only data available (e.g., crystals formed long ago in natural environments). Thus,
there is a pressing need for reliable characterization methods that can enable holistic
determination of the path to a final crystal. The most robust approaches will combine
methods, both in situ and ex situ, with particular focus on techniques that enable
characterization as a function of time (Penn and Soltis 2014).

13.2.1 Imaging Using Transmission Electron Microscopy
(TEM)

Direct imaging of nanoparticles using TEM and high-resolution TEM has long
been the primary technique for characterizing the often nanoscale features typically
associated with particle-based crystal growth mechanisms. Features such as crystal
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Fig. 13.3 TEM images of silicalite-1 prepared using bis-1,6-
(tripropyalammonium)hexamethylene dihydroxide as the structure-directing agent. The sample
was prepared after repeated washing and centrifugation to remove dissolved species and
amorphous material from the aqueous suspension. The high-resolution image highlights the
internal porosity and very complicated microstructure arising from aggregation of structural
diverse precursor nanoparticles followed by recrystallization (Kumar et al. 2011)

twinning, dislocations, and dimpled boundaries can often be readily detected
and even quantified in TEM images (Penn and Soltis 2014). However, detecting
such features does not represent sufficient evidence for concluding a crystal has
formed by oriented attachment or another particle-based growth mechanism. Indeed,
features like dimples and twins could form by random particle attachment followed
by recrystallization (Kumar et al. 2008; Kumar et al. 2011) (Fig. 13.3); alternatively,
this can proceed by monomer-by-monomer growth onto surface nuclei that cannot
extend beyond some physical or chemical barrier residing on the crystal surface,
as hypothesized by Sugimoto et al. (1993). Likewise, the absence of such features
is not a conclusive indicator of classical crystal growth, since rough surfaces and
defects can essentially be erased when particle-based crystal growth is accom-
panied or followed by recrystallization or monomer-by-monomer crystal growth.
It is therefore critical to employ correlative methods, time-resolved methods,
and in situ methods like X-ray scattering and cryogenic TEM (Penn and Soltis
2014).

13.2.2 Cryogenic and Fluid Cell TEM

Cryogenic (cryo) and fluid cell TEM enable direct imaging of particles as they exist
suspended in solvents (De Yoreo et al. 2017, Chap. 1; Nielsen and De Yoreo 2017,
Chap. 18). This removes the potential for artifacts that can arise due to drying a
sample on a TEM grid. The methods differ in that cryo-TEM provides a snapshot
of the sample at the instant of cryogenic vitrification, while fluid cell TEM enables
capture of the movement of particles in their suspended state. To prepare a sample
for cryo-TEM, a thin film of suspension is applied to a TEM grid and then plunged
into liquid cryogen (typically liquid ethane for aqueous suspensions) (Burrows and
Penn 2013). The rapid cooling (ca. 100,000 K per second) achieved by plunging
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Fig. 13.4 Cryo-TEM image of an aqueous suspension of three types of iron oxide particles: (1)
hematite (large diamond-shaped particle), (2) linear arrangements of primary particles with size
and shape similar to goethite crystals produced by OA, and primary particles that are aggregated
(3) or isolated (4). In the lower center of the field of view, the linear arrangement of particles
is consistent with the size and shape of final goethite crystals (white arrow), and the working
hypothesis is that the primary particles within that linear arrangement have the goethite crystal
structure

into liquid cryogen ideally serves to preserve the arrangement of objects in the
solvent and prevent crystallization of solvent molecules. By maintaining cryogenic
conditions during imaging and minimizing the electron dose, one can obtain high-
resolution images of crystals as they existed in the liquid state at the instant of
vitrification. Figure 13.4 shows a cryo-TEM image of an aqueous suspension aged
at 80 °C. Several different nanostructures can be discerned in this image: (1) a large
crystal of hematite, with texture consistent with particle-mediated crystal growth;
(2) an aggregate of particles with morphology, aspect ratio, and size consistent with
product goethite crystals (arrow); (3) fractal aggregates with random orientation of
primary particles, which are hypothesized to be ferrihydrite; and (4) isolated primary
particles, which are also hypothesized to be ferrihydrite.

To prepare a sample for fluid cell TEM characterization, one need only ensure
that the mass loading of particles is suitable for characterization. The two basic
options are a static cell and a flow-through cell. An aliquot of suspension is injected
into a static cell and the cell sealed, which means only a single aliquot of suspension
can be examined with each cell. In the flow-through cell, the cell has both inlet and
outlet, and fresh suspension can be flowed into the cell. Both cells are bounded
by two electron-transparent windows (Grogan et al. 2012; Penn and Soltis 2014;
Nielesen and de Yoreo 2017, Chap. 18). Either way, imaging by fluid cell TEM
can yield unprecedented insights into the dynamics of particle-particle interactions,
enabling quantitative characterization of particle motion, rearrangement of particles
in loosely bound aggregates, crystal growth, and crystal dissolution. Generally
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speaking, the thickness of the liquid layer is thinner for the static than for the flow-
through cell, which means higher resolution and better contrast are obtained with
the static cell.

De Yoreo and coworkers successfully captured an instance of oriented attachment
between two ferrihydrite crystals in an aqueous solution (Li et al. 2012). They
directly imaged two ferrihydrite crystallites moving in suspension. The ferrihydrite
crystallites achieved close approach, and the authors were able to directly observe
the particles rearranging with respect to one another. A particle-particle attachment
occurred once crystallographic alignment was achieved, and continued crystal
growth by coarsening immediately after the oriented attachment event was observed
(Li et al. 2012). This resulted in smoothening out of the high radius of curvature
dimples that formed upon oriented attachment (Li et al. 2012). In addition to
quantifying the translational and rotational velocity of the smaller particle, they
also quantified the rate of coarsening by measuring the rate at which the curved
surfaces at particle-particle interfaces were eliminated. Their experimental rate of
coarsening was consistent with the dependence of chemical potential on interface
curvature (Cao 2004; Li et al. 2012).

The advantages of obtaining direct images of particles as they exist in liquid
suspension by cryo and fluid cell TEM come with some serious challenges. As
with all TEM methods, beam damage is a potential and serious complication. Both
radiolysis and knock-on damage can result in substantive changes to samples during
imaging. Unique to cryo-TEM, exposure to the beam can induce crystallization of
the vitrified solvent, which can result in the introduction of diffraction contrast
that can obscure the objects of interest. One main advantage of vitrification is
that the amorphous solvent contributes a uniform background, which means that
nanoparticles of sufficient size (with respect to the total thickness of the solvent
film) can be readily discerned. In addition, the amorphous solvent can liquefy or
sublime, which can cause the particles to move (Burrows and Penn 2013; Burrows
et al. 2014). In fluid cell TEM, additional considerations are numerous (Ross 2015)
and include the possibility that particles could interact with the cell windows, with
irreversible adhesion to the cell window or modified particle-particle interactions
both possibilities (Liu et al. 2013; Yuk et al. 2012; Zheng et al. 2009). Finally,
exposure to a sufficiently intense beam can yield substantial reduction of Fe3™ to
Fe2™ (Pan et al. 2006), which could result in the reductive dissolution of ferric oxide
during imaging. Figure 13.5 shows a series of images of goethite crystals in water
captured from a video collected while using a fluid cell TEM. Upon exposure to
the beam (unquantified intensity), the ca. one to two hundred nanometer goethite
crystals dissolved within approximately 70 s. Moving to a nearby location revealed
that crystals not exposed to the beam remained intact and appeared unaltered,
although onset of dissolution was observed soon after selecting a new field of view.
Furthermore, under similar conditions in the laboratory, no detectable dissolution
occurs. Thus, we conclude that the goethite reductively dissolved due to exposure
to the electron beam (Fig. 13.5).
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Fig. 13.5 Fluid cell TEM images obtained as snapshots from a video recording initiated imme-
diately after the left-hand, acicular particles were in the field of view. The dark-appearing round
objects are unknown contamination. The ca. 100-200 nm long by 20-50 nm wide particles are
goethite crystals, and one twinned particle can be seen on the right-hand size of the time zero
image (large white arrow). The ca. 200 nm long goethite crystal on the left-hand side of the field
of view rotated as it dissolved

13.2.3 Correlative Methods

One major problem with the above TEM methods is vanishingly small amounts of
material are imaged. In Fig. 13.5, the amount of material imaged in the left-most
panel is a fraction of a femtogram. High-resolution micrographs typically involve
just attograms of material. Thus, techniques that can produce data for comparatively
bulk samples are essential to ensuring the data are suitably representative of
the overall sample. X-ray diffraction (XRD) (Chiche et al. 2008; Hapiuk et al.
2013; Huang et al. 2003) and other diffraction techniques can be used to identify
minerals and quantify crystallite size, size distribution, and morphology. Scattering
techniques, such as small angle X-ray scattering (SAXS) (Davis et al. 2006; Drews
and Tsapatsis 2007; Kumar et al. 2008; Stawski and Benning 2013), small angle
neutron scattering (SANS) (Schwahn et al. 2007), and dynamic light scattering
(DLS) (Davis et al. 2006; Mintova et al. 2002; Schwahn et al. 2007) can be used
to quantify particle size and size distribution of particles in the suspended state. A
more detailed description of some of these methods for characterizing growth via
oriented attachment can be found in a review by Penn and Soltis (2014).

Kinetic models serve as an important method for detecting crystal growth
by particle-based mechanisms, especially when more than one crystal growth
mechanism operates. Several models employed for quantifying crystal growth that
involves aggregative processes, including oriented attachment, have been reviewed
elsewhere (Burrows et al. 2010; Xue et al. 2014), and describing those models is
beyond the scope of this chapter. However, the addition of semiquantitative and
quantitative models improves drastically our ability to detect crystal growth by
particle-based mechanisms, even when features that could serve as indicators of
such growth have been erased by subsequent processes.
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13.3 Highlights of Particle-Mediated Crystal Growth
in the Iron Oxides Literature

The work of Cornell and Schwertmann dramatically changed our understanding of
the occurrence and formation of iron oxides. Their books (Cornell and Schwertmann
2003; Schwertmann and Cornell 2000; Cornell and Schwertmann 2006) feature
descriptions of iron oxide minerals and reliable recipes for synthesizing them,
complete with results from careful materials characterization. Below are some
highlights of reports describing iron oxide crystal growth by nonclassical, particle-
based mechanisms.

13.3.1 Goethite

Goethite (a-FeOOH) has been described as the dominant reactive iron oxyhydroxide
in lake and marine sediments (van der Zee et al. 2003). Physical properties like
microstructure, particle size, and aggregation state are expected to strongly impact
the behavior of this ubiquitous and redox reactive material.

Evidence for goethite crystal growth by a particle-based mechanism was
described in the 1970s. Murphy et al. (1976a) prepared synthetic goethite from
partially neutralized solutions of ferric nitrate, and in their paper they describe
goethite growth by spheres linking together to form rods. They describe the spheres
as discrete, with sizes in the 1.5-3 nm size range and refer to them as polycations
that initially form in the partially neutralized ferric nitrate solutions. In related
work, they (Murphy et al. 1976b) describe goethite growth from ferric perchlorate
solutions that also starts with spheres linking together to form rods. They again
describe the spheres as polycations, which initially form in the ferric perchlorate
solutions as discrete spheres in the 1.5-3 nm size range, and they further discuss
link between ionic strength and rod formation. Whether their growth mechanism
involves a phase transformation to goethite that precedes or follows the aggregation
step is unclear.

Burleson and Penn (2006) proposed a two-step growth mechanism for goethite
crystal growth under aqueous conditions. They suggested that primary particles
first transformed from ferrihydrite to goethite followed by secondary assembly via
oriented attachment (Burleson and Penn 2006). This hypothesis was supported by
the cryo-TEM work published by Yuwono et al. (2010), in which images of loose
aggregates composed of oriented goethite primary particles were presented. The
kinetics of goethite growth by oriented attachment as well as the final goethite
crystal size are sensitive to temperature and pH (Burleson and Penn 2006; Burrows
et al. 2013), ionic strength (Burrows et al. 2012), precursor particle size (Penn et al.
2006; Penn et al. 2007), and the presence of chemical additives (Yuwono et al.
2012).
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The aforementioned studies on goethite crystal growth were mainly performed
at mildly acidic conditions. In contrast, Schwertmann and Murad (1983)
performed experiments at higher pH, and they concluded that goethite had
been formed by a dissolution and reprecipitation mechanism. No evidence
for goethite growth by oriented attachment has been reported, and their
general conclusion seems to be dissolution and precipitation dominates at
high pH due to increased Fe(IIl) solubility (Davidson et al. 2008; Shaw et al.
2005).

13.3.2 Hematite

The case of the pseudocubic hematite is but one example of disparate interpretations
based on very similar observed crystal textures. Similarly, spindle-shaped hematite
particles consisting of oriented subcrystals have been described as growing by
two different mechanisms. Morales et al. (1992) concluded that the spindle-shaped
hematite was formed by an aggregation process involving hematite crystallites. In
contrast, Sugimoto et al. (1993) stated that single crystals could not be constructed
by aggregation of primary crystallites and concluded that these structures were
formed by direct monomer-by-monomer addition of ferric complexes from the
solution phase.

Bailey et al. (1993) used time-resolved TEM and cryo-TEM to examine the
evolution of iron oxide particles produced from aqueous solutions of ferric chloride.
They concluded that their 1.5 pwm hematite nanocubes formed from raft-like
aggregates of rod-shaped akaganeite nanoparticles aligned along <001>. They
proposed that hematite nucleated within the structure of the raft-shaped oriented
aggregate. Ocaiia et al. (1995) described the “ordered aggregation” of small ellip-
soidal hematite nanoparticles to form larger hematite crystals. Finally, Fischer and
Schwertmann (1975) described the coalescence of “amorphous particles” into larger
aggregates that eventually transform into single crystals of hematite (Fischer and
Schwertmann 1975). Their results may be consistent with crystal growth by oriented
attachment preceded by or followed by phase transformation from ferrihydrite to
hematite.

Hematite produced by aging an acidic ferric chloride solution at elevated tem-
perature exhibited a texture consistent with crystal growth by oriented attachment,
resulting in the formation of lobed single crystals containing significant defects,
such as edge dislocations (Penn et al. 2001a). In addition, the recent work of
Frandsen et al. (2014) demonstrated hematite growth that indirectly involves
crystal growth by oriented attachment. In their work, akaganeite crystals grew
by oriented attachment, and the larger secondary crystals eventually phase trans-
formed to hematite. Other examples of particle-based hematite growth undoubtedly
exist.
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13.3.3 Akaganeite

Akaganeite is a less common iron-bearing mineral that is not precisely an iron
oxide mineral since it contains structural chloride. This mineral often occurs
in the nanoscale size range and is often a precursor phase to the more stable
hematite (e.g., Frandsen et al. (2014)). It has been described as occurring in the
vicinity of biological organisms, with biological polymers serving to template the
crystallization of akaganeite (Chan et al. 2004). It is less frequently studied (Barron
and Torrent 2013), but the material frequently exhibits features that may indicate
particle-mediated crystal growth.

An early report describing akaganeite crystal growth featured the conclusion
that akaganeite grew from ferric chloride solutions by addition of subcrystals to
produce the final larger structure. Watson et al. (1962) prepared ultrathin sections
of akaganeite collected from aged solutions of ferric chloride (Fig. 13.6). Images
of cross sections of their akaganeite crystals demonstrate that they are composed of
oriented arrays of tetragonal prisms of crystalline akaganeite.

Similar to their work with goethite, Murphy et al. (1976c) described akaganeite
growth from partially neutralized solutions of ferric chloride, starting with spheres
that link together to form rods. They described the initial spheres as polycations that
are in the 1.5-3 nm size range. Whether their growth mechanism involves a phase
transformation to goethite that precedes or follows the aggregation step is once again
(and understandably) unclear.

Recent work by Frandsen et al. (2014), which is described above, demonstrates
akaganeite crystal growth by oriented attachment, using cryo-TEM tomography to
produce exquisite three-dimensional images of the crystals.

Fig. 13.6 TEM image of a
cross-sectional ultra thin
section of an akaganeite
crystal impregnated with
polymethracrylate. The scale
bar represents 100 nm.
High-resolution images of the
individual tablets confirms
their crystalline nature as well
as the parallel
crystallographic alignment
(Watson et al. 1962)
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13.3.4 Feroxyhite

Feroxyhite (8-FeOOH) nanocrystals, which were produced upon oxidation of an
Fe(I)-bearing precipitate prepared by neutralizing a solution of ferrous chloride,
were described as high aspect ratio particles, with substantial dimpling, porosity,
and incorporation of defects like edge dislocations. The authors concluded that the
feroxyhite crystals had formed by oriented attachment (Penn et al. 2001a).

13.3.5 Ferrihydrite

Ferrihydrite is in a class of its own. There is a lack of consensus regarding its
crystal structure, homogeneity, and even composition (Drits et al. 1993; Gilbert et al.
2013; Janney et al. 2000, 2001; Michel et al. 2007). This iron oxyhydroxide occurs
only as nanoparticles, with sizes typically ranging from one to several nanometers,
and its structure continues to be poorly understood. This material is often the first
solid material to form upon partial neutralization of solutions containing ferric
ions, and it is often prepared as a precursor to the more thermodynamically stable
iron oxides like goethite and hematite (e.g., Cornell et al. 1989; Cornell and
Schwertmann 2003, 2006). In fact, aqueous suspensions containing ferrihydrite
nanoparticles typically are not stable, with the more stable iron oxide minerals,
such as goethite and hematite, forming even after quite short aging times. The new
phases often exhibit textures and morphologies consistent with particle-mediated
crystal growth. Mechanisms for conversion of ferrihydrite to the more stable
phases range from dissolution of ferrihydrite followed by precipitation of the more
stable phase as new nuclei or onto existing nuclei to aggregation-induced phase
transformations. Elucidating these mechanisms is complicated by the limits of
current characterization methods as well as our poor understanding of the nature
of this ubiquitous material.

13.4 Outlook

Iron oxides are important players in the geochemical cycling of the elements as
well as synthetic and naturally occurring chemical species. They can participate
in redox reactions and can be exploited in remediation of contaminants in a
wide range of settings. Particle size, morphology, composition, and microstructure
on chemical behavior can all dramatically affect the chemical behavior of iron
oxides. Furthermore, these materials are used in a wide range of industrial settings,
magnetic recording media, water treatment facilities, pigments, and more. Thus,
the importance of elucidating how the iron oxides form, transform, grow, and even
dissolve is far reaching. Detailed examination of direct images of final crystals
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has yielded dramatic insights into the mechanisms by which iron oxide crystals
form, but reliance on such images is risky since features produced during the early
stages of crystal growth can effectively be erased by later processes. Thus, the best
approach combines a suite of time-resolved and in situ methods in order to elucidate
the formation and growth history of the crystalline iron oxides. Elucidating the
mechanisms by which iron oxides grow and transform in complex environments
will require advancements in in situ materials characterization methods.
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