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ABSTRACT
The precipitation of akaganeite and its transformation to hematite under hydrothermal
conditions was monitored using a combination of in situ and ex situ experimental techniques.
Using synchrotron time-resolved X-ray diffraction (TRXRD), in situ experiments between 100
and 200 °C revealed that akaganeite was the first phase to form, and hematite was the final phase
between 150 and 200 °C.
A transient Fe-poor, OH-rich hematite phase with a chemical formula consistent with
“hydrohematite” was identified in our in situ TRXRD experiments at 150, 175, and 200 °C.
Rietveld analyses revealed that water concentrations in the first-formed crystals of hydrohematite
were comparable to water contents of FeOOH phases, such as akaganeite and goethite. Distinct
peak splitting was observed in the 200 °C hydrohematite diffraction patterns, indicating a
violation of the 3-fold rotational symmetry of S.G. R-3c. We present a new structure refinement
for hydrohematite using a monoclinic space group (I2/a). To our knowledge, this is the first lower
symmetry hematite-like phase captured with XRD.
Kinetic analyses using phase abundances derived from Rietveld calculations of TRXRD
data demonstrated that the rates of akaganeite crystallization and dissolution, hematite nucleation
and crystallization increased with temperature. However, in experiments with target temperatures
between 150 and 200 °C, akaganeite nucleated instantaneously once experimental temperatures
reached ~123 °C. Thus, the activation energy for akaganeite nucleation over the temperature
range of 150 to 200 °C was 0 kJ/mol. The activation energy for the crystal growth and dissolution
of akaganeite was 74 ± 8 kJ/mol and 125 ± 7 kJ/mol, respectively. Our calculated activation
energies for hematite nucleation and crystal growth was 80 ± 13 kJ/mol and 110 ± 21 kJ/mol,
respectively.
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FESEM and TEM characterization of samples heated to 150 °C revealed that two
akaganeite morphologies – rectangular rods and spherulites – developed simultaneously. The first
hematite crystals that we detected adopted the spherulitic morphology of the precursor
akaganeite. These observations suggest that hematite nucleated heterogeneously within the
akaganeite spherulites in our system. We propose that the transformation from akaganeite to
hematite proceeded via short-range dissolution and reprecipitation leading to pseudomorphic
replacement. The akaganeite rods persisted during the first stages of pseudomorphism, and in the
final stage of transformation, the growth of hematite spherulites proceeded at the expense of the
akaganeite rectangular rods.
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Chapter 1

INTRODUCTION
Iron oxides and oxyhydroxides are abundant in terrestrial environments, where they play
a central role in iron cycling, trace metal mobility, and redox processes (Cornell and
Schwertmann 2003; Jickells et al. 2005; Boyd and Ellwood 2010). Hematite (α-Fe2O3; Fig. 1.1) is
the most stable iron oxide phase in moderately to highly oxidizing environments, and due to its
abundance and low synthesis cost, it is exploited in numerous applications (e.g. photoelectrodes,
magnetic materials, anodes for Li batteries) (Cornell and Schwertmann 2003; Willard et al. 2004;
Tartaj et al. 2011; Wang et al. 2012; Wheeler et al. 2012; Bora et al. 2013; Hou et al. 2013; Ma et
al. 2013; Reddy et al. 2013; Cheng et al. 2014).
One of the most commonly employed manufacturing protocols for hematite involves
crystallization from precursor akaganeite (β-FeOOH, Cl; Fig. 1.2). In natural settings, akaganeite
primarily forms in Cl-rich environments, such as geothermal brines, acid mine drainage soils, and
metallic iron corrosion sites (Holm et al. 1983; Buchwald and Clarke 1989; Bland et al. 1997;
Reguer et al. 2007; Gao and Schulze 2010a and b; Bibi et al. 2011; Masa et al. 2012). In addition,
akaganeite was recently identified in Martian mudstones (Grotzinger et al. 2014; McLennan et al.
2014; Ming et al. 2014; Vaniman et al. 2014). Akaganeite is used in many technological
applications because of its large surface area, non-toxicity, and facile synthesis, such as a battery
anode, as a catalyst, for biomedical applications, as an adsorbent for soil remediation, and for
CO2 capture (Willard et al. 2004; Tabuchi et al. 2009a and b; Dutcher et al. 2011; Lammers et al.
2011; Ali 2012; Chen et al. 2013; Fütterer et al. 2013; Kou and Varma 2013; Kumar et al. 2014).
The physical and chemical properties of akaganeite and hematite have a direct impact on
their behavior in environmental settings and their use in industrial applications. For instance,
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particle

morphology,

size,

and

microstructural

features

(i.e.

defects,

porosity,

and

polycrystallinity), directly influence the chemical and physical properties of particles (Mee et al.,
2008; Echigo et al., 2012; Wang 2014). In aqueous and soil environments, for example,
nanopores and surface defects introduce reactive sites that guide particle growth, stability,
contaminant sorption, and redox capacity (Echigo et al., 2012). Additionally, hematite may retain
significant concentrations of molecular water and hydroxyl groups (OH-) within its structure
when it is derived from iron oxyhydroxides (Cornell and Schwertmann 2003). These impurities
can distort the hematite crystal structure on the nano- to microscale, thereby changing the
physical properties and chemical reactivity (Dang et al. 1998; Jang et al. 2007; Landers and
Gilkes 2007; Pailhé et al. 2008; Chernyshova et al 2010).
For this doctoral thesis research, I employed a novel methodology to interrogate Fe
chloride solutions as they precipitated akaganeite and hematite at temperatures between 100 and
200 °C – time-resolved X-ray diffraction (TRXRD). In conjunction with more conventional
characterization techniques, such as scanning and transmission electron microscopy (SEM and
TEM) and focused ion-beam (FIB) milling and analysis, I was able to monitor the sequential
crystallization pathway from incipient nanometer-scale crystals of akaganeite to micron-sized
particles of hematite. These approaches allowed me to relate crystallization kinetics to atomicscale growth mechanisms and particle morphologies in a holistic fashion. This work has allowed
me to construct a crystallization pathway for this Fe (hydr)oxide system in unprecedented detail.

Research objectives and dissertation outline
The following dissertation chapters aim to provide a detailed exploration of the reaction
mechanisms involved during the hydrothermal precipitation of akaganeite and its transformation
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to hematite through characterization of structural, kinetic, and morphological changes using
complimentary in situ and ex situ techniques. This dissertation addresses the following questions:

Chapter 2: Hematite can incorporate structural OH- with compensating Fe occupancies during its
formation in solutions or transformation from hydrous iron oxide phases, but its existence
as a unique phase has been contested. Does a defective, OH- enriched hematite structure
form during the hydrothermal precipitation of akaganeite and its transformation to
stoichiometric hematite?

Chapter 3: The structural evolutions of akaganeite and hematite provide insight into the reaction
mechanisms that drive the akaganeite to hematite hydrothermal transformation, but in situ
experiments or experiments with sufficient time resolution have not been conducted due
to difficulties inherent to in situ and time-resolved data collection in the iron oxide
system. Can techniques be developed to allow for the capture of in situ TRXRD data of
the akaganeite to hematite transformation? What are the structural changes in
akaganeite and hematite that take place during the precipitation of akaganeite and its
transformation to hematite?

Chapter 4: Nucleation and transformation kinetics guide the mechanistic pathways during
precipitation and transformation reactions in iron oxides, but rates and activation energies
for the hydrothermal precipitation of akaganeite and its transformation to hematite are not
available. What are the activation energies of the nucleation and growth of akaganeite
and transformation to hematite under hydrothermal conditions? What do the kinetic data
indicate about the precipitation and transformation reaction mechanisms?
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Chapter 5: The internal microstructures of nano- and microparticles reflect growth mechanisms,
but TEM analysis of these features is hindered when the particles are thicker than ~40 nm
for electron transparency. Moreover, current techniques to prepare electron transparent
foils of nano- and microparticulate iron oxides require a large number of particles, and
the techniques frequently cause damage that interferes with the interpretation. Can
techniques be developed to allow for the preparation of orientational and site-specific
electron transparent foils from limited quantities of akaganeite and hematite particles?

Chapter 6: The changes in particle morphology and microstructure development can provide
additional insights into the hydrothermal precipitation of akaganeite and transformation
to hematite reaction that may not be identified in in situ TRXRD data. What particle
morphologies form during the precipitation of akaganeite and its transformation to
hematite and what are their microstructures? What further mechanistic insights do the
morphologies and microstructures provide?
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Figures
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a
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Figure 1.1: Crystal structure of hematite in the hexagonal setting (R-3c).
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c
b
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Figure 1.2: Crystal structure of akaganeite, β-FeOOH. Cl- is represented by green atoms, and H+
is represented by pink atoms.
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Chapter 2

A REFINED MONOCLINIC STRUCTURE FOR A VARIETY OF
“HYDROHEMATITE”

Abstract
In ferruginous soils, nano- to micro-scale hematite (α-Fe2O3) plays a central role in redox
processes and contaminant cycling. Hematite is known to incorporate structural OH- and water,
and the requisite charge balance is achieved by iron vacancies. Prior researchers have suggested
that the defective hematite structures form unique phases called “protohematite” and
“hydrohematite”. Infrared and Raman spectroscopic studies have assigned a lower-symmetry
space group to “hydrohematite” (R3c) relative to that of stoichiometric hematite (R-3c). However,
the existence and structure of these phases have been contentious, largely due to the lack of in situ
X-ray diffraction data.
Here we present a new structure refinement for “hydrohematite” precipitated
hydrothermally at 200 °C in a monoclinic space group (I2/a) using time-resolved synchrotron Xray diffraction (TR-XRD) data collected during the in situ hydrothermal precipitation of
akaganeite and its transformation to stoichiometric hematite. Distinct peak splitting was observed
in the “hydrohematite” diffraction patterns, indicating a violation of the 3-fold rotational
symmetry. A monoclinic unit cell with parameters of a = 7.3951(10) Å, b = 5.0117(5) Å, c =
5.4417(7) Å, β = 95.666(5)° provided a good fit and significant reduction in χ2 and Rwp relative to
S.G. R-3c. Rietveld analyses revealed that water concentrations in the first-formed crystals of
“hydrohematite” were comparable to water contents of akaganeite and goethite. Thus, the
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hydrothermal transformation of akaganeite to “hydrohematite” is promoted not by dehydration
but by reconstruction of the oxygen framework.

Introduction
Hematite (α-Fe2O3) is one of the most abundant iron oxide minerals on the Earth’s
surface. It is central to terrestrial redox processes and biogeochemical cycling, and it also is
likely a significant constituent of the Martian regolith (Cornell and Schwertmann 2003;
Christensen 2004; Boyd and Ellwood 2010; Potter et al. 2011; Shanker et al. 2011). Moreover, its
relative ubiquity, low toxicity and stability over a wide variety of environments make hematite an
important industrial material, and it is used in a range of applications such as catalysts, pigments,
and semiconductors (Yanina and Rosso 2008; Liu et al. 2010; Gialanella et al. 2011; Cheng et al.
2012). Hematite often forms through the thermal or hydrothermal transformation of iron
oxyhydroxides, such as ferrihydrite, goethite, and akaganeite. When derived from oxyhydroxides,
hematite may retain significant concentrations of molecular water and hydroxyl groups (OH-)
within its structure (Cornell and Schwertmann 2003). These impurities can distort the hematite
crystal structure on the nano- to microscale, thereby changing the physical properties and
chemical reactivity (Dang et al. 1998; Jang et al. 2007; Landers and Gilkes 2007; Pailhé et al.
2008; Chernyshova et al 2010).

Early history -- turgite and hydrohematite
Several mineralogists of the mid-nineteenth century observed that hematite-like minerals
are capable of sequestering high concentrations of water. In an 1844 paper, Hermann described a
hydrous iron oxide mineral with 5.85 wt% H2O from the copper mines near Bosgolovsk, in the
Ural Mountains on the river Turga.

As this quantity of water was half that found in
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“stilpnosiderite” (Fe2O3 . H2O, or what today we would call goethite), Hermann argued for a new
mineral species name, “turgite”, with the formula Fe2O3 . ½H2O. Three years later, Breithaupt
(1847) independently proposed the name “hydrohematite” for hematite-like specimens from
Bavaria and Prussia having ~5 wt% H2O. Hermann and Breithaupt observed that this new
species is identical to anhydrous hematite in its physical characteristics, particularly in its brickred streak, except that “turgite” and “hydrohematite” violently decrepitate when heated. Over the
next 70 years, geologists employed both “turgite” (or, rarely, “turite”) and “hydrohematite” as
valid mineral names to describe hydrated sesquioxides of Fe from localities around the world
(e.g., Brush and Rodman 1867; Dana and Brush 1868; Killebrew 1879; Spencer 1919).
Posnjak and Merwin (1919) systematically investigated hydrous Fe oxides by a
combination of wet chemical analysis and thermal dehydration, and they were the first to suggest
that turgite and hydrohematite do not represent distinct mineral endmembers. Instead, they
propose that these varieties are part of a solid solution between hematite and goethite. Following
their study, the mineralogy community questioned the legitimacy of these terms as distinct
mineral names. For example, in the 7th edition of Dana’s System of Mineralogy, Palache et al.
(1944) cite X-ray diffraction data to support their contention that “turgite” is synonymous with
hematite and should be discredited. Nickel and Nichols (1991) list “turgite” as a nonspecies
name synonymous with hematite, and today neither “turgite” nor “hydrohematite” is approved by
the International Mineralogical Association.

Instead, these terms are used informally by

collectors as varietal names, especially for iridescent specimens.

Recent history -- protohematite and hydrohematite
Over the half-century following Posnjak and Merwin’s study, chemists, materials
scientists, and even the occasional geologist continued to describe hydrous varieties of hematite
as “turgite” or “hydrohematite” (Kurnakow and Rode 1928; Hüttig and Strotzer 1936; Steinwehr
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1969). A more serious revival of interest in the crystallographic distinctions among hydrous Fe
oxides developed in the 1980s.

Numerous scientists have inferred that water and OH-

substitutions must modify the hematite crystal structure, and they have offered suggestions for the
kinds of distortions that result (Wolska 1981; Gualtieri and Venturelli 1999). Some researchers
have argued that water and OH- group substitution can generate two distinct iron-deficient
hematite structures, commonly referred to as “protohematite” and “hydrohematite”, with the
general formula Fe2-x/3(OH)xO3-x (Wolska and Schwertmann 1989; Dang et al. 1998). The OHcontent, x, distinguishes these compounds: For 1 ≤ x < 0.5, the phase is classified as
“protohematite”, whereas “hydrohematite” has a lesser degree of OH- substitution, with 0.5 ≤ x <
0. When x = 0, the phase is stoichiometric hematite, often abbreviated as SH in the materials
sciences literature. Although “protohematite” and “hydrohematite” are not recognized by the
IMA, for simplicity we will use these terms without quotations hereafter in this paper.
When hematite is precipitated from aqueous solutions under certain conditions, the
reaction is thought to involve a three-stage transition sequence from protohematite to
hydrohematite to stoichiometric hematite (Dang et al. 1998). Protohematite forms initially, and it
exhibits the largest unit-cell volume due to structurally incorporated water. The subsequent
transition to hydrohematite involves molecular water loss and a contraction of all unit-cell
parameters. As structural OH- is removed from hydrohematite and iron vacancies are filled, the
a-axis expands as c continues to contract, and hydrohematite transforms to stoichiometric
hematite.
During the thermal dehydration of goethite, Wolska and Schwertmann (1989) inferred
that protohematite initially forms at ~250 °C based on a non-uniform broadening of X-ray
diffraction (XRD) peaks that were deemed cation dependent; these researchers attributed this
broadening to the appearance of disordered iron vacancies with a concomitant substitution of OH. In that experiment, peak broadening ceased above 400 to 600 °C, suggesting that the iron
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vacancies had ordered and the structure had transitioned to hydrohematite. Stoichiometric
hematite was reached at temperatures of 800 – 1050 °C.
In a separate study, Landers and Gilkes (2007) observed by transmission electron
microscopy the development of micropores in synthetic hematite, and they attributed the
microporosity to the loss of water from precursor protohematite and hydrohematite. Moreover,
several research groups have observed a difference in the infrared (IR) and Raman spectra of
stoichiometric hematite and antecedent phases (Wolska and Szajda 1985; Kustova et al. 1992;
Sadykov et al. 1996; Burgina et al. 2000a; Burgina et al. 2000b). According to Burgina et al.
(2000b), protohematite is identified by shifts in certain IR spectral peaks (308, 445, and 530 cm-1)
relative to stoichiometric hematite (333, 468, and 543 cm-1). Kustova et al. (1992) and others
assign additional lines in the IR spectra (3200-3500 and 900-1050 cm-1) to structural OH- groups
in protohematite (Burgina et al. 2000b; Chernyshova 2007). An additional band at ~630 cm-1,
they assert, is due either to quasi-tetrahedral defects in the protohematite structure or to OHsubstitution (Yariv and Mendelovici 1979; Burgina et al. 2000b). Wolska and Szajda (1985) state
that the ~3400, 900-950, and 630 cm-1 bands are characteristic of hydrohematite.

Doubts concerning protohematite and hydrohematite
Some researchers have questioned the attribution of protohematite and hydrohematite as
phases distinct from hematite. Derie et al. (1976) and Goss (1987) contend that non-uniform
XRD peak broadening, additional IR peaks, and micropore formation are not indicative of
intermediate phases. Instead, they argue from TEM analysis that a nonstoichiometric microporous
hematite “skin” forms on the surface of goethite grains during dehydration, and this skin moves
inwards during the transformation. Löffler and Mader (2006) attribute the non-uniform XRD
peak broadening to nanoscale twinning in hematite, and they note that such broadening is absent
in coarsely twinned hematite. Similarly, other scientists have ascribed non-uniform peak
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broadening to unusual behaviors with respect to particle morphology, size, microporosity, strain,
and stacking faults (Watari et al. 1979a,b; Watari et al. 1983; Jiang et al. 2000; Fan et al. 2006).

Previously suggested structures for protohematite and hydrohematite
Burgina et al. (2000b) counter that morphological and defect features might possibly
explain the anomalies in XRD data but not those in the IR spectra. These authors thus support the
existence of hydrous hematite-like phases, and they additionally argue that the crystal structures
of the precursor phases must be symmetrically different from that of hematite. Hematite is
hexagonal with space group R-3c (Fig. 2.1). The structure contains a framework of hexagonally
closest packed O2- anions, and Fe3+ cations occupy two-thirds of the octahedral interstices (Blake
et al. 1966). While some proponents of the existence of protohematite and hydrohematite have
assumed they share the same space group symmetry as that of stoichiometric hematite, Burgina et
al. (2000b) and others have hypothesized a lower symmetry due to distortions associated with the
incorporation of structural water and/or OH- substitution in the oxygen framework (Wolska and
Schwertmann 1989; Kustova et al. 1992; Sadykov et al. 1996; Gualtieri and Venturelli 1999).
Burgina et al. (2000b) and Kustova et al. (1992) suggest that these distortions impose the loss of
an inversion center, as the extra absorption bands in IR and Raman spectra are consistent with
space group R3c. This lower symmetry would not be readily detectable using powder X-ray
diffraction because R3c (C3v6) and R-3c (D3d6) exhibit the same extinction rules. However, R3c
does have different selection rules than those of R-3c that can be detected with IR and Raman
spectroscopies.

Crystallization of protohematite and hydrohematite
The formation of protohematite and hydrohematite is considered to be sensitive to
particle size and experimental conditions (e.g., initial mineral phase, pH, solution concentrations,
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post-experimental treatment, etc.), and this variability may partly contribute to the ongoing
controversy over their existence (Kandori et al. 1994; Burgina et al. 2000b; Pailhé et al. 2008).
For example, Pailhé et al. (2008) assert that phase stability varies with the activity of water, so
that crystallization differs when synthesis is performed hydrothermally rather than by dry heating
(Navrotsky et al. 2008). Likewise, sample preparation methods requiring compaction and
grinding of hydroxide phases such as goethite and ferrihydrite can also cause structural and
chemical changes due to partial loss of water during the transformation to hematite (Sadykov et
al. 1996).
As noted above, the choice of analytical technique also may contribute to the controversy
over the existence of these phases. Blesa and Matijević (1989) suggest that the hydrous phases are
susceptible to electron beam damage when viewed by TEM, and they argue that ex situ
observations may fail to capture the hydrothermal crystallization sequence accurately. Ideally, the
identification of protohematite and hydrohematite should be documented in situ and in real time
using a technique that allows for time-resolved structure refinement (Blesa and Matijević 1989;
Kryukova et al. 1991; Chernyshova et al. 2007).
Here we have conducted in situ hydrothermal TR-XRD experiments involving the
precipitation of akaganeite and its transformation to hematite, using angle-dispersive synchrotron
powder X-ray diffraction coupled with Rietveld analysis. The high signal-to-noise and time
resolution afforded by synchrotron XRD allowed us to capture phase transformations that are less
evident when using alternative approaches. Using this technique, we argue for the existence of a
lower-symmetry precursor during the crystallization of hematite in 200 °C solutions, and, for the
first time, we offer a refined structure for this monoclinic phase.
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Experimental Methods

Sample preparation
All hydrothermal crystallization experiments were performed with solutions containing
0.45 M FeCl3 and 0.01 M HCl, prepared by dilution with deionized water of a 3 M FeCl3 stock
solution made with FeCl3 ⋅ 6H2O (ACS reagent, JT Baker) and 1 M HCl (ACS reagent, Fisher
Scientific) (Matijević and Scheiner 1978). Final solutions were passed through 0.05 µm Millipore
filters and stored in sealed Nalgene bottles. For each hydrothermal precipitation experiment, ~7
µL of the 0.45 M FeCl3 solution were loaded into 1.0 mm-outer diameter quartz glass capillaries
(Charles Supper Company) and sealed with high temperature epoxy (302-3M, Epotek). Solution
volumes, capillary lengths, and amount of headspace were kept as similar as possible to ensure
temperature uniformity during heating and to minimize variations among samples.

Synchrotron X-ray diffraction
X-ray diffraction data of in situ time-resolved experiments were conducted at the
GeoSoilEnviroCARS (GSECARS) 13-BM-C beamline at the Advanced Photon Source (APS),
Argonne National Laboratory (ANL). The x-ray wavelength was 0.8265(8) Å, and the detector
distance was 95.165 mm. Because of low precipitate yield during in situ experiments, capillaries
were tilted at a 60° angle to allow for precipitate sedimentation to the bottom of the capillary.
The beam was aimed near the capillary base, enabling the capture of the initial precipitation of
akaganeite from solution and the phase transformation to hematite. Video images of the capillary
solutions revealed vigorous convection of the solutions throughout the heating experiments.
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A forced-gas heater was fabricated at APS by winding Ni coils around an inner ceramic
tube and applied a DC voltage using a Sorensen 33 V x 33 A (Model XHR 33-33) power supply
to achieve resistive heating. This assembly was encased in an outer ceramic sleeve, and He gas
was forced through the interior of the heated cylinder. The heater was oriented normal to the
capillary, and a type K chromel-alumel thermocouple was situated adjacent to the capillary and
monitored with a Keithly 2700 Multimeter. The actual temperature was calibrated by monitoring
two phase transformations of RbNO3 (Alfa Aesar, 99.8%, metals basis) loaded in a 1.0 mm quartz
glass capillary and heated from 25.7 to 250 °C. Based on this standardization, we estimate that
the thermocouple measured temperature was within ±1.5 °C of the actual temperature.
For our experiments, capillary solutions were heated to final temperatures of 150, 175,
and 200 °C. Experimental temperatures were reached within 2 minutes and were maintained
within ±0.25 °C using the EPICS control software. TR-XRD patterns were collected every 25 to
40 seconds using a MAR165 CCD camera for run times ranging from 10 to 160 minutes. Each
sample was rotated about phi (parallel to the axis of the capillary) by 1° per second during
exposure. Full-circle images were integrated into intensity versus 2θ plots using the program
Fit2D with a polarization factor of 0.99 (Hammersley 1996). We completed one, two, and four
runs at 150, 175, and ~200 °C, respectively. The results from the experiments at 150 and 175 °C
will be discussed in a separate paper.

Structure refinement
Rietveld structure refinements were performed using the EXPGUI interface of the
General Structures Analysis System (GSAS) program (Toby 2001; Larson and Von Dreele 2004).
The initial R-3c hematite structure parameters were taken from Blake et al. (1966). Background,
scale, peak profile, and unit-cell parameters were initially allowed to vary. Backgrounds were
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best fitted using a Chebyshev polynomial with 10 to 12 profile terms. Peak profiles were
modeled using a pseudo-Voigt function described by Thompson et al. (1987) and corrected for
asymmetry as described by Finger et al. (1994). After these parameters had converged, atomic
positions and occupancies were refined. Soft constraints in the range of 1.90 to 2.17 Å were
imposed on Fe-O bond lengths for monoclinic hydrohematite when both akaganeite and
monoclinic hydrohematite phases were present. The bond restraint weighting factor was gradually
reduced during the refinements. Lastly, all parameters were allowed to refine simultaneously and
the weighting factor was set at one. Refining isotropic temperature factors generated negative
values, and therefore, in all TR-XRD refinements we fixed temperature factors to those
determined from the hematite powder Rietveld refinement. The hematite powder was prepared
from the same ferric chloride solution described above sealed in a Teflon lined bomb and heated
to 150 °C in a convection oven. The 2θ range for all refinements was 15.4° to ~36° (d-space
range: 1.3 - 3.1 Å); low angle data were removed because of the large background scattering from
the capillary glass and water. After a heating run was completed and the temperature had
decreased to 38 °C, a final set of XRD data were collected.

Results
Akaganeite was the first phase to precipitate at all three temperatures, and in all
experiments hematite was the final reaction product. Likewise, in all runs akaganeite began to
precipitate before the target temperatures were reached, generally forming when the temperature
surpassed ~120 °C.
A striking difference among the reactions at the three target temperatures was the
reproducible appearance of split diffraction peaks when hematite crystallized in the four runs at
200 °C. These split peaks were apparent after the complete disappearance of all akaganeite
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peaks, but peak splitting was not observed for reactions at 150 and 175 °C (Fig. 2.2). The relative
intensities of the component parts of the doublet hematite peaks varied slightly among the
experiments at 200 °C. In one of the four runs, lower intensity “shoulders” appeared on the low
2θ side of the peaks (Fig. 2.2), whereas two other runs captured the emergence of shoulders on
the high 2θ side (Fig. 2.3). A fourth experiment at 200 °C revealed a transition in peak shape (Fig.
2.4). During this run, the first hints of hematite-like peaks emerged within the first 3 minutes of
the experiment. After a total of 4 minutes passed, shoulders were visible on the low 2θ side as
hematite crystallized, and between 6 and 6.5 minutes, the relative intensities changed and the
shoulders transitioned to the high 2θ side. Between 7 and 7.5 minutes, the peaks began to merge
and formed a single symmetrical peak at 8 minutes.
We attribute the variations in the behavior of the peak splitting at 200 °C to subtle
differences in the heating parameters among the four runs. Despite our best efforts to maintain a
uniform heating rate and target temperature, in two of our experimental runs – those that
produced the shoulders on the high 2θ side – we overshot the target temperature by as much as 25
°C before it settled back to the target temperature. In contrast, in the experiments for which the
target temperature was approached without significant overshooting, the doublet peaks initially
appeared on the low 2θ side. We succeeded in quenching the phase with the doublet peaks by
cooling in solution to 38 °C. At low temperature, the splitting was more sharply defined than at
200 °C.

Discussion
The conventional space group of R-3c for stoichiometric hematite is not compatible with
the peak splitting that we observed when our solutions were heated to 200 °C. We can propose
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two possible explanations for the peak splitting: 1) sample displacement errors, or 2) the
formation of a lower symmetry hematite-like phase. We will address these possibilities in turn.

Peak splitting from sample displacement errors
Recent studies have demonstrated the sensitivity of time-resolved synchrotron XRD to
certain experimental artifacts, such as peak splitting from sample displacement errors (Scarlett et
al. 2010; Scarlett et al. 2011). Scarlett et al. (2011) analyzed sample displacement using capillary
holders with powders deposited only as coatings on the interior walls. Because the crystals were
offset from the centers of the rotating cylindrical capillaries, they yielded two characteristic
displacement errors (±u). Since synchrotron radiation is so highly monochromated, the distance
between opposite walls of a powder-coated capillary is sufficient to generate a splitting of all
diffraction peaks. The degree of peak splitting increases with the inner-diameter of the capillary,
and Scarlett et al. calculated sample displacement values based on the Δ2θ between split peaks;
their calculated values matched the capillary diameters within error.
Because the geometry of our TR-XRD experiments so closely mirrored that used by
Scarlett et al., we calculated sample displacements using Δ2θ for split reflections in our
experiments at 200 °C and compared these values to the capillary inner diameter used in our
experiments (1.0 mm) (Scarlett et al. 2011). As described in Scarlett et al. (2011) and Klug et al.
(1974), a sample displacement u parallel to the incident beam in a Debye-Scherrer geometry can
be expressed as follows (Fig. 2.5):

sin α =

€

u
sin(2θ )
R

(Eqn. 2.1)
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where R is the detector radius, and α is the angular distance a diffracted peak is shifted from the
expected peak position (O’). If crystallites precipitated as a coating on the capillary walls at
points S1 and S2 in Figure 2.5, the sample would be displaced from the capillary center (O) by ±u.
A diffracted peak at 2θ = O’ will exhibit peak position shifts by ±α to a lower (S’1) and a higher
(S’2) angle due to equal and opposite sample displacements of 1/2 the capillary diameter:

S’1 = 2θ – α,
S’2 = 2θ + α.

(Eqn. 2.2)

When we applied these relationships to our system, we calculated capillary diameters
(2u) that ranged from 0.5 to 0.6 mm, lower than the measured values of 0.8 to 1.2 mm and the
median value of 1.08 mm. We judge the disparity between the calculated and observed
displacements as sufficiently large that we can discount the role of sample displacement in
generating split peaks in our experiments.
Even more convincingly, our video footage of the in situ TR-XRD experiments strongly
suggests that sample displacement did not account for the observed peak splitting. Our live image
captures of the heated capillary solutions revealed that crystallization occurred primarily within
the fluid and not only on capillary walls; indeed, the particles were convecting heavily at the time
that peak splitting was observed. Visual inspections of capillaries after the completion of
experiments likewise demonstrated that particles were not restricted to a coating on capillary
walls. Finally, the absence of peak splitting in the experiments at 150 and 175 °C seems
inconsistent with its attribution to an experimental artifact at 200 °C.
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Peak splitting from a monoclinic hematite-like phase
Next, we consider the possibility that the observed peak splitting arose from a precursor
phase with a lower symmetry than R-3c hematite. As discussed above, no such phase is
recognized by the International Mineralogical Association, but previous researchers have
proposed hematite-like structures lacking a center of inversion, resulting in space group R3c
(Kustova et al. 1992; Burgina et al. 2000a; Burgina et al. 2000b). However, this symmetry loss
would not lead to split peaks.
In contrast, a violation of the 3-fold rotoinversion axis would diminish the symmetry
from trigonal to monoclinic, and it would generate split diffraction peaks. We refined a range of
low-symmetry hematite derivatives within the various subgroups of space group R-3c. Among
these refinements, the highest symmetry subgroup, I2/a, was statistically no worse than the other
subgroups of R-3c, including the triclinic P1. Thus, we developed an I2/a cell for the 200 °C
refinements (Fig. 2.6). The unit-cell parameters were generated through the transformation of
space group R-3c into I2/a using the relationship:

amono =

2/3ahex + 4/3bhex + 1/3chex

= 7.39 Å

bmono =

ahex

= 5.038 Å

cmono =

1/3ahex + 2/3bhex – 1/3chex

= 5.44 Å

βmono
Volmono =

= 95.5°
2/3Volhex

(Eqn. 2.3)

Atomic positions from stoichiometric hematite were mapped into the monoclinic cell
using the following transformation matrix:
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(Eqn. 2.4)

Our Rietveld refinements of the monoclinic structure represented a significant
improvement over the refinements using a trigonal space group. Representative I2/a and R-3c
Rietveld refinement results are presented in Figures 2.7 and 2.8. Space group I2/a provided a
better fit and lower χ2 (0.639mono vs. 2.721hex), Rwp (0.0099mono vs. 0.0205hex), and R(F2) (0.0115mono
vs. 0.0175hex) values relative to R-3c. Moreover, the final monoclinic structure seems reasonable
with respect to interatomic bond distances and angles, and all reflections produced by a structure
with this space group symmetry were consistent with the data. Final refinement parameters,
atomic coordinates, and selected bond lengths are compiled in Tables 2.1, 2.2, and 2.3.
We searched the literature for X2O3 analogs and found a V2O3 phase that undergoes a
transition to a monoclinic (I2/a) structure as a function of temperature (Dernier and Marezio
1970; McWhan and Remeika 1970). R-3c V2O3 experiences a monoclinic distortion below 160 K,
at which point it becomes isostructural with our monoclinic hematite-like phase. During the V2O3
R-3c to I2/a transition, vanadium-vanadium pairs rotate by 1.8° in the amono - cmono plane (Dernier
and Marezio 1970). A similar distortion takes place during the formation of hydrohematite, where
the equivalent iron-iron pairs rotate by ~1.6°.
We note that Bora et al. (2012) have observed and described peak splitting in XRD
analyses of hematite nanoparticles that were heat treated from 250 to 900 °C in air. Specifically,
these authors report that diffraction peaks remained constant in shape and position up to 650 °C,
but from 700 to 900 °C the broad peaks resolved into distinctly split peaks (see Figure 2B in that
paper). They speculate that the splitting might be due to a distortion of the hexagonal structure
(as we do here) or to compressive stress on the nanocrystalline surface in response to increased
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oxygen content with higher temperature.

Because these authors used conventional CuKa

radiation, however, it is not clear whether the splitting that they report represents the same
phenomenon that we observed, or whether the effect is due to a sharpening of the initially broad
peaks during higher temperature annealing, thereby allowing the Ka1 and Ka2 components to
become distinct. The use of monochromatic synchrotron radiation in the present study rules out
that possibility as a cause of the splitting that we report.

In situ formation of hydrohematite
We interpret the monoclinic hematite-like phase in our experiments as a variety of
“hydrohematite”, in the sense that Wolska and Schwertmann (1989) and Dang et al. (1998) define
the term. We base this assertion on three factors: 1) the similarity of our refined monoclinic
phase to structures that other researchers have posited for hydrohematite; 2) the increase in our
refined octahedral Fe occupancies in hydrohematite during its conversion to stoichiometric
hematite; 3) the behavior of the lattice parameters of hydrohematite as the reaction progressed.
We note that our XRD experiments did not reveal evidence of symmetrically distinct
“protohematite” and “hydrohematite” phases, and so we simply call the intermediate phase
hydrohematite.

Similarity to prior models of hydrohematite
The structure of stoichiometric hematite contains sets of two face-sharing, trigonally
distorted octahedra forming chains along the c axis that are separated by vacancies, resulting in
one unshared face per octahedron (Figs. 2.1 and 2.9) (Blake et al. 1966). Each octahedron shares
3 edges and 6 corners with neighboring octahedra. Each octahedron consists of three longer Fe-O
face-sharing bond lengths (2.116 Å) and three shorter unshared Fe-O bond lengths (1.945 Å)

26
(Blake et al. 1966). Iron atoms are displaced from octahedral centers and shift towards vacancies
due to electrostatic repulsion between face-sharing octahedra. Fe-Fe distances (2.900 Å) between
face sharing octahedra along c are longer than edge sharing octahedral Fe-Fe distances (2.971 Å)
within the octahedral layers.
According to Burgina et al. (2000b), hexagonal protohematite/hydrohematite Fe-O bond
lengths deviate from the ideal stoichiometric hematite because OH- is “substituting” for oxygen.
As a result, face-sharing Fe-O bond lengths increase (2.18 Å), while edge-sharing Fe-O bond
lengths contract (1.90 Å). The Fe-Fe face-sharing and neighboring distances remain essentially
unaltered. Because OH- substitution affects the O framework, the shifts in oxygen positions
eliminate the center of inversion of R-3c (Sadykov et al. 1996; Burgina et al. 2000a; Burgina et al
2000b).
Our refined structure for monoclinic hydrohematite revealed distortions that are
compatible with H incorporation. The refined Fe-O bond lengths varied between 1.855(15) and
2.19(15) Å, which are similar to previously reported hydrohematite Fe-O bond lengths. Face
sharing Fe-Fe distances remained approximately the same as those for stoichiometric hematite
and hydrohematite (2.8830(21) Å), but neighboring Fe-Fe distances ranged from 2.906(7) to
3.028(10) Å. All bond length and distance averages were approximately the same as the values
reported by Blake et al. (1966). However, the Fe-O bond length and Fe-Fe distance variations due
to OH- substitution produce a significant structural distortion to the octahedra. The distortion
manifests as a ~1.6° tilt of Fe-Fe pairs in the amono - cmono plane, effectively removing the 3-fold
rotoinversion axis. This canting of the Fe-Fe pairs occurs in the opposite sense as occurs in V2O3.
In V2O3, the V-V tilt displaces the V cations towards the vacancies, whereas in hydrohematite the
Fe-Fe tilt moves the Fe cations away from the vacant sites, consistent with a model in which H
cations are bonded to O anions that neighbor vacancies.
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Decrease in octahedral Fe occupancy
Our refinement of the first monoclinic hydrohematite phases to crystallize in our
experiments revealed non-unitary Fe occupancies, as low as 0.72(6) in one of our runs. The
oxygen site occupancies refined as unity. Moreover, we observed an increase in the refined Fe
occupancy to a final value of 0.980(6) within 2.5 minutes after the first appearance of hematite
(Fig. 2.10). In contrast, our refinements of the stoichiometric hematite final products consistently
yielded octahedral sites that were fully occupied by Fe.
Wolska and Schwertmann (1989) and others predict that hydrohematite contains Fe
vacancies in order to maintain charge balance from the OH- substitution for O2- (Wolska and
Schwertmann 1989; Dang et al. 1998; Gualtieri and Venturelli 1999; Burgina et al. 2000a;
Burgina et al. 2000b; Chernyshova et al. 2007). Assuming that OH- substitution is accommodated
solely by Fe vacancies, Wolska (1981) notes that the weight percent water within hydrohematite
can be calculated from the absent iron using the relation:

x=

(9.07y)
(51.15 + y)

(Eqn. 2.5)

where y is the weight % of water within the structure and x represents the substitutional OH- in
the formula Fe2-x/3(OH)xO3-x. Our refined Fe occupancy of 0.73 for the incipient hydrohematite in
our experiments yields a water content of 11.63 wt%, which is similar to the water concentration
observed in familiar FeOOH phases, such as goethite (10.14 wt% H2O) and akaganeite (11.48
wt% H2O) (Post and Buchwald 1991; Cornell and Schwertmann 2003; Post et al. 2003). Thus, the
transition from akaganeite to the first hydrohematite crystals that formed in our experiments
apparently involved no water loss, suggesting that the hydrothermal transformation of akaganeite
to hydrohematite is promoted not by dehydration but by a thermodynamically driven framework
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reconstruction. Moreover, this analysis reveals that defect hematite phases are capable of storing
large quantities of water.

Variations in lattice parameters
As suggested by Dang et al. (1998), the reaction from protohematite to hydrohematite to
stoichiometric hematite is best captured through characteristic trends in unit-cell parameters. The
protohematite to hydrohematite transition occurs through isotropic contraction, whereas the
transformation from hydrohematite to stoichiometric hematite involves the selective expansion of
the a-axis.
Our experiments showed similar trends, explaining the surprising shift of peak shoulders
from the low to the high 2θ side of the “primary” peaks as crystallization progressed (Figs. 2.4
and 2.11). The appearance of shoulders on the low 2θ sides of peaks is attributable to the cocontraction of the pseudo-hexagonal a- and c-axes (“protohematite” stage). As the c-axis
continued to contract and as the a-axis expanded, shoulders moved to the high-angle sides of the
peaks (”hydrohematite” stage). In the final step, c expanded and a contracted, and the peaks
became symmetric (yielding stoichiometric R-3c hematite).

Conditions of hydrohematite formation
The absence of peak splitting in our lower-temperature experiments seems counterintuitive, since our Rietveld analyses of the incipient hematite crystals that formed during the
experiments at 150 and 175 °C also indicated Fe vacancies on the order of 25%. We suggest that
reaction kinetics likely play an important role in the formation of the monoclinic variety of
hydrohematite. Hummer et al. (2013) have argued that the hydration of mineral surfaces is more
effective at low than at high temperatures. Since hydration can decrease distortions of surface
structure, high temperatures actually may better promote departures from structural ideality at
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nanoparticle surfaces.

Moreover, we infer that the distortion of the O framework in

hydrohematite also is tied to the rapidity of crystallization at higher temperatures.

The

controlling role of kinetics over thermodynamics occurs in other hydrothermal systems at high
rather than low temperatures. For instance, Brand et al. (2012) report that a mixture of
rhombohedral and monoclinic potassium jarosites form under hydrothermal conditions at 120 °C,
but only the stable rhombohedral phase crystallizes at 80 °C.
Finally, like Chernyshova et al. (2007), we emphasize that aqueous environments
obviously are important in stabilizing intermediate hydrous hematite phases. Indeed, in a previous
study, our group monitored the formation of hematite during the dry-heating of akaganeite from
26 to 800 °C (Post et al. 2003). Akaganeite started to transform to hematite at ~300 °C, and our
re-examination of those X-ray diffraction patterns at the transition revealed no evidence for split
hematite peaks.

Implications
Our in situ hydrothermal XRD experiments at 200 °C enabled us to capture the formation
of hydrous precursors to hematite, supporting claims for the existence of “hydrohematite” phases
that go back more than 150 years. The formation of monoclinic hydrohematite and its
incorporation of OH- have important geological and industrial implications. For example,
hematite experiences a magnetic transition at ~260 K, known as the Morin transition temperature,
TM. The TM and the temperature range over which the transition takes place (ΔTM) are highly
dependent on factors such as particle size, crystallinity, and OH- substitution. Since the Morin
temperature varies from sample to sample, its value can provide insight into the conditions under
which natural hematite forms (Dang et al. 1998; Zboril et al. 2002; Bengoa et al. 2010; Fleischer
et al. 2010; Liu et al. 2010).
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Similarly, the chemical properties of hematite depend strongly on its hydration state.
Burgina et al. (2000b) report that the catalytic activity of protohematite is 10 times greater than
that for stoichiometric hematite. Jang et al. (2007) have demonstrated that the dissolution rate of
hematite increases with greater structural disorder. The degree of distortion of Fe octahedra, and
thus the change in symmetry due to the incorporation of OH-, will also impact the physical
properties of hematite. For example, Pailhé et al. (2008) observed that the color of hematite
particles can be tuned by controlling the degree of distortion of Fe octahedra. By extension,
particle characteristics of hematite used in prehistoric paints might help us determine whether the
hematite was formed naturally or purposely produced as a red pigment (Salomon et al. 2012).
Finally, hematite is considered a significant component of the Martian regolith, and the
presence of hydrohematite may yield information about the depositional history of Martian soils.
For example, Golden et al. (2008) speculate that deposits of hematite spherules on Mars formed
via a hydrohematite intermediate by aging under hydrothermal conditions. As our XRD results
reveal that hydrohematite can store surprisingly large concentrations of water within its
structures, this phase may serve as an unappreciated reservoir of water on Mars.
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Figure 2.1: Crystal structure of hematite in the hexagonal setting (R-3c).
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Figure 2.2: Peak splitting in a hematite X-ray diffraction pattern from experiment 1. Shoulders
are on the low 2θ side (A). Standard R-3c hematite diffraction patterns do not display peak
splitting (B).
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Figure 2.3: Peak splitting in a hematite X-ray diffraction pattern from experiment 3. Experiment
3 shoulders are on the high 2θ side, while experiment 1 shoulders are on the low 2θ side.
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Figure 2.4: Time series of diffraction patterns of experiment 2 at 200 °C from 4.5 to 8 minutes.
Initially, shoulders are at low 2θ angles. However, this shifts to high 2θ angles after 6 minutes.
Shoulders gradually disappear at 7.5 minutes and peaks become symmetric at 8 minutes.
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Figure 2.6: Crystal structure of hematite in the monoclinic setting (I2/a).
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Figure 2.7: Observed (crosses), calculated (red line) and differences (pink line) diffraction
patterns for Rietveld refinement of experiment 1 at 38 °C using space group I2/a.
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Figure 2.8: Observed (crosses), calculated (red line), and difference (pink line) diffraction
patterns for a Rietveld refinement of experiment 1 at 38 °C using space group R-3c.
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Figure 2.9: Crystal structure of monoclinic hydrohematite with atomic positions (Table 2.3). A)
Projection in which the hexagonal hematite c-axis would be vertical shows the displacement of Fe
cations (yellow) relative to their positions in hexagonal hematite (blue); B) Projection along the
hexagonal hematite c-axis reveals the polyhedral distortions that violate 3-fold symmetry.
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Figure 2.10: Refined Fe occupancy versus time at 200 °C. The Fe occupancy rapidly increases
from 0.73 and but stabilizes at 0.98 after approximately 2.5 minutes.
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Figure 2.11: Time resolved X-ray data at 200 °C (blue circles). Data are shown using pseudohexagonal c and a unit-cell parameters for comparison to experimental data from Dang et al. 1998
(grey triangles). During our experiment, a and c initially contract. The a parameter begins to
expand after 6 minutes. Finally, there is a second contraction in a around 7.5 minutes.
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Tables

Table 2.1: Final unit cell parameters and refinement results for space groups I2/a and R-3c at 38
°C.

Space group

I2/a

R-3c
Unit cell

a (Å)

7.3951(10)

5.0297(5)

b (Å)

5.0117(5)

5.0297(5)

c (Å)

5.4417(7)

13.7502(18)

(°)

90

90

(°)

95.666(5)

90

(°)

90

120

200.70(6)

301.24(8)

V (Å3)

Refinement
No. of data points

1031

1031

No. of reflections

54

19

Diffraction range (d Å) 15.4 - 36.01

15.4 - 36.05

No. of variables

30

22

R(F2)
Rwp

0.0115

0.0175

0.0099

0.0205

0.639

2.721

2

Table 2.2: Atomic coordinates, site occupancies, and isotropic displacement values for space
group I2/a at 38 °C.

Atom
Fe1
O1
O2

x
0.3589(4)
0.4117(21)
0.25

y
-0.0043(11)
0.8579(27)
0.183(4)

z
0.2944(4)
0.6327(29)
0

Site
occupancy
Uiso
factor
0.973(6)
0.004
1
0.007
1
0.007
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Table 2.3: Selected bond lengths for space group I2/a at 38 °C (Å).
Within one octahedron
Fe1-O1
2.033(20)
Fe1-O2
1.960(8)
Fe1-O3
1.855(16)
1.949
<Fe-O>c

Fe1-Fe2
Fe2-Fe3
Fe1-Fe6

Fe1-O4
Fe1-O5
Fe1-O6

1.969(17)
2.190(15)
2.161(15)
2.107

O1-O2
O1-O3
O2-O3

2.928(10)
2.925(21)
2.811(20)
2.888

O4-O5
O4-O6
O5-O6

<Fe-O>d
O1-O4
O2-O5
O3-O6
<O-O>e
O1-O5
O2-O6
O3-O4
<O-O>f

<Fe-Fe>a

<O-O>g

<O-O>h

Intralayer
2.906(7)
2.956(10)
3.028(10)
2.963

Interlayer
2.8830(21)
Fe2-Fe7
b

3.022(26)
3.047(12)
3.051(10)
3.04
2.669(23)
2.659(16)
2.659(16)
2.662

3.02(4)
2.802(9)
2.49(4)
2.771

Values from Blake et al. (1966): (a) 2.971, (b) 2.9, (c) 1.945, (d) 2.116, (e) 2.888, (f) 2.773, (g) 3.035, (h) 2.669 in Å
Labels for Fe and O atoms correspond to Figure 2.9
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Chapter 3

EVOLUTION IN THE STRUCTURE OF AKAGANEITE AND HEMATITE
DURING HYDROTHERMAL GROWTH: AN IN SITU SYNCHROTRON
X-RAY DIFFRACTION ANALYSIS

Abstract
Synchrotron X-ray diffraction was used to monitor the hydrothermal precipitation of
akaganeite and its transformation to hematite in situ. Akaganeite was the first phase to form and
hematite was the final phase in our experiments with temperatures between 150 and 200 °C.
Akaganeite was the only phase that formed at 100 °C. Rietveld analyses revealed that the
akaganeite unit-cell volume contracted until the onset of dissolution, and subsequently expanded.
This reversal at the onset of dissolution was associated with a substantial and rapid increase in
occupancy of the Cl site, perhaps by OH- or Fe3+.
Rietveld analyses supported the incipient formation of an OH-rich, Fe-deficient hematite
phase in experiments between 150 and 200 °C. The water concentrations of the first crystals were
consistent with “hydrohematite.” With continued crystal growth, the Fe occupancies increased.
Contraction in both a- and c-axes signaled the loss of hydroxyl groups and formation of a nearly
stoichiometric hematite.

Introduction
Iron oxides and oxyhydroxides are abundant in terrestrial environments, where they play
a central role in iron cycling, trace metal mobility, and redox processes (Cornell and
Schwertmann 2003; Jickells et al. 2005; Boyd and Ellwood 2010). Hematite (α-Fe2O3, s.g. R-3c;
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Fig. 3.1) is the most stable iron oxide phase in moderately to highly oxidizing environments, and
due to its abundance and low cost, it is exploited in numerous applications (e.g. photoelectrodes,
magnetic materials, anodes for Li batteries) (Cornell and Schwertmann 2003; Willard et al. 2004;
Tartaj et al. 2011; Wang et al. 2012; Wheeler et al. 2012; Bora et al. 2013; Hou et al. 2013; Ma et
al. 2013; Reddy et al. 2013; Cheng et al. 2014).
One of the most commonly employed manufacturing protocols for hematite involves
crystallization from precursor akaganeite (β-FeOOH, Cl; s.g. I2/a; Fig. 3.2), which has a
hollandite-like structure. In akaganeite, edge-linked octahedral chains form tunnels along (010)
that are supported by Cl- or similarly sized anions, such as F- or OH- (Weiser and Milligan 1935;
Mackay 1960; Chambaere and De Grave 1984; Post and Buchwald 1991; Cai et al. 2001; Cornell
and Schwertmann 2003; Post et al. 2003a). Based on a Rietveld analysis of powder X-ray
diffraction data, Post and Buchwald (1991) report that Cl fills ~2/3 of the tunnel sites. In natural
settings, akaganeite primarily forms in Cl-rich environments, such as meteoritic brines, acid mine
drainage soils, and metallic iron corrosion sites (Mackay 1962; Holm et al. 1983; Buchwald and
Clarke 1989; Refait et al. 1992; Bland et al. 1997; Garcia et al. 2003; Reguer et al. 2007; Gao and
Schulze 2010a and b; Bibi et al. 2011; Fonseca et al. 2012; Masa et al. 2012; Guo and Barnard
2013; Kampf et al. 2013; Kuebler 2013). In addition, akaganeite was recently identified in
Martian mudstones, where its formation is suggestive of hydrothermal conditions (Grotzinger et
al. 2014; McLennan et al. 2014; Ming et al. 2014; Vaniman et al. 2014).
Akaganeite itself offers many technological applications because of its large surface area,
non-toxicity, and facile synthesis. For instance, akaganeite has been used as a battery anode, as a
catalyst for biomedical applications, as an adsorbent for soil remediation, and for CO2 capture
(Willard et al. 2004; Tabuchi et al. 2009a and b; Dutcher et al. 2011; Lammers et al. 2011; Ali
2012; Chen et al. 2013; Fütterer et al. 2013; Kou and Varma 2013; Kumar et al. 2014). Thus,
akaganeite synthesis is the focus of much research.
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A widely used technique for the precipitation of akaganeite and hematite involves
hydrothermal synthesis in ferric chloride solutions (Matijević and Scheiner 1978; Bailey et al.
1993). The hydrothermal transformation from akaganeite to hematite allows for tailored
formation of particles of specific sizes, structures, and morphologies (Wang et al. 2008; Li et al.
2009; Bora et al. 2011; Geng et al. 2012; Yang et al. 2012; Rao et al. 2013). Consequently, much
research has focused on the particle size and morphological evolution of akaganeite and hematite
particles in the absence and presence of shape-controlling additives.
The details of the hydrothermal structural transformation from akaganeite to hematite are
not well documented, and ex situ structural analyses may not accurately represent the reaction
mechanisms. For example, Peterson et al. (in press) described a lower symmetry hematite phase,
“monoclinic hydrohematite” (s.g. I2/m), from in situ hydrothermal TR-XRD experiments at 200
°C. They were not able to isolate this phase ex situ or during 150 and 175 °C experiments. In this
work, we suggested that the stability of monoclinic hydrohematite particles might be extremely
sensitive to changes in hydration state and temperature. Thus, the in situ nature of our TR-XRD
experiments allowed us to capture a phase that is less accessible through dry heating experiments.
Furthermore, the structure Fe (hydr)oxides can be directly impacted by post-synthesis treatments.
For instance, Ellis et al. (1976) found that akaganeite specimens are depleted in Cl after washing
with water and are more susceptible to electron beam damage when viewed by TEM. Likewise,
Ishikawa and Inouye (1975) altered the Cl content of akaganeite specimens by washing with
different solutions for different periods of time.
Here we present analyses of the hydrothermal nucleation and growth of akaganeite, and
its transformation to hematite using time-resolved X-ray diffraction (TR-XRD) followed by
Rietveld analysis. To our knowledge, this is the first study of the structural changes that
accompany the hydrothermal formation of akaganeite and its transformation to hematite. We
focused our analyses on a preparation method described by Matijević and Scheiner (1978) for the
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formation of akaganeite and hematite transformation to study the effects of temperatures between
100 and 200 °C. We used synchrotron diffraction with a simple autoclave cell to conduct TRXRD experiments in situ. The data presented are part of a larger study of the transformation of
akaganeite to hematite (Chapter 4).

Experimental Methods

Sample preparation
All hydrothermal crystallization experiments were performed with solutions containing
0.45 M FeCl3 and 0.01 M HCl, prepared by dilution with deionized water of a 3 M FeCl3 stock
solution made with FeCl3 ⋅ 6H2O (ACS reagent, JT Baker) and 1 M HCl (ACS reagent, Fisher
Scientific) (Matijević and Scheiner 1978). Final solutions were passed through 0.05 µm Millipore
filters and stored in sealed Nalgene bottles. For each hydrothermal precipitation experiment, ~7
µL of the 0.45 M FeCl3 solution were loaded into 1.0 mm-outer diameter quartz glass capillaries
(Charles Supper Company) and sealed with high-temperature epoxy (302-3M, Epotek). The
reaction vessel can play a major role in determining particle properties and reaction kinetics
(Hamada and Matijević 1982; Kandori et al. 1994; Demopoulos 2009), and solution volumes,
capillary lengths, and amount of headspace were kept as similar as possible to ensure temperature
uniformity during heating and to minimize variations among samples. The starting and final pH
of the solution was ~1.4 and 1.0, respectively.
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Synchrotron X-ray diffraction
The in situ time-resolved X-ray diffraction experiments were conducted at the
GeoSoilEnviroCARS (GSECARS) 13-BM-C beamline at the Advanced Photon Source (APS),
Argonne National Laboratory (ANL). The X-ray wavelength was 0.8265(8) Å, and the detector
distance was 95.165 mm. Because of low precipitate yield during in situ experiments, capillaries
were tilted at a 60° angle to allow for precipitate sedimentation to the bottom of the capillary
(Figs. 3.3 and 3.4). The beam was aimed near the capillary base, enabling the capture of the
initial precipitation of akaganeite from solution and the phase transformation to hematite. Each
sample was rotated about phi (parallel to the axis of the capillary) by 1° per second during
exposure to promote solution mixing and to minimize preferred orientation effects in the X-ray
diffraction patterns. Video images of the capillary solutions revealed vigorous convection of the
solutions throughout the heating experiments.
A forced-gas heater was fabricated at APS by winding Ni coils around an inner ceramic
tube with an applied a DC voltage using a Sorensen 33 V x 33 A (Model XHR 33-33) power
supply to achieve resistive heating. This assembly was encased in an outer ceramic sleeve, and
He gas was forced through the interior of the heated cylinder. The diameter of the outer cylinder
sleeve and the capillary length were both 1 cm to ensure the entire sample volume was heated
(Fig. 3.4). The heater was oriented approximately normal to the capillary, and a type K chromelalumel thermocouple was situated adjacent to the capillary and monitored with a Keithly 2700
Multimeter. The actual temperature was calibrated by monitoring two phase transformations of
RbNO3 (Alfa Aesar, 99.8%, metals basis) loaded in a 1.0 mm quartz glass capillary and heated
from 25.7 to 250 °C. Based on this standardization, we estimate that the temperature measured
by the thermocouple was within ± 1.5 °C of the actual temperature.
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For our experiments, capillary solutions were heated to final temperatures of 100, 150,
175, and 200 °C. Solution heating began after the diffraction pattern of the starting solution at
room temperature was completed. Experimental temperatures were reached within 2 minutes, and
were maintained within ± 0.25 °C using the EPICS controller software. TR-XRD patterns were
collected every 25 to 40 seconds using a MAR165 CCD camera for run times ranging from 10 to
160 minutes. Full-circle images were integrated into intensity versus 2θ plots using the program
Fit2D with a polarization factor of 0.99 (Hammersley et al. 1996). Duplicate runs at temperatures
of 150, 175, and 200 °C showed excellent agreement. The similarity in the calculated induction
times (39.2±2.8 seconds) and induction temperatures (122.7±4.5 °C) for experiments between
150 and 200 °C indicated that both the heating rate and solution temperatures were reproducible
(Table 3.1).

Structure refinement
Rietveld structure refinements were performed using the EXPGUI interface of the
General Structures Analysis System (GSAS) program (Toby 2001; Larson and Von Dreele 2004).
The akaganeite structure parameters were taken from Post et al. (2003a). For experiments at 175
°C and below, the R-3c hematite structure parameters were taken from Blake et al. (1966). The
monoclinic hydrohematite parameters used in experiments at 200 °C were taken from Peterson et
al. (in press). Background, scale, peak profile, and unit-cell parameters were initially allowed to
vary. Backgrounds were best fitted using a Chebyshev polynomial with 10-12 profile terms. Peak
profiles were modeled using a pseudo-Voigt function described by Thompson et al. (1987) and
corrected for asymmetry as described by Finger et al. (1994). After these parameters had
converged, Fe, O, and Cl atomic positions, hematite Fe occupancies, and akaganeite Cl
occupancies were refined. Soft constraints were imposed on akaganeite and monoclinic
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hydrohematite Fe-O bond lengths. Akaganeite Fe-O bond lengths were constrained to distances
close to those provided in Post and Buchwald (1991) and Post et al. (2003a) (1.91 to 2.15 Å). Soft
constraints in the range of 1.90 to 2.17 Å were imposed on Fe-O bond lengths for monoclinic
hydrohematite when both akaganeite and monoclinic hydrohematite phases were present. The
bond restraint weighting factor was gradually reduced during the refinements.

Lastly, all

parameters were allowed to refine simultaneously and the weighting factor was set at one.
Refining isotropic temperature factors generated negative values, and therefore, in all TR-XRD
refinements we fixed temperature factors to those provided in Post et al. (2003a) for akaganeite
and to those determined from the structure refinement of an R-3c hematite standard. We prepared
this standard using the same ferric chloride solution as was employed for the in situ TR-XRD
experiments (0.45 M FeCl3 and 0.01 M HCl). The solution was sealed in a Teflon lined bomb
and heated to 150 °C in a convection oven for 1 hour. The final goodness of fit parameters were:
χ2 = 0.8290, Rwp = 0.0099, and RF2 =0.0095. The 2θ range for all refinements was 15.4° to ~36°
(d-space range: 1.3 - 3.1 Å); low angle data were removed because of the large background
scattering from the capillary glass and water. Representative hydrothermal akaganeite and
hematite refinements are presented in Figure 3.5.
The changes in phase abundance, α, were calculated by normalizing GSAS refined scale
factors obtained for each phase:

S
α= t
!! S max

(Eqn. 3.1)

€ where St is the scale factor at a given time and Smax is the maximum scale factor value. Crystallite
size, p (Å), was calculated using Rietveld analysis through the following relation:
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p=

18000K λ
πX

(Eqn. 3.2)

where K is the Scherrer constant (0.94) and X represents the Lorentzian broadening contribution
to peak widths, which is represented in GSAS by the profile parameter “Lx” (Larson and Von
Dreele 2004).

Results and Discussion
We captured the nucleation, growth, and dissolution of akaganeite and transformation to
hematite using synchrotron TR-XRD during experiments with temperatures of 150, 175, and 200
°C (Fig. 3.6). At 100 °C, we were only able to capture the nucleation and growth of akaganeite
because of the slow transformation kinetics, which can take approximately a week to yield
hematite (Matijević and Scheiner 1978). All induction times, onset of dissolution, and completion
of dissolution times are presented in Table 3.1.

Time-resolved X-ray diffraction experiments
As described in Chapter 4, temperature, rather than induction time, drove the nucleation
of akaganeite when the temperature was 150 °C and higher. Our time-resolved X-ray diffraction
data showed that the onset of akaganeite nucleation occurred immediately after the heater reached
~123 °C (Table 3.1). This temperature was reached within ~40 seconds for all samples. For our
experiments at 100 °C, which is below the 123 °C threshold, the induction time for akaganeite
nucleation was 9 minutes.
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Hematite nucleation was first detected just before or coincident with the onset of
akaganeite dissolution at all temperatures. The refined akaganeite phase abundances attained
between 98 – 100 wt% of their maximum value upon hematite precipitation. On the other hand,
the complete dissolution of akaganeite seemed to be closely related to temperature. At 200 °C,
akaganeite was fully dissolved at an earlier stage relative to the abundance of hematite than at 150
and 175 °C. Specifically, during the experiments at 150 and 175 °C, akaganeite was no longer
detected when hematite reached ~85% of its ultimate abundance. During the 200 °C experiment,
however, akaganeite had disappeared once the hematite phase abundance reached 57 wt% of its
final abundance. Our kinetic analyses reported in Chapter 4 revealed that the rate constants of
akaganeite dissolution and hematite precipitation were approximately equal during 150 and 175
°C experiments. However, at 200 °C, the rate of akaganeite dissolution was twice as large as the
rate of hematite precipitation.

Structure Refinements during Crystallization and Dissolution
Rietveld analyses of time-resolved data showed that unit-cell parameters varied with
temperature and with extent of reaction, although the changes in unit-cell parameters were subtle
(Figs. 3.7 – 3.10). These reported unit-cell data represent refinements with akaganeite and
hematite phase abundances above ~5 wt%. XRD patterns could not be reliably refined below this
value. For purposes of comparison, the monoclinic unit-cell parameters for the hydrohematite
generated at 200 °C are recast as pseudo-hexagonal a- and c-axes.

Reverse structural changes during crystallization and dissolution of akaganeite
Akaganeite nanocrystals experienced measurable structural changes following nucleation,
and again after the onset of dissolution. At all temperatures (100 – 200 °C), the first akaganeite
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crystallite diameters were ~30 nm. The akaganeite a- and c-axes contracted and the b-axis
increased during crystallization, and this behavior continued even into the early stages of
akaganeite dissolution (with <10 wt% of the akaganeite dissolved) (Figs. 3.7 and 3.8). The
contraction of a and c were sufficiently large that the overall unit-cell volume also contracted by
~0.3%. The Cl occupancy for the first particles for which refinement was feasible was ~0.2, and
that value slightly increased and stabilized at ~0.3 for all temperatures.
Interestingly, dissolution was marked by a reversal in this behavior: the unit-cell volume
increased as all of the unit-cell edge lengths slightly expanded. One explanation for this volume
increase may be tied to an unexpected change in the fractional occupancy of the Cl site within the
tunnels. As the akaganeite dissolved, the refined occupancy of Cl in the tunnels increased
dramatically from ~0.3 to an average final refined occupancy of 0.75 ± 0.02. A refined Cl
occupancy of 0.3 is very similar to the value of 0.34 reported for akaganeite in a meteoritic
corrosion crust (Post and Buchwald 1991). This Cl concentration agrees well with the value of
1.25 Cl per unit that Post and Buchwald measured by electron probe microanalysis.
The Cl anions are located within the hollandite-like tunnels of akaganeite, displaced
slightly from (0,0,0), and an occupancy of 0.34 indicates that roughly two-thirds of the tunnel
sites are occupied. A subsequent study of the same sample using neutron diffraction (Post et al.
2003a) yielded a slightly higher Cl occupancy (0.42, or ~1.6 Cl anions per unit cell), but the
authors discounted this refined value based on the effects that different isotopes of Cl would exert
on neutron scattering. Thus, our refined occupancy for Cl when akaganeite was at its most
abundant in our experiments matches well with the most reliable published measurement for a
natural specimen.
A refined value of 0.5 for the occupancy of Cl indicates that all of the tunnel sites are
filled.

Thus, as akaganeite dissolved (and the particles were smaller), Cl might have

preferentially fractionated into the crystal rather than the fluid up to the theoretical limit of what

56
akaganeite could accommodate. However, our refined Cl occupancies were consistently greater
than the theoretical limit of 0.5 during akaganeite dissolution. Ishikawa and Inouye (1975)
suggested that water might partially replace Cl within the akaganeite tunnel. Previous studies
using IR spectroscopy and XRD only revealed trace quantities of water molecules existing within
the tunnel sites (Keller 1970; Post et al. 1991 and 2003a). In their neutron diffraction study, Post
et al. (2003a) determined that the three H sites were partially occupied, with fractions ranging
from 0.3 to 0.5. An increase in Cl during dissolution would have to be accompanied by a
concomitant increase in the H content of the final akaganeite nanocrystals to maintain charge
balance, since our refinements did not reveal a decrease in the occupancy of the Fe sites.
In light of the refined values for Cl occupancy beyond the theoretical limit, another
explanation may involve Fe migration into tunnel sites during akaganeite dissolution.

For

example, Post et al. (2003b) examined the thermal decomposition of the Mn oxide todorokite,
which has a 3x3 octahedral tunnel structure, and they found strong evidence that Mn migrates
into todorokite tunnel sites during its thermal decomposition to the closest-packed hausmannite
structure. Perhaps as akaganeite transforms to the closest-packed hematite structure, Fe3+ cations
similarly migrate to tunnel sites as an intermediate step in the framework reconstruction.

Fe-O Bond Behavior
Akaganeite has two distinct Fe1 and Fe2 octahedral sites, each having three shorter Fe-O
bonds and three longer Fe-OH bonds. Based on Rietveld analysis of neutron diffraction data,
Post et al. (2003a) calculated Fe-O bonds lengths of 1.944 – 1.985 Å for the shorter bonds, and
Fe-OH bond lengths of 2.054 – 2.130 Å for the longer bonds. Their average Fe-(O,OH) bond
length is 2.01 Å for the Fe1 site and 2.05 Å for the Fe2 site.
Our refined akaganeite bond lengths were in good agreement with those of Post et al.
(2003a). During crystallization, the average Fe1-OH and Fe1-O bond lengths increased by ~0.03
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Å (from 2.08 Å to 2.11 Å and 1.98 Å to 2.01 Å, respectively) as the akaganeite abundance
approached its maximum value. These values were consistent for all temperatures. The Fe2-OH
distances decreased by ~0.02 Å, and Fe2-O bond lengths decreased by ~0.04 Å. During
dissolution, average Fe1-OH and Fe1-O distances decreased by 0.03 Å and 0.04 Å, respectively.
The Fe2-OH distances decreased by ~0.02 Å, and Fe2-O bond lengths increased by ~0.05 Å. Our
Cl-Cl distances remained ~3.035 Å, regardless of the Cl occupancy and refined Cl anion
positions. This value is lower than the expected distance of ~3.8 Å, but similar to the distance of
3.03 Å provided by Post and Buchwald (1991).

Structural changes during the growth of hematite
Hematite is hexagonal with space group R-3c (Fig. 3.1). The structure contains a
framework of hexagonally closest packed O2- anions along (001), and Fe3+ cations occupy twothirds of the octahedral interstices (Blake et al. 1966; Cornell and Schwertmann 2003). When
hematite forms in solution or via an iron oxyhydroxide intermediate, it can retain variable
amounts of water and OH groups within its structure. The water and OH groups substitute for O2anions, and are accompanied by Fe vacancies for charge balance. These hydrated hematite phases
are often referred to as “protohematite” or “hydrohematite” (Wolska 1981; Wolska and
Schwertmann 1989; Dang et al. 1998; Gualtieri and Venturelli 1999; Burgina et al. 2000a and b).
Our refined lattice parameters for the growing particles of hematite are consistent with
the initial formation of OH-rich, Fe-deficient hematite phases at all temperatures. During the
experiments at 150, 175, and 200 °C, the hematite a-axes contracted throughout the experiments
(Figs. 3.9 and 3.10). The hematite c-axes expanded until the late stages of akaganeite dissolution
(~60% of akaganeite dissolved), and then the c-axes contracted during the rest of the experiment.
The coupled a- and c-axis contraction is frequently described in the protohematite and
hydrohematite literature, and is explained as a consequence of OH loss and filling of Fe vacancies
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(Dang et al. 1998; Cornell and Schwertmann 2003). The replacement of vacancies by Fe with
increasing particle size and maturity is also reflected in the rapid increase in refined Fe
occupancies, which increased from an average of 0.72 to nearly full occupancy. If H+ is chargebalancing the Fe3+ deficiencies, then the water content for the initial crystals of hematite in our
experiments was ~12 wt%, which is similar to that of akaganeite and goethite (Cornell and
Schwertmann 2003; Post et al. 2003a).
The structure of hematite consists of trigonally distorted octahedra, which contain three
longer Fe-O face-sharing bond lengths (2.116 Å) and three shorter unshared Fe-O bond lengths
(1.945 Å) (Blake et al. 1966). Fe-Fe distances (2.900 Å) between face sharing octahedra along c
are shorter than edge sharing octahedral Fe-Fe distances (2.971 Å) within the octahedral layers.
At all temperatures, Fe-O face-sharing bond lengths increased and unshared Fe-O bond lengths
decreased throughout the experiments.
On the other hand, Fe-Fe distances between face sharing octahedra increased during our
experiments at 200 °C, but they decreased when crystals evolved at 150 and 175 °C. We believe
this difference is real and not attributable to experimental artifacts, as it was reproduced in
duplicate experiments. Most likely, this behavior is linked to the formation of a lower symmetry
hematite phase during our 200 °C experiments, as indicated by distinct peak splitting in our
diffraction data (Fig. 3.11). In our recent study (Chapter 2), we presented a refined structure for
this phase, described as monoclinic hydrohematite (S.G. I2/m; Fig. 3.11) (Peterson et al. in press).
Monoclinic hydrohematite was not evident in our 150 and 175 °C experiments, although the
concentrations of Fe vacancies were similar at all temperatures. Peterson et al. (in press) attribute
the monoclinic phase to the accelerated reaction kinetics at 200 °C.
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Figure 3.1: Crystal structure of hematite in the hexagonal setting (R-3c).
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c
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Figure 3.2: Crystal structure of akaganeite, β-FeOOH. Cl- is represented by green atoms, and H+
is represented by pink atoms.

61

Figure 3.3: Experimental setup at APS. (a) The X-ray beam is aimed at the base of the (b)
capillary, which is tilted at a 60° angle. (c) Area detector. (d) The heater is positioned beneath the
capillary.
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Figure 3.4: Experimental setup at APS. (a) The capillary is tilted at a 60° angle. (b) The heater is
oriented nearly normal to the capillary. The diameter of the outer cylinder sleeve and the capillary
length are both ~1 cm to ensure the entire sample volume was heated. A video camera is placed
near the capillary to collect video footage of the precipitation of akaganeite and transformation to
hematite.

63
18x10

3

A

Intensity (counts)

16

14

12

10

8

20

18x10

25

30

3

35

B

Intensity (counts)

16

14

12

10

8

6
20

25

30

35

Figure 3.5: Representative Rietveld refinements of (A) akaganeite and (B) hematite. The data are
from an experiment at 175 °C. The data and fits are represented by: observed data (black x’s),
calculated (red line), differences (pink line), and reflections for each phase (horizontal black
lines).
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Figure 3.6: Representative time series of X-ray diffraction patterns collected at 150 °C.
Akaganeite peaks are colored blue, and hematite peaks are colored pink.
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Figure 3.7: Changes in akaganeite a, b, and c at 100 (green), 150 (blue), 175 (red), and 200 °C
(black) as a function of akaganeite phase abundance.
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Figure 3.8: Changes in akaganeite beta, volume, and Cl occupancy at 100 (green), 150 (blue),
175 (red), and 200 °C (black) as a function of akaganeite phase abundance.
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Figure 3.9: Changes in hematite a, c, and volume at 150 (blue), 175 (red), and 200 °C (black) as
a function of hematite phase abundance.
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Figure 3.11: Stacked TR-XRD patterns showing the precipitation of akaganeite (A) and
transformation to hydrohematite (H) at 200 °C. Inset: Hematite peak splitting shown at 36.7° 2θ
(upper) compared to the same reflection for hexagonal hematite (lower), s.g. R-3c.
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Figure 3.12: Relationship of the crystal structure of hematite in the hexagonal setting (s.g. R-3c)
to the monoclinic setting (I2/a), which is outlined in blue.
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Tables

Table 3.1: Precipitation temperatures, induction and dissolution times, as determined by JMAK
kinetic analyses and heater calibration for akaganeite and hematite in Chapter 4.
Akaganeite crystallization
T (°C)

Tnuc. (°C)

theater (s)

100
150 (a)
150 (b)
175
200 (a)
200 (b)

100.0(1.5)
126.4(1.5)
119.2(1.5)
123.0(1.5)
128.7(1.5)
116.4(1.5)

47.5
77.3
52.8
52.1
39.6
45.7

1

<122.7(4.5)>5

1,2

t0 (s)

1,3

584.5(61)
119.7(0.3)
90.0(0.3)
90.0(5.6)
82.2(5.1)
81.4(0.2)

t0, adj (s)

1,4

537
42.4
37.2
37.9
42.6
35.7

Akaganeite dissolution
t

=1

(s)

3200
390
175
150

t

=0

(s)

8800
1020
325
300

Hematite crystallization
t0 (s)1,3
1800(779)
300.0(38.8)
174.8(5.9)
162.5(12.5)

<39.2(2.8)>5

Notes: (1) Values from Chapter 4; (2) theater: extrapolated time of heater initiation (see Appendix); (3) t0: induction time calculated from the beginning of
XRD data collection (t = 0); (4) t0, adj: induction time corrected for theater; (5) average values of Tnuc., t0, adj were calculated using 150 - 200 °C data.
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Chapter 4

A KINETIC ANALYSIS OF THE TRANSFORMATION FROM
AKAGANEITE TO HEMATITE: AN IN SITU TIME-RESOLVED X-RAY
DIFFRACTION STUDY

Abstract
The nucleation and growth of akaganeite and transformation to hematite under
hydrothermal conditions were monitored over a temperature range of 100 to 200 °C using timeresolved synchrotron X-ray diffraction. In each experiment, akaganeite was the first phase to
form and hematite was the final phase. The induction time to akaganeite nucleation was ~537
seconds at 100 °C. However, akaganeite nucleated at a constant temperature of 123 ± 5 °C when
the heater set point was 150 °C or higher. Hematite nucleation induction times decreased with
temperature from 1723 to 110 seconds between 150 and 200 °C. The activation energy for
akaganeite nucleation was 0 kJ/mol between 150 – 200 °C, in agreement with our observation
that akaganeite nucleation was temperature-independent in this range. The activation energy for
the crystal growth and dissolution of akaganeite was 74 ± 8 kJ/mol and 125 ± 7 kJ/mol,
respectively. Our calculated activation energy for hematite nucleation and crystal growth was 80
± 13 kJ/mol and 110 ± 21 kJ/mol, respectively.

Introduction
The kinetics of transformation reactions within the iron (hydr)oxide system have been the
focus of numerous studies because of their prevalence in terrestrial soils, their probable
abundance in Martian regolith, and their industrial importance as pigments and catalysts (Cornell
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and Schwertmann 2003; Fujii et al. 2008; Gao and Schulze 2010; Pérez-López et al. 2011;
Grotzinger et al. 2014; McLennan et al. 2014; Ming et al. 2014; Vaniman et al. 2014). The
complexity of the iron (hydr)oxide system has made investigations of reaction rates particularly
challenging. Sixteen distinct iron oxide phases are known to exist on the Earth’s surface, with
goethite and hematite typically as the most heavily represented iron (hydr)oxide phases in a wide
range of soil varieties. As a result, goethite and hematite have been the focus of the vast majority
of kinetic research in this system (e.g. Shaw et al. 2005; Davidson et al. 2008; Murray et al. 2009;
Vu et al. 2010).
Despite the seeming ubiquity of goethite in hydrated and ferruginous soils, other iron
(hydr)oxides are known to accompany goethite or even to serve as the primary ferric phase.
Akaganeite (β-FeOOH), for example, has a hollandite-like structure with 2x2 octahedral tunnels
(Fig. 4.1; Post et al. 2003), and it predominates in specific geological environments. Natural
samples of akaganeite usually contain Cl within the octahedral tunnels, yielding a formula close
to Fe3+4O3[(OH)5Cl].nH2O. Consequently, when fluids contain high concentrations of Cl, the
formation of akaganeite is favored over goethite, and akaganeite has been reported in evaporitic
playa deposits (Kampf et al. 2013), as a corrosion product of artificial steels and iron meteorites
(Buchwald and Clarke 1989), and as a precipitate from geothermal brines (Holm et al. 1983).
In addition, a commonly employed reaction pathway for the commercial production of
hematite involves hydrothermal crystallization from fluids containing FeCl3 (Wang et al. 2008; Li
et al. 2009; Bora et al. 2011; Geng et al. 2012; Yang et al. 2012; Rao et al. 2013), and akaganeite
appears as a transient precursor in this synthesis procedure.

Consequently, scientists have

explored the nucleation, growth, and transformation of akaganeite under hydrothermal conditions
(Rubio and Matijević 1979; Sidhu et al. 1981; De Blanco et al. 1986; Cornell and Giovanoli
1988, 1990, 1991; Schwertmann 1991; Cornell 1992; Cornell and Schwertmann 2003). Most of
these studies have focused on the dissolution of akaganeite, frequently in the presence of other
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reactive species, and less attention has been paid either to the formation of akaganeite or to its
subsequent transformation to hematite. Because akaganeite crystallization is promoted by the
presence of Cl- (or a similarly sized dissolved anion), the formation of akaganeite nuclei appears
to involve a more complicated process than that of, for example, goethite (Cornell and
Schwertmann 2003). Blesa and Matijević (1989) postulate that the initial polymerization of Fe
oxide octahedra to generate akaganeite nuclei must involve the complexion of the Cl anion by
iron hydroxide trimers (Schneider 1984). In addition, several hypotheses have been posed to
explain the mechanism by which akaganeite transforms to hematite in hydrothermal conditions,
ranging from dissolution and recrystallization to epitaxial growth to pseudomorphism (Matijević
and Scheiner 1978; Bailey et al. 1993; Cornell and Schwertmann 2003; Frandsen et al. 2014).
In this paper we focus on the kinetics of the nucleation and growth of akaganeite and of
its transformation to hematite. We conducted our experiments at low pH, in concentrated iron
chloride solutions, without seeding or adding other reactive species to the system. The solutions
were heated at elevated temperatures ranging from 100 to 200 °C. These temperatures are the
experimental conditions frequently used for the industrial growth of akaganeite and hematite. We
measured the evolution of akaganeite and its transformation to hematite in situ using angledispersive time-resolved X-ray diffraction (TR-XRD), which provided a robust means of
comparing reaction kinetics with structural transformations.

Experimental Methods

Sample preparation
All hydrothermal crystallization experiments were performed with solutions containing
0.45 M FeCl3 and 0.01 M HCl, prepared by dilution with deionized water of a 3 M FeCl3 stock
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solution made with FeCl3 ⋅ 6H2O (ACS reagent, JT Baker) and 1 M HCl (ACS reagent, Fisher
Scientific) (Matijević and Scheiner 1978). Final solutions were passed through 0.05 µm Millipore
filters and stored in sealed Nalgene bottles. For each hydrothermal precipitation experiment, ~7
µL of the 0.45 M FeCl3 solution were loaded into 1.0 mm-outer diameter quartz glass capillaries
(Charles Supper Company) and sealed with high-temperature epoxy (302-3M, Epotek). Solution
volumes, capillary lengths, and amount of headspace were kept as similar as possible to ensure
temperature uniformity during heating and to minimize variations among samples. The starting
and final pH of the solution was ~1.4 and 1.0, respectively.

Synchrotron X-ray diffraction
The in situ time-resolved X-ray diffraction experiments were conducted at the
GeoSoilEnviroCARS (GSECARS) 13-BM-C beamline at the Advanced Photon Source (APS),
Argonne National Laboratory (ANL). The X-ray wavelength was 0.8265(8) Å, and the detector
distance was 95.165 mm. Because of low precipitate yield during in situ experiments, capillaries
were tilted at a 60° angle to allow for precipitate sedimentation to the bottom of the capillary.
The beam was aimed near the capillary base, enabling the capture of the initial precipitation of
akaganeite from solution and the phase transformation to hematite. Capillaries were rotated about
phi (parallel to the axis of the capillary) by 1° per second to promote solution mixing and to
minimize preferred orientation effects in the X-ray diffraction patterns.
A forced-gas heater was fabricated at APS by winding Ni coils around an inner ceramic
tube with an applied a DC voltage using a Sorensen 33 V x 33 A (Model XHR 33-33) power
supply to achieve resistive heating. This assembly was encased in an outer ceramic sleeve, and
He gas was forced through the interior of the heated cylinder. The heater was oriented normal to
the capillary, and a type K chromel-alumel thermocouple was situated adjacent to the capillary
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and monitored with a Keithly 2700 Multimeter.

The actual temperature was calibrated by

monitoring two phase transformations of RbNO3 (Alfa Aesar, 99.8%, metals basis) loaded in a
1.0 mm quartz glass capillary and heated from 25.7 to 250 °C. Based on this standardization, we
estimate that the temperature measured by the thermocouple was within ± 1.5 °C of the actual
temperature.
For our experiments, capillary solutions were heated to final temperatures of 100, 150,
175, and 200 °C. Solution heating began after the diffraction pattern of the starting solution at
room temperature was completed. Experimental temperatures were reached within 2 minutes,
with initial heating rates of 2.35 ± 0.06 °C/min. using a proportional-integral-derivative (PID)
controller. The heating rates rapidly decreased as target temperatures were approached, and target
temperatures were maintained within ± 0.25 °C using the EPICS controller software. TR-XRD
patterns were collected every 25 to 40 seconds using a MAR165 CCD camera for run times
ranging from 10 to 160 minutes. Full-circle images were integrated into intensity versus 2θ plots
using the program Fit2D with a polarization factor of 0.99 (Hammersley et al. 1996). For kinetic
analyses, we used the results from one, two, one, and two runs at 100, 150, 175, and 200 °C,
respectively. Duplicate runs showed excellent agreement.

Structure refinement
Rietveld structure refinements were performed using the EXPGUI interface of the
General Structures Analysis System (GSAS) program (Toby 2001; Larson and Von Dreele 2004).
The akaganeite structure parameters were taken from Post et al. (2003) (Fig. 4.1). For
experiments at 175 °C and below, the R-3c hematite structure parameters were taken from Blake
et al. (1966) (Fig. 4.2). The monoclinic hydrohematite parameters used in experiments at 200 °C
were taken from Peterson et al. (in press). Background, scale, peak profile, and unit-cell
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parameters were initially allowed to vary. Backgrounds were best fitted using a Chebyshev
polynomial with 10-12 profile terms. Peak profiles were modeled using a pseudo-Voigt function
described by Thompson et al. (1987) and corrected for asymmetry as described by Finger et al.
(1994). After these parameters had converged, atomic positions, hematite Fe occupancies, and
akaganeite Cl occupancies were refined. Soft constraints in the range of 1.90 to 2.17 Å were
imposed on Fe-O bond lengths for monoclinic hydrohematite when both akaganeite and
monoclinic hydrohematite phases were present. The bond restraint weighting factor was gradually
reduced during the refinements. Lastly, all parameters were allowed to refine simultaneously and
the weighting factor was set at one. Refining isotropic temperature factors generated negative
values, and therefore, in all TR-XRD refinements we fixed temperature factors to those provided
in Post et al. (2003) for akaganeite and to those determined from the structure refinement of an R3c hematite standard. We prepared this standard using the same ferric chloride solution as was
employed for the in situ TR-XRD experiments (0.45 M FeCl3 and 0.01 M HCl). The solution
was sealed in a Teflon lined bomb and heated to 150 °C in a convection oven. The 2θ range for
all refinements was 15.4° to ~36° (d-space range: 1.3 - 3.1 Å); low angle data were removed
because of the large background scattering from the capillary glass and water. Final goodness of
fit parameters were: χ2 = 0.8290, Rwp = 0.0099, and RF2 =0.0095. Representative akaganeite and
hematite refinements are presented in Figure 4.3.

Kinetic modeling
Rate constants and apparent activation energies were calculated from refined GSAS
phase fraction scale factors, Sph, which are refined independently for each phase. Kinetic data and
apparent activation energies are reported in Table 4.1. The scale factors were normalized to
determine the phase abundance for a given phase, α:
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α=

S ph

(Eqn. 4.1)

S ph( max )

where Sph(max) is the maximum scale factor for a phase. For some experiments, peak intensities at
the onset of precipitation and at near the completion of dissolution were too low for Rietveld
refinements. For low intensity diffraction data, phase abundances were determined by
normalizing peak areas, Iph, that were fit in JADE:

α=

I ph

(Eqn. 4.2)

I ph( max )

where Iph(max) is the maximum peak area for a phase. We used the most intense akaganeite (101,
and 10-1) and hematite (102 and 104) peaks without overlap from either phase, to track changes
in abundance during the experiments. The GSAS and JADE calculated phase abundances were
the same within error.
Crystallization (Equation 4.3) and dissolution (Equation 4.4) rate constants were
calculated using the Johnson-Mehl-Avrami-Kolmogorov equation:

n

α = 1− e−[k (t−t0 )]
n

α = e−[k (t−t0 )]

(Eqn. 4.3)
(Eqn. 4.4)

where k is the rate constant (s-1), t is time (s), t0 is the induction time representing the time lapse
from the start of data collection until the onset of crystallization (s), and n is the reaction order
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(Avrami 1939 and 1940; Johnson and Mehl 1939). The induction time was a refined parameter.
However, constraints were imposed on the refinement of t0 when the calculated induction time
was different than the TR-XRD data reflected. We took the time of last pattern before
precipitation and the time of the first pattern after precipitation to bracket the t0 refinement.
Current experimental temperatures were collected for each diffraction pattern. The actual
akaganeite temperatures at a refined t0 value are reported and were calculated by fitting the
temperature vs. time data.
Because of the slow formation of akaganeite and hematite at 100 °C, complete akaganeite
crystallization was not reached during the extent of the experiment (6.5 hours). The maximum
amount of akaganeite that may have formed during this experiment is unknown (see equations 4.1
and 4.2), and thus, the akaganeite phase abundance, α, at a given time could not be ascertained.
Therefore, we introduced αmax as an additional refinable parameter for the crystallization of
akaganeite at 100 °C as described in Brand et al. (2012).

α = α ph α max

(Eqn. 4.5)
n

α ph = α max{1− e−[k (t−t0 )] }

(Eqn. 4.6)

where αmax is the maximum amount of a phase that may have formed during the experiment, and
αph is the maximum amount of a phase detected during the experiment (Brand et al. 2012).
The apparent activation energies (kJ/mol) for the nucleation (Ea(nuc.)), crystallization
(Ea(cryst.)), and dissolution (Ea(diss.)), for each phase were calculated using the following Arrhenius
equations:
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lnt0, adj. = ln A( nuc.) −

ln k = ln A(cryst.) −

ln k = ln A( diss.) −

Ea( nuc.)

(Eqn. 4.7)

RT

Ea(cryst.)

(Eqn. 4.8)

RT
Ea( diss.)

(Eqn. 4.9)

RT

where A is pre-exponential factor (s-1), R is the universal gas constant (8.314 J/molK), and T is
the temperature (K). The adjusted induction time, t0, adj., is the time lapse from the start of heating
until the first crystallization (s). Kinetic data and activation energies for each experiment are
reported in Table 4.1.

Results
In each experiment between 100 and 200 °C, akaganeite was the first phase to form and
hematite was the final phase (Fig. 4.4). No intermediate phases were identified. Plots representing
the phase abundance as a function of time are presented for akaganeite crystallization (Figs. 4.5 –
4.8), akaganeite dissolution (Figs. 4.9 – 4.11), and hematite crystallization (Figs. 4.12 – 4.14),
along with JMAK fits to the data. As expected, with increasing temperature, the reaction rates
also increased. Since our time resolution was fixed at ~30 sec, the number of data points
obtained for the JMAK analyses diminished with higher temperature. Duplicate experiments at
150 and 200 °C, however, suggested a reasonably high reproducibility of our results (e.g. Fig.
4.6). On the other hand, for the lowest experimental temperature of 100 °C, we could not capture
akaganeite dissolution and hematite precipitation because the reaction rates were too slow for the
time frame of the experiment. In addition, some error was introduced by the onset of akaganeite
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precipitation before the target temperatures of 150, 175, and 200 °C were attained; although these
set points were reached within ~80 sec, as described below, akaganeite nucleation was observed
at ~40 sec.
Finally, we had to make adjustments to the data to accommodate small differences in the
initiation of the heater. The heater was started manually after the first X-ray diffraction exposure,
and this delay varied from 25 to 40 sec. This correction became important for the determination
of the akaganeite and hematite induction times that are used in the calculation of nucleation
activation energies. Therefore, the PID temperature ramp rates were modeled using a secondorder function to calculate the heater initiation time (theater) and the temperature of akaganeite
nucleation (Tnuc.) (Appendix). The adjusted akaganeite and hematite induction times (t0, adj.) were
determined from the time elapsed between heater initiation, theater, and the observed induction
time, t0. This adjustment played no role in the JMAK analysis because the (t - t0) factor in the
JMAK equation accounts for differences in the start time for X-ray diffraction data collection and
the time of heater initiation. The heater initiation times (theater), induction times (t0 and t0, adj.), and
akaganeite precipitation temperatures (Tnuc.) for each experiment are reported in Table 4.1.
The time-resolved experiments and kinetic analyses revealed that the rates of akaganeite
crystallization and dissolution, as well as hematite nucleation and crystallization, increased with
increasing temperature. However, akaganeite nucleation followed a different trend. Akaganeite
nucleation induction times (t0, adj.) did not increase with temperature in our experiments between
150 and 200 °C. The corrected induction times (t0, adj.) for all temperatures from 150 to 200 °C
averaged 39.2 ± 2.8 sec, a value that was virtually constant within experimental error. Based on
our time-temperature calibration curve, akaganeite thus nucleated at a constant temperature of
122.7 ± 4.5 °C when the set point was 150 °C or higher.
The JMAK reaction order (n) varied with temperature for akaganeite crystallization and
nucleation, as well as for hematite crystallization, and the dependence of n on temperature proved
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fairly systematic. Akaganeite crystallization n-values increased from averages of 0.5 to 2, while
akaganeite dissolution n-values varied from ~2.5 to ~3.8 over the temperature range of 150 °C to
200 °C. Interestingly, the akaganeite crystallization n-value did not follow the same temperature
dependence at 100 °C, where n = 1.28. Hematite crystallization n-values varied from ~1.2 to ~2.4
over the temperature range of 150 °C to 200 °C. The significance of variations in the reaction
order is discussed below.
The Arrhenius analyses for the activation energies of the reactions were limited to three
temperatures in our synchrotron TRXRD experiments, with the exception of akaganeite
crystallization, for which the 100 °C dataset could be included (Figs. 4.15 – 4.18). Nevertheless,
we derive some confidence in the quality of our calculated activation energies because the
correlation coefficients for all reactions were excellent, with R2 factors ranging from 0.95 to 0.99.
These Arrhenius calculations revealed the following activation energies: As suggested by
the temperature independence of akaganeite nucleation for experiments between 150 and 200 °C,
the activation energy for akaganeite nucleation was 0 kJ/mol over that temperature range. The
activation energy for the crystal growth of akaganeite was 74 ± 8 kJ/mol, and the value for
akaganeite dissolution was 125 ± 7 kJ/mol. As expected, based on its later appearance, the
activation energies for hematite nucleation and growth were higher than those for akaganeite.
Our calculated activation energy for hematite nucleation was 80 ± 13 kJ/mol, and the value for
hematite crystal growth was 110 ± 21 kJ/mol.
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Discussion

Kinetic models
Background for JMAK analysis
The JMAK equation was developed to describe thermal solid-state transformations, but it
is also the primary model used to fit hydrothermal transformations, including transformations in
the iron oxide system (Cornell and Schwertmann 2003; Shaw et al. 2005; Yee et al. 2006;
Davidson et al. 2008; Vu et al. 2010). However, this model is not often the best choice for
hydrothermal reactions (Lasaga 1998; Kasioptas et al. 2010) because the JMAK model assumes
that the activation energy and reaction order are not time dependent. This presumption follows
from the following constraints for the JMAK model: 1) uniform nucleation at random sites in an
infinite system with isotropic growth; 2) no change in nucleation, crystallization, and dissolution
mechanisms or activation energies; and 3) high supersaturation (Lasaga 1998; Molnar et al. 2012;
Rheingans and Mittemeijer 2013). In hydrothermal systems, the availability of nucleation sites
may decrease; the types of nucleation sites and reaction mechanisms may change; and the
saturation level will decrease due to precipitation (De Blanco et al. 1986; Molnar et al. 2012). For
instance, in their study of the replacement of aragonite by apatite in aqueous solutions from 80 to
190 °C, Kasioptas et al. (2010) report that the activation energies increase linearly while the
reaction order increases exponentially with increasing temperature. They attribute this behavior to
a possible change in reaction mechanism from one that is surface dominated at lower
temperatures to one that combines surface and volumetric diffusion at higher temperature.
Thus, care needs to be taken when inferring physical implications from a JMAK analysis,
and in particular, from the reaction order, n. The value of n ideally provides some insight into the
mechanisms taking place during crystallization and dissolution (Table 4.2). This includes the
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mechanism of nucleation (zero, decreasing, or constant), growth (phase boundary or diffusion),
and the dimensionality of growth (Hulbert 1969). Because of the constraints assumed by the
JMAK equation, n should be constant over a range of temperatures if the reaction mechanism is
consistent (Lasaga 1998). However, experimental observations reveal that n is often variable for
apparently simple transformations (Calka and Radlinski 1988; Pérez-Maqueda, et al. 2006; Wang
et al. 2009; Rheingans and Mittemeijer 2013).
As a consequence of reaction order variability, researchers have treated n in different
ways. For example, in their study of the effect of Pb on hematite growth, Vu et al. (2010)
initially refined n using the JMAK equation, and subsequently refit the data while holding n to the
average value obtained in the model. When analyzing the schwertmannite transformation to
goethite and hematite in alkaline aqueous solutions, Davidson et al. (2008) use two methods.
They calculate an average value of n to fit their goethite growth data, and they use a published
value of n for hematite growth. They subsequently refit hematite growth data with an average nvalue and found that the activation energy did not change significantly. Regardless of the selected
method, these models appear to fit the kinetic data well, and the models yield consistent
activation energies. Other complementary techniques, such as small angle X-ray scatting and
electron microscopy, add credence to many of these kinetic studies, and can provide an
approximation of mechanisms taking place (Davidson et al. 2008; Xia et al. 2009; Kasioptas et al.
2010; Brand et al. 2012).

Assessing the appropriateness of the JMAK model for hydrothermal systems
Lasaga (1998) has suggested that Sharp-Hancock plots may be employed to test the
suitability of JMAK modeling for kinetic analysis of hydrothermal systems. Like the JMAK
equation, the Sharp-Hancock approach (Hancock and Sharp 1969) was developed to measure the
kinetics of isothermal solid-state nucleation-and-growth processes, but it can be extended to
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aqueous solutions very easily. In this method, α is defined as the fractional abundance of the
phase of interest, and ln [-ln (1-α)] is plotted as a function of ln (time).
For a transformation that involves a single reaction mechanism, the Sharp-Hancock plot
should be linear within the defined phase abundance range (Lasaga 1998). Many studies,
however, have demonstrated that Sharp-Hancock transformation curves deviate from linearity,
and thus, that n varies with reaction progress (Wang et al. 2009; Kasioptas et al. 2010). To
accommodate this deviation, the Sharp-Hancock and the JMAK equations have been modified
through the addition of terms that aim to tease apart changes in reaction mechanisms (PérezMaqueda, et. al. 2006; Wang et al. 2009; Rheingans and Mittemeijer 2013; Chen et al. 2013).
Most of these kinetic studies assume that multiple mechanisms of reaction do not coexist. Some researchers, however, have observed that several modes of crystallization may occur
concurrently, and crystallization and dissolution mechanisms frequently are intimately coupled
(Putnis 2009). In such cases, the values for n and Ea derived from JMAK and Sharp-Hancock
models represent a combination of all of the mechanisms taking place (Calka and Radlinski 1988;
Lasaga 1998).

Application of the Sharp-Hancock Model to our data
We applied a modified Sharp-Hancock model to our hydrothermal data for comparison to
our JMAK analysis. Based on Lasaga (1998), we fit the following equation to our data:

ln[− ln(1− α )] = nln(t − t0 ) + nln k

(Eqn. 4.10)

where k is the rate constant (s-1), t is time (s), t0 is the induction time calculated using the JMAK
equation, and n is the reaction order. The rate constant is calculated from the y-intercept and n is
directly measured by the slope. In accordance with the recommendation of Lasaga (1998), we
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applied the model to the most linear span of our phase abundance data, in the range of α ≈ 5 –
95%, for our calculations. Sharp-Hancock plots are presented for akaganeite crystallization (Figs.
4.19 – 4.22), akaganeite dissolution (Figs. 4.23 – 4.25), and hematite crystallization (Figs. 4.26 –
4.28). The Arrhenius analyses for the activation energies are presented in Figures 4.29 – 4.31.
Results for these calculations are presented in Table 4.3.
In this exercise, we discerned no statistically significant differences between our SharpHancock and JMAK results (Table 4.3). The variation in reaction order did not change, and thus,
this variability appears to be real. Moreover, results derived from the duplicate experiments are
consistent with each other (Fig. 4.20). In addition, we tested the sensitivity of Ea to variations in
n. Constraining n to an average value did not yield statistically significant changes in Ea (Table
4.4), consistent with assertions by Shaw et al. (2005) that activation energies for the
crystallization of akaganeite and hematite are independent of the reaction order.

Kinetics of akaganeite nucleation and crystallization
Our calculated values for activation energies are consistent with the reaction sequences
that we observed. Contrary to some studies (De Blanco et al. 1986; Blesa and Matijević 1989)
and in agreement with others (Bailey et al. 1993; Almeida et al. 2010), our TRXRD results
revealed the initial formation only of akaganeite followed by its transformation to hematite. The
absence of an activation energy for akaganeite nucleation at temperatures above ~125 °C is
incompatible with the co-emergence of hematite nanocrystals, since our calculated Ea for
hematite nucleation was 80 kJ/mol. Moreover, the activation energy for akaganeite growth (~74
kJ/mol) was appreciably lower than that for hematite crystal growth (~110 kJ/mol).
The difference between the nucleation and crystallization activation energies for
akaganeite suggests that the mechanisms for nucleation and crystal growth are different. Lasaga
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(1998) argues that an activation energy less than 21 kJ/mol for nucleation is consistent with a
homogeneous, diffusion-controlled mechanism. This behavior appears to be common among
primary Fe (hydr)oxides (Cornell and Schwertmann 2003; Shaw et al. 2005; Davidson et al.
2008). On the other hand, since the Ea for akaganeite crystallization is greater than 33.5 kJ/mol,
subsequent growth is governed by phase boundary controls (Lasaga 1998).
To our knowledge, akaganeite nucleation and crystallization activation energies have not
been published. The activation energies for crystallization of both akaganeite and hematite in our
experiments are notably larger than Ea values for crystallization of Fe (hydr)oxides in other
aqueous systems, For example, reported activation energies for the crystallization of goethite and
hematite generally range from 20 to 40 kJ/mol when forming via the dissolution of a ferrihydrite
intermediate (Cornell and Schwertmann 2003; Shaw et al. 2005; Davidson et al. 2008). The
higher values for our system may reflect the important role of polymeric or nanocrystalline
precursors (Schneider 1984; Bottero et al. 1994; Cornell and Schwertmann 2003; Frandsen et al.
2014) in the growth of akaganeite and its transformation to hematite. Moreover, unlike goethite
and hematite, akaganeite incorporates Cl in hollandite-like tunnels, and Cl is thought to hinder the
formation of other iron oxides (Cornell and Schwertmann 2003).
The sigmoidal S-shape of the akaganeite crystallization phase abundance vs. time data
becomes more distinct as temperature increases, as is consistent with increasing n-values with
higher temperature. Kasioptas et al. (2010) also found the sigmoidal shape sharpened at higher
temperatures. In their study, the reaction order increased exponentially with temperature from
~0.5 at 80 °C to ~1.7 at 190 °C).
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Kinetics of hematite nucleation and akaganeite dissolution
In our experiments from 150 to 200 °C, the nucleation of hematite became evident when
akaganeite phase abundance achieved ~95% of its maximum value and was immediately
followed by akaganeite dissolution. In contrast to the nucleation of akaganeite, hematite
nucleation cannot be attributed to homogeneous precipitation from solution. Based on its
activation energy of ~80 kJ/mol, hematite’s Ea lies well beyond the limit of 21 kJ/mol for
homogenous precipitation from solution that is diffusion controlled (Lasaga 1998). That
interpretation is consistent with the nucleation of hematite by a heterogeneous, phase boundarycontrolled process that is initiated on akaganeite spherulites composed of radiating needles, as
proposed by several authors. For example, according to Bailey et al. (1993), hematite nucleates
on akaganeite interfaces, such as within akaganeite “rafts” composed of aligned, aggregated
needles (Matijević and Scheiner 1978). A more detailed treatment is forthcoming in a separate
paper.
Rate data and activation energies for the dissolution of akaganeite and its replacement by
hematite are sparsely represented in the literature, but most investigators agree that akaganeite
dissolution is the rate-limiting step in the transformation to hematite (Cornell and Schwertmann
2003). The few published studies on the topic suggest that the time-dependence of the dissolution
of akaganeite displays a sigmoidal geometry suggestive of a high activation energy for the
process. For example, Cornell and Giovanoli (1988) observed a sigmoidal curve with a reaction
order of 2 during the dissolution of akaganeite in acidic media, lower than the average reaction
order that we observed of 3.4. In addition, Cornell and Giovanoli (1990) describe the akaganeiteto-hematite transformation in alkaline solutions. They again argue that akaganeite dissolution is
rate-limiting and proceeds via a phase boundary mechanism with a reaction order of 2.
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Our calculated activation energy for the dissolution of akaganeite (~125 kJ/mol) is almost
twice that reported in one of the few such studies by Sidhu et al. (1981) who measured an Ea(diss)
of 66.9 kJ/mol. These authors determined their value by monitoring the partial dissolution of
akaganeite in 0.5 M HCl and measuring the linear portion of their time-dependence data.
Refitting our akaganeite dissolution data with a reaction order of 2 yielded an activation energy of
127 ± 6 kJ/mol, insignificantly different from our best-fit value.

Kinetics of hematite growth
Recent reports of the reaction order for hematite crystallization range from 1 to 2 (Cornell
and Schwertmann 2003; Shaw et al. 2005, Davidson et al. 2008), in good agreement with our
calculated value of ~1.87.

Refitting our hematite crystallization data with the endmember

reaction orders of 1 and 2 yielded activation energies of 84 ± 12 and 88 ± 13 kJ/mol, respectively,
and thus this variation yields no meaningful change in our activation energies.
Our calculated rate constants for hematite crystallization and akaganeite dissolution are
similar for the experiments at 150 and 175 °C, whereas the akaganeite dissolution rate constant is
almost 2 times larger than the hematite crystallization rate constant at 200 °C.

The lower

hematite crystallization rate at 200 °C may be explained by differences in reaction pathway, as
reflected in the observation that a lower symmetry hydrohematite phase forms at 200 °C, but not
at lower temperatures (Peterson et al., in press). The decrease in rate constant at 200 °C may be
related to the stabilization of the lower symmetry hematite phase.
Our calculated values for the activation energies of dissolution for akaganeite and for the
crystallization of hematite are statistically identical, consistent with the observation by Hamada
and Matijevic (1982) that the rate of hematite growth is the same as the rate of disappearance of
akaganeite in the presence of ethanol, with an activation energy of 110 kJ/mol. This value is in
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turn similar to the activation energy for the hydrothermal crystallization hematite from goethite.
For instance, Davidson et al. (2008) measure an activation energy of 103 kJ/mol for this reaction,
within error of our value. As described in separate papers (Hamada and Matijević 1982; Bailey et
al. 1993; Putnis 2009; Xia et al. 2009; Kasioptas et al. 2010; Peterson et al. in prep.), this
similarity in rate constants of dissolution and crystallization may indicate that the mechanisms of
reaction involve pseudomorphic replacement by coupled dissolution-reprecipitation.
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Figures

c
b

a

Figure 4.1: Crystal structure of akaganeite, β-FeOOH. Cl- are represented by green atoms, and
H+ are represented by pink atoms.
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c
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b

Figure 4.2: Crystal structure of hematite, α-Fe2O3, in the hexagonal setting (R-3c).
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Figure 4.3: Representative Rietveld refinements of (A) akaganeite and (B) hematite. The data are
from an experiment at 175 °C. The data and fits are represented by: observed data (black x’s),
calculated (red line), differences (pink line), and reflections for each phase (horizontal black
lines).
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Figure 4.4: Representative time series of X-ray diffraction patterns collected at 150 °C.
Akaganeite peaks are colored blue, and hematite peaks are colored pink.
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Figure 4.5: Phase abundance of vs. time during the crystallization of akaganeite: A. 100 °C; B.
duplicate experiments at 150 °C; C. 175 °C; D. 200 °C. The dashed line is the fit to the data using
the JMAK equation.
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Figure 4.9: Phase abundance of vs. time during the dissolution of akaganeite: A. 150 °C; B. 175
°C; C. 200 °C. The dashed line is the fit to the data using the JMAK equation.
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Figure 4.12: Phase abundance of vs. time during the precipitation of hematite: A. 150 °C; B. 175
°C; C. 200 °C. The dashed line is the fit to the data using the JMAK equation.
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Figure 4.15: Arrhenius plots for akaganeite: A. crystallization (R2 = 0.9561); B. dissolution (R2 =
0.9934).
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Figure 4.17: Arrhenius plots for hematite: A. nucleation (R2 = 0.9504); B. crystallization (R2 =
0.9636).
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Figure 4.20: Sharp-Hancock plots: Crystallization of akaganeite. A. 100 °C (R2 = 0.995811); B.
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Figure 4.23: Sharp-Hancock plots: Dissolution of akaganeite. A. 150 °C (R2 = 0.959125); B. 175
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Figure 4.26: Sharp-Hancock plots: Crystallization of hematite. A. 150 °C (R2 = 0.92698); B. 175
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Figure 4.29: Arrhenius plot using rate constants calculated using the Sharp-Hancock method. A.
akaganeite crystallization (R2 = 0.960016); B. akaganeite dissolution (R2 = 0.993442); C.
hematite crystallization (R2 = 0.959011).
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Tables

100.0(1.5)

126.4(1.5)

119.2(1.5)

123.0(1.5)

128.7(1.5)

116.4(1.5)

100

150 (a)

150 (b)

175

200 (a)

200 (b)

390
175
150

1.96(0.09) x 10-2
2.08(0.23) x 10-2
3.60(0.02) x 10-2

-

-

1723

110.4

-

<1.87(0.53)>

-

1.17(0.06)

2.01(0.20)

-

2.44(0.54)

-

-

5.42(0.23) x 10-3

1.94(0.16) x 10-3

-

2.01(0.32) x 10-4

collection (t = 0); (4) t0, adj: induction time corrected for theater; (5) average values of Tnuc. and t0, adj were calculated using 150 - 200 °C data; (6) t0, adj was used in Ea (nuc.) calculations; (7) akaganeite Ea (nuc.) represents data between 150 - 200 °C.

Duplicate experiments at 150 and 200 °C are denoted by (a) and (b). Notes: (1) Used temp. calibration error (see Appendix); (2) theater: extrapolated time of heater initiation (see Appendix); (3) t0: induction time calculated from the beginning of XRD data

-

110(21)

162.5(12.5) -

174.8(5.9)

300.0(38.8) 247.9

-

1800(779)

k (s-1): cryst.

Hematite crystallization
t0, adj (s)4 n

125(7)

1.09(0.02) x 10-2

1.03(0.03) x 10-2

2.23(0.03) x 10-3

-

2.36(0.03) x 10-4

t0 (s)3

Ea (diss.) (kJ/mol)

<3.40(0.52)>

3.84(0.66)

2.52(0.22)

3.53(0.16)

-

-

2.82(0.20) x 10-3

-

3200 3.70(0.23)

-

k (s-1): diss.

Akaganeite dissolution
n

5.90(0.29) x 10-3

1.86(0.02) x 10

-4

t (s)

80(13)

<1.31(0.65)>

1.90(0.03)

2.27(0.32)

1.43(0.15)

0.55(0.03)

0.47(0.02)

k (s-1): cryst.

74(8)

1.004(0)

1

1

1

1

1.17(0.04) 1.28(0.03)

n

Akaganeite crystallization

<39.2(2.8)>5

35.7

42.6

37.9

37.2

42.4

537

t0, adj (s)4

0

81.4(0.2)

82.2(5.1)

90.0(5.6)

90.0(0.3)

119.7(0.3)

584.5(61)

t0 (s)3

Ea (cryst.) (kJ/mol)

45.7

39.6

52.1

52.8

77.3

47.5

theater (s)2

Ea (nuc.) (kJ/mol)6,7

<122.7(4.5)>5

Tnuc. (°C)1

T (°C)

Table 4.1: Results of JMAK kinetic analyses for akaganeite and hematite. Precipitation temperatures, induction times, reaction orders,
apparent rate constants, and apparent activation energies are presented.
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Table 4.2: Summary of reaction order interpretations (from Hulbert 1969).

Phase boundary controlled Diffusion controlled
Three-dimensional growth (spheres)
Constant nucleation
4
Zero nucleation
3
Decreasing nucleation
3-4

2.5
1.5
1.5 - 2.5

Two-dimensional growth (plates)
Constant nucleation
Zero nucleation
Decreasing nucleation

3
2
2-3

2
1
1-2

One-dimensional growth (rods)
Constant nucleation
Zero nucleation
Decreasing nucleation

2
1
1-2

1.5
0.5
0.5 - 1.5

2.92(0.2)
3.58(0.18)
2.22(0.13)
2.77(0.28)
<2.87(0.48)>

n
k (s-1): diss.
2.37(0.23) x 10-4
2.23(0.15) x 10-3
0.98(0.08) x 10-2
1.16(0.16) x 10-2

-

111(23)

1.87(0.18)
1.73(0.06)
1.19(0.03)
<1.60(0.3)>

n

k (s-1): cryst.
1.91(0.24) x 10-4
1.94(0.09) x 10-3
5.24(0.17) x 10-3
-

Hematite crystallization

Duplicate experiments at 150 and 200 °C are denoted by (a) and (b). Notes: (1) t0: induction times obtained from JMAK analyses.

125(7)

k (s-1): cryst.
2.36(0.04) x 10-4
5.83(0.30) x 10-3
2.77(0.10) x 10-3
1.86(0.39) x 10-2
2.13(0.13) x 10-2
4.02(0.73) x 10-2

Ea (diss.) (kJ/mol)

1.39(0.02)
0.46(0.02)
0.45(0.01)
1.22(0.17)
1.97(0.09)
2.18(0.27)
<1.28(0.67)>

n

71(7)

t0 (s)
584.5(61)
119.7(0.3)
90.0(0.3)
90.0(5.6)
82.2(5.1)
81.4(0.2)

Akaganeite crystallization and dissolution

Ea (cryst.) (kJ/mol)

100
150 (a)
150 (b)
175
200 (a)
200 (b)

T (°C)

1

Table 4.3: Results of Sharp-Hancock kinetic analyses for akaganeite and hematite. Induction times, reaction orders, apparent rate constants,
and apparent activation energies are presented.
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Table 4.4: Comparison of apparent activation energies (kJ/mol) calculated using the JMAK
equation with (1) refined reaction orders and (2) average reaction orders, and the Sharp-Hancock
method. Average reaction orders for both methods are also presented.
Akaganeite crystallization and dissolution

Hematite nucleation and crystallization

average n Ea (cryst.)

average n

Ea (diss.)

Ea (nuc.)

average n

Ea (cryst.)

JMAK:
n refined
average n

1.31(0.65) 74(8)
1.31
79(6)

3.40(0.52)
3.40

125(7)
125(7)

80(13)
80(12)

1.87(0.53)
1.87

110(21)
107(24)

Sharp-Hancock

1.28(0.67) 71(7)

2.87(0.48)

125(7)

-

1.60(0.3)

111(23)
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Chapter 5

TEM SPECIMEN PREPARATION OF NANO- AND MICROPARTICLES
BY FOCUSED ION BEAM MILLING

Abstract
Focused ion beam (FIB) milling and ultramicrotomy are commonly used to prepare foils
for transmission electron microscopy (TEM) analyses, but these techniques have disadvantages
for nano- and microparticle specimens. For instance, the FIB lift-out technique requires particle
sizes in excess of 5 µm in diameter to transfer milled foils to TEM grids. Instead, particles are
embedded in a resin and either FIB milled or sliced using ultramicrotomy. However, cutting
particles in a specific crystallographic orientation is not possible when they are embedded in
resin. In addition, a sufficient number of particles in solution must be available for filtration
before milling or embedding. Here we present a method to prepare TEM foils from limited
quantities of nano- and microparticles smaller than 5 µm. TEM half-grids were dipped directly
into droplets containing particles, thereby circumventing the filtration and embedding steps.
Using this method, we prepared site and orientation specific electron transparent foils of
akaganeite nanorods and hematite micropseudocubes. This technique is also applicable to other
nanoparticulate systems and dry powders.

Introduction
Analysis of nanoparticulate microstructures using transmission electron microscopy
(TEM) is integral to many industrial, medical, and geological studies (Giannuzzi et al. 1998;
Volkert et al. 2004; Wirth 2009; Lee 2010). Defects, porosity, size, and polycrystallinity directly

118
influence the chemical and physical properties of particles (Mee et al. 2008; Echigo et al. 2012).
In aqueous and soil environments, for example, microstructure and surface defects introduce
reactive sites that guide particle growth, stability, contaminant sorption, and redox capacity
(Echigo et al. 2012).

However, the manipulation and sectioning of nanoparticles for TEM

observation is challenging, especially when particle quantities are low (Lomness et al. 2001;
Kaegi and Gasser 2006; Mayer et al. 2007; Choi et al. 2007).
Varied techniques have been used to prepare electron transparent TEM specimens from
nano- and microparticles (Giannuzzi and Stevie 2005). For example, ultramicrotomy employs a
diamond knife to shave thin slices from particles that are embedded in epoxy. However, brittle
materials can crack during the cutting process, and ductile materials can be strained, thereby
altering or even destroying the microstructural features of interest (Park et al. 1996; Volkert et al.
2004; Li et al. 2006; Lee 2010; French et al. 2012; Tomus and Ng 2013). These issues have been
overcome with the use of focused ion beam (FIB) milling, which preserves the internal structure
of particles, allowing for site-specific foil preparation with nanoscale accuracy (Heaney et al.
2001; Giannuzzi and Stevie 2005).
Here we introduce a method for the preparation of TEM foils from small numbers of
nanoparticles with diameters of <5 µm. We have applied a procedure based on selective FIB
milling to two iron oxide minerals that differ in size and morphology (akaganeite nanorods and
hematite pseudocubes) to observe microstructures using TEM. This method allows for
orientation- and site-specific milling of individual nanorods and micropseudocubic particles
without embedding or lift-out (LO) techniques.
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Background
FIB milling procedures conventionally use an ion beam (Ga+ source) to excavate solid
surfaces for the extraction of foils suitable for TEM observation (see Giannuzzi and Stevie, 2005
for a review). The sample surfaces are first coated with a protective layer of either platinum (Pt)
or tungsten (W), and then trenches are milled on either side of a wafer oriented normal to the
surface until electron transparency is achieved. The foils remain fastened to the bulk specimen by
two tabs until the final stage; these tabs provide structural support during the milling process.
When the foil has achieved the desired thinness, the tab connections are severed and foils are
undercut to loosen them from the underlying substrate.
The foils can then be transferred to a TEM grid via either ex situ or in situ lift-out
(Giannuzzi and Stevie 2005; Mayer et al. 2007). During ex situ lift-out, the foils are detached
from the underlying substrate with micromanipulators, and then placed on a holey carbon TEM
grid under an optical microscope. The in situ lift-out procedure is similar to ex situ lift-out, but
the foil manipulation and transfer are completed inside the FIB chamber. During in situ liftout,
the foils are milled to near electron transparency, and then they are soldered to a W or glass probe
tip. The probe tip then is brought close to a TEM half-grid, and the foil is fastened to the halfgrid using Pt deposition. Subsequently, the connection between the probe tip and the foil is
severed with the focused ion beam. Finally, the foil faces are cleaned with a lower beam energy
and current to remove any extraneous Pt or damage imparted during the lift-out process.
While FIB milling is an ideal technique for preparation of many difficult specimens, the
methodology is highly dependent on sample features, particularly size. For conventional lift-out
methods, the minimum sample dimensions are approximately 5 µm x 10 µm x 20 µm (Giannuzzi
and Stevie 2005). In order to overcome challenges presented by nano- and smaller microparticles
(100 nm to 5 µm), numerous adaptations to the standard FIB method have been developed
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(Lomness et al. 2001; Obst 2005; Kaegi and Gasser 2006; Choi et al. 2007; Vieweg et al. 2012).
For example, single particles can be embedded in epoxy and then Ga+ milled from opposing faces
until an electron transparent film remains. However, the use of an embedding resin adds an extra
preparation step that is time-consuming and can potentially alter the particle (Lomness et al.
2001; Choi et al. 2007; French et al. 2012). To circumvent this issue, Lomness et al. (2001) used
Pt to coat clusters of microparticles that were deposited on carbon tape. Coating with Pt “welds”
multiple particles together to provide necessary length dimensions for lift-out. However, these
techniques are often not applicable for particle-limited systems and when particle clusters are not
available. Furthermore, when particles are embedded in epoxy, it often is impossible to achieve
site and particle orientation specificity, which is a crucial aspect of many TEM analyses
(Richmond et al. 2006; French et al. 2012). Here we describe an approach that is tailored to the
preparation of crystallographically oriented TEM specimens from limited quantities of
nanoparticles.

Methods

Sample preparation of nanoparticulate Fe (hydr)oxide
Iron (hydr)oxide particles were precipitated from solutions containing 0.45 M FeCl3 and
0.01 M HCl, prepared by dilution with deionized water of a 3 M FeCl3 stock solution made with
FeCl3 ⋅ 6H2O (ACS reagent, JT Baker) and 1 M HCl (ACS reagent, Fisher Scientific) (Matijević
and Scheiner 1978). These solutions were passed through 0.05 µm Millipore filters and stored in
sealed acid-washed Nalgene bottles. Approximately 7 µL of the solution was loaded into 1.0 mm
outer diameter quartz glass capillaries (Charles Supper Company) and sealed with hightemperature epoxy (302-3M, Epotek) (Fig. 5.1). Capillaries were heated in a batch series to 150
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°C for different lengths of time, and this treatment induced the precipitation of nanoparticles with
an estimated yield of 1 mg. The solids in the capillaries were characterized using Mo Ka X-ray
diffraction (XRD) with a Rigaku D/max-RAPID microdiffractometer, and the solids were found
to consist of varying concentrations of akaganeite (β-FeOOH) and hematite (α-Fe2O3) (Blake et
al. 1966; Post et al. 2003). The relative abundances of these phases varied systematically with
annealing temperature and time.
After opening the capillaries using a glass scorer (Fig 5.2), the Fe (hydr)oxide particles
then were removed from the capillaries by either pouring them into a secondary capillary filled
with DI water (Fig. 5.3a and b) or a single droplet of DI water (Fig. 5.4a) to separate them from
the ferric chloride solution. The samples for FIB milling were prepared either by dipping a Cu
three-post TEM half-grid (Omniprobe) into the DI water solutions (Fig. 5.4b) or by dipping the
prongs of the TEM half grid directly into the capillary opening (Fig. 5.3c). The Fe (hydr)oxide
particles adhered to the TEM half grid posts by electrostatic attraction. We have also used this
technique for other nano- and microparticle substances, as well as dry powders by dipping or
dusting the half grid with particles. When not in use, the coated half-grids were stored between
two sheets of Parafilm for protection.

FIB milling for TEM specimen preparation
Focused ion beam milling was performed at the Pennsylvania State University with an
FEI Quanta 200 3D dual beam FIB with a Ga+ source operating between 5 kV and 30 kV and
currents of 30 pA to 1 nA. Particles located within the “V” of the TEM half-grid post were
preferentially chosen to provide increased protection against foil damage or loss (Fig. 5.5).
Particles near the edge of the TEM half grid V-post were selected for milling. The particles of
interest were first coated with a fine layer of Pt using electron-beam deposition to secure them to
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the TEM half grid (Fig. 5.6). Then, particles were coated with an additional protective strip of Pt
using ion-beam deposition until the strip was approximately 3 µm thick. These Pt strips also
served as markers for site-specific milling. Initial cuts were made on both sides of each particle
using a 1 nA ion beam current, which removed the majority of the bulk specimen. Milling
progress was monitored via secondary electron imaging. The ion beam current was progressively
lowered as foil thickness was reduced. To achieve electron transparency, both sides of foils were
cleaned using a 30 pA current (5 kV) and a 45° grazing incidence angle to remove the majority of
redeposited, sputtered material and damage due to Ga+ impregnation. Finally, the FIB specimens
were characterized by TEM, which was performed at the Pennsylvania State University on a
Philips EM420T operating at an acceleration voltage of 120 kV.

Results and Discussion
Two minerals with different morphologies were thinned for TEM analysis: akaganeite
nanorods and hematite spherulites. In our synthesis experiments, akaganeite formed as square
nanorods with diameters of 40 to 80 nm, and lengths of 300 to 500 nm (Fig. 5.7). Hematite
exhibited a pseudocubic morphology with diameters that increased with longer reaction times to
~6 µm, (Fig. 5.8). Reaction times under 24 hours yielded particles with diameters that were less
than 4 µm. The spherulitic hematite particles were composed of 20 – 40 nm diameter needles that
radiated from a central core (Fig. 5.9). Thus, the akaganeite nanorods and the hematite spherulites
that formed during experiments with reaction times under 24 hours were smaller than the
conventional dimensions for lift-out (5 µm x 10 µm x 20 µm) without additional treatment.
Furthermore, the limited quantity of particles that precipitated within the capillaries prohibited the
use of filtration systems to isolate the particles. Instead, to prepare a TEM specimen, a TEM half-

123
grid simply was dipped into an aqueous suspension containing the particles (as described in the
previous section).
Following FESEM examination, the TEM half-grids were transferred to the FIB for
milling. Numerous akaganeite and hematite particles were located near the V-notch of the halfgrid post and were suitable for milling (Figs. 5.10 and 5.11), demonstrating the ease of preparing
multiple foils using a single half grid. As described above, each region of interest selected for foil
preparation was coated with Pt using electron beam deposition to protect particles from ion beam
damage and to secure the particles to the half grid. Afterwards, each region was coated with a
narrow strip of Pt using the ion beam (Fig. 5.12). Because the foils were not detached for lift-out,
the tabs securing each foil to the surrounding substrate were preserved after milling. This
provided additional mechanical stability for specimen storage and handling. Moreover, entire
particles were visible in the TEM, with the full range of tilt capability.
Akaganeite nanorods and hematite spherulites then were milled to electron transparency
and were ideal for TEM analyses. As estimated from subsequent SEM estimation, foil thicknesses
of less than 200 nm were achieved (Fig. 5.13). The average time to prepare a high-quality foil of
less than 200 nm thickness was ~4 hours, which is four times longer than standard foil
preparation times (Giannuzzi and Stevie 2005). Care and extra time was taken to minimize foil
thickness and reduce potential damage due to the sensitivity of akaganeite to ion beam heating.
This also helps to limit the “curtaining” effect frequently encountered in polycrystalline
specimens, where striations form on the face of the foil due to preferential sputtering of thin
regions.
Foils prepared from akaganeite nanorods with diameters of 40 to 60 nm are presented in
Figure 5.14. Nanorods were cross-sectioned perpendicular to the long axes of the particles,
demonstrating the preparation of site- and orientation-specific foils for TEM analysis. The crosssectioned akaganeite nanorods exhibit an apparent surface coating, which may be a thin

124
amorphous layer that formed due to ion beam damage. The nanorods are comprised of pores with
diameters of ~3 nm that are laterally elongated. We believe the porous features are not
attributable to sample damage due to ion beam heating. Similar pores are evident in our TEM
images obtained of the specimen prior to FIB milling (Fig. 5.15).
A TEM image of a representative hematite spherulite (~1 µm) is shown in Figure 5.16a.
The spherulite was thinned on both sides to prepare a slice through the core of the particle, again
illustrating the site specificity of this technique. Unlike the case with ultramicrotomy, no
chattering, distortion, or reorientation of microstructural features was present in our specimens.
The entire hematite pseudocubic microstructure was preserved during sample preparation, as
evidenced in TEM images. The polycrystalline spherulite was composed of needles ~20 nm in
diameter that radiate from a central core (Fig. 5.16b). Each needle was made up of smaller subparticles 2 – 6 nm in diameter, which were surrounded by 1 – 3 nm pores. The corresponding
SAED pattern exhibits sharp spots that were indexed as hematite, in agreement with XRD
characterization (Figure 16c).

Conclusions
We have presented a method that tailors conventional FIB techniques to prepare high
quality TEM foils from individual nanoparticles of limited quantity. Particles were directly
attached to TEM half grids without embedding or lift-out techniques. FIB milling was completed
directly on the TEM half-grid after particles were permanently secured with Pt deposition.
Multiple foils were prepared on a single TEM half-grid without the need to transfer to a
secondary TEM grid. The entire particle was visible in the TEM and tilting capability was
preserved. Moreover, the specimen can be returned to the FIB for additional milling. Through this
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technique, orientation- and site-specific TEM specimens were prepared with minimum damage,
and microstructural features were preserved.
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Figures

Epoxy
Head space
Ferric chloride solution

Particles
Figure 5.1: Capillary filled with ferric chloride solution and sealed with a high-temperature
epoxy. Particles have accumulated at the base of the capillary.

Figure 5.2: Capillaries are opened just below the head space/solution boundary using a glass
scorer.
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Figure 5.3: Particle deposition on a Cu half grid. A) The ferric chloride solution filled capillary is
inverted and quickly dipped into a second capillary filled with DI water to remove the particles
from the ferric chloride solution. B) The DI water capillary is then scored below the funnel of the
capillary. C) The scored DI water capillary is inverted, and the prongs of the Cu half grid are
dipped directly into the capillary opening.
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Figure 5.4: Particle deposition on a Cu half grid. A) The ferric chloride solution filled capillary is
inverted and quickly dipped into a droplet of DI water to remove the particles from the ferric
chloride solution. B) The Cu half grid is dipped directly into the DI water droplet.

Figure 5.5: A) Diagram of a three-post Cu half grid. A V-post is outlined with a black dashed
line. B) The front of the V-post has a flat face and setback shape, which forms a lower ridge. C)
The reverse side of the V-post. The surface curves near the top of the post to the edge. D)
Looking down on the V-post with the front facing down. Particles located in the “V” (#1) are
selected for milling for protection against damage. Particle #2 can easily be damaged during
storage. Particles near the edge of the V-post are selected for milling (#1 and #4). Particles away
from the edge may not be fully visible in the TEM (#3 and #5).
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Figure 5.6: FIB milling procedure. A) Diagram of a Cu half grid post with two hematite particles
(maroon) located near the edge of the post. The front of the post is facing down (refer to Figure
2b). Each particle of interest is first coated with a fine layer of Pt (outlined in blue) using electron
beam deposition to protect each particle from ion beam damage. B) A hematite particle is coated
with two Pt strips using ion beam deposition. The first Pt strip is wider and thin (~1 µm) to
protect the particle from damage during milling. Afterwards, a narrow, thick Pt strip is deposited
to minimize deposition time and to serve as a marker for site-specific milling. The total thickness
of the Pt strip is ~3 µm. C) Initial cuts are made with a 1 nA ion beam current on both sides of the
particle. D) The ion beam current is lowered as the foil thickness is reduced. E) Finally, both
sides of the particle are cleaned with a 30 pA current ion beam operating at 5 kV.
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Figure 5.7: FESEM image of akaganeite nanorods.

Figure 5.8: FESEM image of hematite spherulites that are 3 - 4 µm in diameter.
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Figure 5.9: FESEM image of a hematite spherulite that consists of needles radiating from a
central core.

Figure 5.10: SEM image of akaganeite nanorods before Pt deposition. The nanorods were
deposited by dipping the half grid in a droplet. Numerous nanorods in different orientations are
near the crest of the TEM half grid. The nanorods can be crosscut or milled lengthwise.
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A

B

Figure 5.11: SEM image of hematite spherulites before Pt deposition. The spherulites were
deposited by dusting the half grid with hematite powder. Hematite particles near the crest of the
post were selected for Pt deposition. A) Plan view; B) cross section.
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A

B

Figure 5.12: SEM images of hematite spherulites after ion beam deposition of (A) a narrow Pt
strip approximately (B) 3 µm high.
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Figure 5.13: SEM image of a final milled hematite spherulite ~200 nm thick, tilted slightly from
plan view.

2
1

3

50 nm
Figure 5.14: Bright-field TEM image of cross-sectioned akaganeite nanorods (1). (2) Cu half
grid. (3) Pt coating.
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100 nm
Figure 5.15:
milling.

Bright-field TEM image of akaganeite nanorods before Pt deposition or FIB
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A

B

Figure 5.16: Bright-field TEM images of a hematite spherulite with a diameter of ~1 µm. A) The
spherulite has a polycrystalline microstructure consists of 20 nm diameter needles radiating from
the core; B) the needles are made up of 2 – 6 nm sub-particles. Inset: SAED pattern of the
needles.
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Chapter 6

EVOLUTION IN THE MORPHOLOGIES OF AKAGANEITE AND
HEMATITE DURING HYDROTHERMAL GROWTH

Abstract
We employed FESEM and TEM to characterize morphological changes that
accompanied the precipitation of akaganeite and its transformation to hematite from Fe chloride
solutions heated to 150 °C.

Akaganeite crystals grew via a hierarchical assembly of

nanoparticles, with coincident growth of two distinct akaganeite morphologies -- rectangular rods
and spherulites. The first hematite crystals that we detected adopted the spherulitic morphology of
the precursor akaganeite. These observations suggest that hematite nucleated heterogeneously
within the akaganeite spherulites in our system. We propose that the transformation from
akaganeite to hematite proceeded via short-range dissolution and reprecipitation leading to
pseudomorphic replacement. The akaganeite rods persisted during the first stages of
pseudomorphism, and in the final stage of transformation, the growth of hematite spherulites
proceeded at the expense of the akaganeite rectangular rods. These studies suggest that the
relationship between nanoparticle morphology and mineral phase stability is complex, and they
demonstrate that morphology exerts a strong influence on nucleation and transformation kinetics.

Introduction
The precipitation of akaganeite (β-FeOOH) and hematite (α-Fe2O3) with specific particle
characteristics (e.g., size, shape, crystallinity, porosity) has been extensively researched for
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applications that require photocatalysts, magnetic materials, and biomedically active compounds.
For instance, Geng et al. (2012) report that porous, spherulitic hematite particles exhibit enhanced
photocatalytic activity and improved waste removal performance. Similarly, Bora et al. (2011)
observe that films of hematite crystals with high surface areas and flower-like morphologies
display superior electro-optical properties. The relationship between the physical characteristics
and the chemical behavior of Fe (hydr)oxide nanoparticles remains incompletely understood, but
it is essential to their application in environmental, biological, and industrial systems.
Morphology selection in the iron oxide system is highly sensitive to experimental
conditions, such as the concentration and varieties of anions and cations in solution, organic
additives, temperature, and pH (Matijević and Scheiner 1978; Cornell and Schwertmann 2003).
Additionally, the morphology of a precursor phase often dictates the morphology of the final
phase (Pu et al. 2006). For example, spherulitic to pseudocubic habits often characterize hematite
nanocrystals that have formed from antecedent akaganeite, and numerous studies have suggested
that this morphology is inherited from the akaganeite (Matijević and Scheiner 1978; Bailey et al.
1993; Hou et al. 2006; Wang and Yao 2010; Su et al. 2011). Since it also appears that the
transformation from akaganeite to hematite proceeds by dissolution and recrystallization
(Matijević and Scheiner 1978), it is not clear whether and how the hematite templates upon the
original akaganeite (Bailey et al. 1993).
Here we examine the morphological changes that occurred as akaganeite nanocrystals
evolved into hematite particles in reactions of Fe chloride solutions heated to 150 °C over a range
of times. We used Rietveld analysis of X-ray diffraction patterns to identify and quantify the
products, and we employed FESEM and TEM to characterize changes in morphology and
microstructure. By framing our observations in the context of our time-resolved and in situ XRD
samples (described in Chapters 3 and 4), we propose an overall crystallization sequence that

141
relates morphological evolution with the kinetics and mechanisms of the transformation of
akaganeite to hematite.

Experimental Methods

Sample preparation
Iron (hydr)oxide particles were precipitated from solutions containing 0.45 M FeCl3 and
0.01 M HCl, prepared by dilution with deionized water of a 3 M FeCl3 stock solution made with
FeCl3 ⋅ 6H2O (ACS reagent, JT Baker) and 1 M HCl (ACS reagent, Fisher Scientific) (Matijević
and Scheiner 1978). These solutions were passed through 0.05 µm Millipore filters and stored in
sealed acid-washed Nalgene bottles. Two ex situ sample series were prepared. In the first series,
approximately 30 µL of the solution was loaded into 1.0 mm outer diameter quartz glass
capillaries (Charles Supper Company) and sealed with high-temperature epoxy (302-3M,
Epotek). Capillaries were heated to 150 °C for different lengths of time ranging from 15 minutes
to 28 hours. Solution volumes, capillary lengths, and amount of headspace were kept as similar as
possible to ensure temperature uniformity during heating and to minimize variations among
samples. The starting and final pH of the solution was ~1.4 and 1.0, respectively.
The second series of ex situ samples were prepared by heating lightly capped vials filled
with ~10 mL of the 0.45 M FeCl3 and 0.01 M HCl solution. The vials were heated to boiling for
different lengths of time ranging from 15 to 60 minutes. After heating, the vials were immediately
placed in a refrigerator to cool, and then filtered through 0.025 µm Millipore filters.
Our in situ time-resolved XRD hydrothermal precipitation experiment samples were
prepared as described in Chapter 3. The samples were heated to 150 °C for periods of 10 minutes
(only akaganeite), 1 hour (mixture of akaganeite and hematite), and 2.75 hours (only hematite).
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Sample characterization
The

specimens

were

characterized

using

X-ray

diffraction

(XRD)

at

the

GeoSoilEnviroCARS (GSECARS) 13-BM-C beamline at the Advanced Photon Source (APS),
Argonne National Laboratory (ANL).

The X-ray wavelength was 0.83208 Å. Our in situ

hydrothermal experimental method using time-resolved XRD is detailed in Chapter 4. Full-circle
images were integrated into intensity-versus-2θ plots using the program Fit2D with a polarization
factor of 0.99 (Hammersley et al. 1996). Rietveld structure refinements were performed using the
EXPGUI interface of the General Structures Analysis System (GSAS) program (Toby 2001;
Larson and Von Dreele 2004), as described in Chapter 4. The relative weight percent of
akaganeite and hematite varied with time (Blake et al. 1966; Post et al. 2003).
Crystallite size, p (Å), was calculated using Rietveld analysis through the following
relation:

p=

18000K λ
πX

(Eqn. 6.1)

where K is the Scherrer constant (0.94) and X represents the Lorentzian broadening contribution
to peak widths, which is represented in GSAS by the profile parameter “Lx” (Larson and Von
Dreele 2004).
Particle sizes, morphologies, and microstructures of selected specimens were
characterized using electron and ion beam instruments in the Materials Characterization
Laboratory at the Pennsylvania State University. Field emission scanning electron microscopy
(FESEM) was performed with a FEI Nova NanoSEM 630 FESEM. Focused ion beam milling
was performed with an FEI Quanta 200 3D dual beam FIB with a Ga+ source operating between 5
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kV and 30 kV and currents of 30 pA to 1 nA (Chapter 5). Finally, suspension mounts on holey C
grids and FIB specimens were characterized using a Philips EM420T operating at an acceleration
voltage of 120 kV.

Results
Our XRD analyses of the products synthesized from the 0.45 M FeCl3 and 0.01 M HCl
solutions heated to 150 °C revealed that we captured the crystallization and dissolution of
akaganeite and its transformation to hematite. No other phases were identified. In general,
akaganeite precipitation began in less than 15 minutes, and hematite began to precipitate after
~4.5 hours. Although we observed some variability in reaction kinetics, which we attribute to
small temperature inhomogeneities in our convection oven, the akaganeite typically could not be
detected after 14 hours of reaction. Ex situ reaction times, weight fractions, and particle sizes for
each sample are presented in Table 6.1. Particle sizes calculated from Rietveld refinements are
presented in Table 6.2. Particle sizes and morphologies from our 150 °C TRXRD experiments are
in agreement with these experiments. TRXRD experimental reaction times, weight fractions, and
particle sizes are presented in Table 6.3.

Rietveld refinements
Rietveld refinements of the akaganeite produced in our ex situ reaction samples revealed
that the changes in Cl occupancy and unit-cell volume during crystallization and dissolution were
similar to those observed in our in situ TRXRD experiments (Chapter 3). Cl occupancy increased
from 0.34(1) to 0.57(2) during akaganeite dissolution (Fig. 6.1). The unit cell volume slightly
decreased by ~0.2% in our ex situ experiments, while it decreased by ~0.3% during our TRXRD
experiments. There were no apparent relationships between unit-cell parameters and particle sizes
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of akaganeite as determined from Rietveld refinements or as measured in our electron
micrographs. As in our TRXRD experiments, the occupancy of the Fe site in hematite produced
by our ex situ reactions rapidly increased from 0.68(4) at 5 wt% hematite to a final value of
0.95(0) after akaganeite dissolution (Fig. 6.2). During this time, both the a- and c-axes of
hematite decreased, and the c/a ratio rapidly increased (Fig. 6.3).
As in Chapters 2 and 3, these results are consistent with the initial formation of an OHrich, Fe-deficient hematite phase during our ex situ experiments. The coupled a- and c-axis
contraction is frequently described in the protohematite and hydrohematite literature, and is
explained as a consequence of OH loss and filling of Fe vacancies (Dang et al. 1998; Cornell and
Schwertmann 2003).

The crystallization and dissolution of akaganeite needles and rods
In our time-resolved XRD heating experiments of Fe chloride solutions, akaganeite
particles nucleated homogeneously in a single burst once the temperature reached ~125 °C,
regardless of the final target temperature (Chapter 4). Thus, the activation energy for nucleation
above that temperature was 0 kJ/mol. The akaganeite crystals that we captured by TEM following
this event were cigar-shaped needles elongate along [010], and they measured 30 to 50 nm in
diameter and 200 to 400 nm in length after 1 hour (Fig. 6.4a). However, HRTEM images of these
cigars revealed that they consisted of filaments measuring 2 to 5 nm in diameter, visible as
extensions from the tapered ends of the cigars (Fig. 6.5). These micrographs suggest that the
cigar-shaped needles actually represent a second-generation of akaganeite evolution, and that they
grew by the aggregation of these filamentous nanoparticles.
With increased reaction time, the cigar-shaped needles with tapered ends evolved into
rods with rectangular cross-sections and flat ends (Figs. 6.4b and 6.6). The rod diameters and
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lengths were quite variable at each stage of reaction, ranging between ~20 to 80 nm and ~200 to
800 nm, respectively. In our in situ growth experiments, however, we observed some akaganeite
rods with much larger diameters, up to 400 nm. Those rods having diameters greater than ~100
nm had stepped edges, revealing a sub-structure of smaller rods (Fig. 6.7).
Even after the nucleation of the first hematite crystals, the akaganeite rectangular rods in
our ex situ growth experiments continued to grow. Figure 6.8 reveals akaganeite rectangular rods
for a mixture of 72 wt% akaganeite and 28 wt% hematite, and the rod diameters measured in our
FESEM micrographs ranged from 30 to 300 nm. The rods seen in Figure 6.8 exhibited ragged
tips, which we interpret as evidence of dissolution that initiated at the rod tip and propagated
along the length of the particle along lines of weakness (Cornell and Giovanoli 1988;
Schwertmann 1991). These dissolution features reveal that the rectangular rods were constructed
from thinner rectangular rods with diameters between 28 to 82 nm (Table 6.2), which is the same
size range as was exhibited by the rectangular rods sampled after 4-hours with 100 wt%
akaganeite (i.e., ~20 to 80 nm). Therefore, we presume that these thicker rods formed by
epitaxial assembly of thinner rods. In contrast, the dissolution of the thinner rectangular rods
progressed from the exterior to the interior of the rod (Fig. 6.9), and based on our TEM
micrographs of the partially dissolved thinner rectangular rods, the particles in this population
appear to be coherent single crystals.
The lengths of the akaganeite rods also continued to increase after the onset of hematite
crystallization. Whereas rod diameters appeared to increase even as hematite concentrations
increased, the rod lengths were maximized at ~1 mm for concentrations of 72 to 84 wt%
akaganeite. In some cases, the rods appeared to aggregate end-on-end, forming rods with lengths
up to 2 µm (Fig. 6.10). The interface between the two end-on-end aggregated particles also
appears to serve as a preferential dissolution point, eventually separating the two particles (Fig.
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6.9). Because hematite growth proceeded at the expense of akaganeite rods, rod lengths shortened
with further reaction progress.
Interestingly, in contrast to our particle-size determinations based on electron
micrographs, the crystallite sizes calculated using our XRD data do not reflect increases in
particle dimensions with time. Instead, the refined crystallite sizes were smaller than those
detected using electron microscopy (Fig. 6.11). In our ex situ experiments, crystallite sizes
calculated from XRD patterns decreased from ~27 nm at 15 minutes to ~21 nm at 32 wt%
akaganeite. Likewise, in our 150 °C in situ TRXRD experiment, calculated crystallite sizes
decreased from ~30 to 20 nm over the course of the reaction (Chapter 3). Although these
differences lie outside the error calculated by the Rietveld analysis, the actual errors are known to
be greater (Post and Bish 1989), and we consider these particle size values as essentially constant
as a function of reaction progress.
Thus, the particle size values determined by X-ray diffraction are an order of magnitude
smaller than the apparent sizes observed in our FESEM images. We interpret the disparity
between the increasing particle size with reaction time in our FESEM images and the constant
~20 nm particle size calculated by Rietveld analysis of XRD patterns to suggest that the
coherently diffracting domains within the akaganeite particles are significantly smaller than the
composite particles. The particle sizes refined by XRD are reasonably close to the magnitudes of
the needle diameters observed in the early stages of akaganeite crystallization. The discrepancy in
values between particle sizes inferred from microscopy and from diffraction is suggestive of an
oriented aggregation growth mechanism for akaganeite. The topotactic aggregation of thin
akaganeite rectangular rods or smaller particles generates larger-scale rod-like structures, but
crystallographic misorientation persists at the nanoscale.
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Akaganeite and hematite spherulites
Akaganeite crystal branching and spherulitic growth from 20 minutes to 4 hours
We identified progressive crystal branching in our ex situ samples heated to 100 °C (Fig.
6.12). Crystal branching was evident after 20 minutes, and full spherulites formed after 30
minutes. We infer that these spherulites were akaganeite based on our in situ TRXRD
experiments conducted at 100 °C (Chapter 3). Hematite required ~4.5 hours to appear in our ex
situ experiments at 150 °C.
Akaganeite was the only phase identified using XRD in our ex situ samples with reaction
times between 0.5 and 4 hours. We identified an akaganeite particle with an incipient spherulitic
morphology after 1 hour of heating at 150 °C, and the 1.8 µm-diameter spherule was composed of
a cluster of smaller spherulitic particles measuring 440 nm in diameter (Fig. 6.4a). We identified
similar ~400 nm diameter spherulites in experiments that ran for 3 hr. The akaganeite spherulite
diameters nearly doubled to an average of 980 nm after 4 hours (Fig. 6.4b). These spherulites
were composed of needle-like particles 7 to 17 nm in width that radiated from a central point
(Fig. 6.13). Some of the akaganeite rods were encapsulated by the spherulites, and appeared to be
dissolving to add material onto the spherulite. Impressions and cavities, which were probably due
to the rods, are visible in our images.
Therefore, we conclude that the co-existing rods and spherulites were akaganeite, as
synchrotron XRD confirmed that akaganeite was the only phase present in these samples.
Sugimoto et al. (1993) also observed spherulites co-existing with rods in a sample for which XRD
revealed only akaganeite. However, these authors inferred that the spherulites must have been
hematite based on their morphological similarity to the hematite spherulites produced at the end
of the experimental run; they attributed the failure of XRD to reveal hematite to the XRD
detection threshold.

However, based on the concentration of spherulites apparent in their
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published micrographs, we suggest that hematite should have been detected by XRD, assuming
the image is representative of the entire sample. In addition, both spherulitic and needle-like
particles are evident in FESEM micrographs presented by Chaudhari and Yu (2008). Although
the phases were identified as akaganeite based on XRD, the co-existence of akaganeite rods and
spherulites was not specifically addressed by these authors.

Transformation of spherulites from akaganeite to hematite
Although synchrotron X-ray diffraction supported the existence of akaganeite spherulites
co-existing with akaganeite rectangular rods, our TEM analysis revealed a selective
transformation of the spherulitic particles to hematite as the reaction progressed. For example,
for samples that contained 68 wt% akaganeite or less, SAED patterns indicated that the
spherulites consisted entirely of hematite (see Fig. 6.17). This mineralogical transformation was
accompanied by an increase in size. As with the initial growth of akaganeite spherulites, the
transition from a 95 wt% - 5 wt% to a 84 wt% - 16 wt% akaganeite-hematite mixture was also
marked by a doubling of the average spherulite diameter, which increased from 1.03 µm to 2.17
µm between 2 hours and 6.5 hours (Fig. 6.14). As more akaganeite dissolved, the rate of radial
growth slowed to ~0.05 µm/hour, which was linear over the time range of 6.5 hours to 20 hours.
The hematite spherulites continued to grow at the same rate after akaganeite was no longer
detected by XRD (15 hours) to an average diameter of 3.06 µm. The increase in reaction time
from 20 to 24 hr witnessed little change in spherulite growth, with the diameters holding constant
at ~3.5 µm.
The particle sizes refined from XRD data are close to the average needle diameters
measured in our electron micrographs, indicating that the needles and fused-needles are both
coherently diffracting domains within the spherulites. Needle diameters remained between ~10 to
20 nm until 13 hours. After 13 hours, some needles began to fuse into lath-like needles with
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widths as large as 90 nm (Fig. 6.15). During the time that the mixture transformed from a blend
of 75 wt% akaganeite-25 wt% hematite to 100 wt% hematite, the average needle diameters
increased from 16 nm to 28 nm.

Crystallographic orientation of crystals in spherulites
TEM micrographs of the spherulites revealed that they were polycrystalline, composed of
needles that were themselves constructed from smaller, elongated crystallites that radiated from a
central point (Figs. 6.16 and 6.17). These latter crystallites ranged from 2 to 7 nm in diameter,
and they were separated by narrow pores ~1.5 nm wide (Fig. 6.16). These primary crystallites
could be discerned in TEM micrographs even as the needle-like particle diameters increased.
Electron diffraction patterns of individual hematite needles produced sharp, single diffraction
spots (Fig. 6.17a,b). However, electron diffraction patterns taken across the boundaries of the
needles yield elongated arcs (Fig. 6.17c,d), indicating that the crystallites were slightly
misaligned.

Discussion
Spherulitic formation
Spherulitic growth is initiated in highly supersaturated solutions via heterogeneous or
secondary nucleation at any interface where there is a crystallographic mismatch (Keith and
Padden 1963). These sites may include precursor particles (amorphous or crystalline) and dust, or
they may be introduced by adsorbed impurities (e.g., polymers and Cl) and stresses generated by
defects or twin boundaries of the first particles that form (Keith and Padden 1963; Gránásy et al.
2004; Shtukenberg et al. 2012).
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Spherulites are characterized by non-crystallographic, small-angle branching of fibers
(Keith and Padden 1963). Two types of spherulites have been described, which differ from each
other in the early stages of growth (Fig. 6.18) (Keith and Padden 1963; Gránásy et al. 2005). In
category 1, spherulites grow radially from a central nucleus (e.g., dust or another particle) with
continuous branching that fills in the spherulite. Category 2 spherulitic growth occurs by
progressive branching of needle-shaped particles, leading to sheaf-like structures, and finally
filling in to form the spherulitic morphology. Crystal branching can be initiated at impurities or
orientational defects (Gránásy et al. 2005) that may be introduced due to misoriented attachment
of primary particles.

Spherulitic growth or aggregation?
The mechanism that underlies spherulitic crystal growth has been intensively debated.
Keith and Padden (1963) proposed that spherulitic growth proceeds via classical crystal growth
processes (Gránásy et al. 2005). This model for the growth of hematite spherulites was supported
by Sugimoto et al. in their description of the formation of hematite pseudocubes (Sugimoto et al.
1993; Park et al. 1996; Sugimoto and Muramatsu 1996; Sugimoto et al. 1998). They suggested a
classical mechanism for pseudocube formation, where monomers attach to the hematite
pseudocubes, forming two-dimensional nuclei. Growth of the two-dimensional nuclei into nanosized crystallites proceeds like single crystal growth, but the fusion of the crystallites to the
pseudocube is blocked by Cl adsorption. Since the transformation of akaganeite to hematite
involves a loss of Cl, they argue that the sorption of Cl- anions poisons growth on the {012}
faces. Consequently, crystallites align in the c-direction along the diagonals of the pseudocubes,
and Cl remains trapped within the spherulite interior (Sugimoto et al. 1993; Park et al. 1996;
Sugimoto and Muramatsu 1996).
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Other researchers, however, have argued that non-classical growth mechanisms, such as
mesocrystal formation, can yield spherulitic nano- and microcrystals (Cölfen and Antonietti 2005;
Niederberger and Cölfen 2006). In reviews of aggregation-based mechanisms, Cölfen and
Antonietti (2005) and Niederberger and Cölfen (2006) attribute the formation of the hematite
pseudocubes in Sugimoto et al. (1993) to the assembly of smaller precursor particles, as has been
clearly documented for calcium carbonate spherulites (Cölfen and Antonietti 2005).
However, Sugimoto et al. were adamant that hematite pseudocubic growth was not a
result of aggregation, as they did not identify primary hematite particles in their experiments
(Sugimoto et al. 1993; Sugimoto and Muramatsu 1996; Sugimoto et al. 1998). Additionally, other
researchers have maintained that calcium carbonate spherulite formation actually proceeds via
Ostwald ripening (Andreassen et al. 2010; Beck and Andreassen 2010; Sand et al. 2011; Sand et
al. 2012).

Akaganeite formation
Based on our in situ and ex situ experiments, we suggest that both classical and nonclassical mechanisms accounted for the formation of akaganeite and its transformation to
hematite in our experiments. A schematic representation of the formation of the akaganeite rods
is presented in Figure 6.19. We suggest that ~2 to 5 nm akaganeite primary particles nucleated
homogeneously in a rapid burst, and subsequently aggregated to form the filaments that make up
the cigar-shaped akaganeite needles (Murphy et al. 1976; Richmond et al. 2006). Our nucleation
activation energy of 0 kJ/mol supports a spontaneous nucleation of small precursory particles
(Dirksen and Ring 1991). Numerous studies have identified ~2 - 6 nm diameter akaganeite
primary particles or needles (Watson et al. 1962; Gallagher 1970; Murphy et al. 1976; Galbraith
et al. 1979; Richmond et al. 2006). Murphy et al. (1976) isolated 3 nm precursor particles and
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found that they aggregate into needles that are up to 3 nm by 20 nm long. Richmond et al. (2006)
also identified 3 nm akaganeite primary particles, but suggested that both growth and aggregation
mechanisms participate in the akaganeite needle formation. The akaganeite primary particles
grow lengthwise into 3 nm diameter needles, possibly via Ostwald ripening. The needle width
only increases when a second primary particle attaches itself to the side of the needle. Similarly,
the filament substructure of our cigar-shaped particles also suggests the cigar-shaped particles
grow by lateral aggregation of these filamentous nanoparticles.
Next, the cigar-shaped needles ripen into rectangular rods via classical growth (Bailey et
al. 1993). Further growth of the rods involves a second aggregation event (Fig. 6.20). Thicker
rods form by lateral oriented aggregation of thinner rods. This aggregation mechanism of growth
is supported by stepped edges at the ends of the wider rods, by the preferential dissolution along
the stepped edge planes of the wider rods, and by the different dissolution mechanism of thinner
rods. Additionally, the rods also can aggregate end-on-end to form rods that are doubled in
length.
We suggest that akaganeite spherulites formed primarily by Category 2 spherulitic
growth, as evidenced by crystal branching in our samples (Fig. 6.18). Akaganeite crystal
branching and spherulitic growth in solution has also been described in systems with high Clconcentrations or with other additives used as stabilizing agents (Music et al. 2004; Hu and Chen
2007; Chowdhury et al. 2014). For instance, Chowdhury et al. (2014) identified akaganeite rod
branching in solutions of 0.7 M FeCl3 and various alcohols. Our high Cl- concentrations are
expected to contribute to crystal branching, but since Cl- binds to the (100) and (001) faces of
akaganeite (Yue et al. 2011), adsorption likely serves to propagate crystal branching as a
mechanism of spherulitic growth. Subsequently, spherulitic growth continues in the fast-growth
direction, which is along the [010] axes of the akaganeite needles.
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From akaganeite to hematite
The transformation to hematite then occurred in three stages by a pseudomorphic
replacement of the akaganeite needles that composed the spherulites (Fig. 6.21). First, hematite
nucleated heterogeneously on the akaganeite needles that composed the spherulites, and these
needles served as a template for hematite growth. Heterogeneous nucleation and pseudomorphic
replacement is supported by the absence of primary hematite particles during the crystallization
of hematite, as would be expected for homogeneous nucleation. Our hematite nucleation
activation energy of ~80 kJ/mol suggests that the nucleation is heterogeneous and phaseboundary controlled. Moreover, we did not detect a decrease in the size of the akaganeite
spherulites, as would be expected if akaganeite spherulites dissolved while hematite spherulites
grew. For example, Hummer et al. (2012) observed a steady reduction in the size of anatase
crystals as rutile crystals enlarged in hydrothermal solutions, but we did not observe parallel
behavior in the Fe (hydr)oxide system.
Numerous researchers have observed heterogeneous nucleation of hematite on akaganeite
particles, coupled with templated growth (Bailey et al. 1993; Pu et al. 2006; Malik et al. 2014).
For example, Bailey et al. (1993) used SAED analysis to show that hematite preferentially
nucleates on rafts of akaganeite needles. They found no evidence of akaganeite dissolution, and
thus, the akaganeite raft served as a template for hematite growth in a mechanism that appears to
involve pseudomorphic replacement.
Our work suggests that the subsequent transformation of the akaganeite templates
proceeded via a short-range dissolution and reprecipitation mechanism. The local nature of the
dissolution and reprecipitation preserves the fine structure of the particles on the nanometer scale
(Putnis 2009). Xia et al. (2009) specify that the reaction must be phase-boundary controlled, with
primary mineral dissolution as the rate-limiting step to preserve the fine structure. Our kinetic
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analyses presented in Chapter 4 support a phase boundary controlled reaction with akaganeite
dissolution as the rate-limiting step. Moreover, Keith and Padden (1963) argue that spherulitic
growth rates are linear and growth is controlled by a phase boundary reaction, in agreement with
our growth rate analyses.
Our activation energies for the dissolution of akaganeite (125 kJ/mol) and hematite
crystallization (110 kJ/mol) are similar (Chapter 4). Hamada and Matijević (1982) analogously
found that the rate of akaganeite dissolution was similar to that of hematite crystallization at 90
and 99 °C. They calculated an activation energy of 110 kJ/mol for the transformation of
akaganeite to hematite based on the change in hematite spherulite diameters. Thus, the similarity
in rates of dissolution and crystallization supports a model of pseudomorphic replacement by
short-range coupled dissolution-reprecipitation.
In the final stage of our proposed reaction sequence, the hematite spherulites continued to
grow at the expense of the dissolving akaganeite rods. The absence of primary hematite particles
seems to argue for classical growth of the hematite spherulites, as detailed in Sugimoto et al.
(1993). Secondary nucleation of new crystallites at the spherulite interfaces, with the fusion of the
crystallites to the spherulite blocked by Cl adsorption, would explain the porous texture evident in
our samples (Sugimoto et al. 1993; Gránásy et al. 2005). On the other hand, the presence of
crystallites of hematite with relatively uniform sizes and that are isolated by pores, is also
suggestive of mesoscale aggregation of primary hematite particles (Cölfen and Antonietti 2005).
In the spherulite literature, much of the controversy between mesoscale aggregation and classical
growth mechanisms seems to stem from one main question: whether primary particles of the
mineral phase have formed in the author’s experimental system, which could then aggregate to
form mesocrystals (Sugimoto et al. 1993; Andreassen et al. 2010; Beck and Andreassen 2010;
Sand et al. 2011; Sand et al. 2012). Thus, our future experiments would need to determine
whether primary hematite particles form under our experimental conditions. If the particles do
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form in our system, it would strongly support a spherulitic growth mechanism that involves
mesoscale aggregation of the primary hematite particles.
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Figure 6.1: Changes in Cl occupancy during batch reactions (black circles). TRXRD data are
also presented for comparison: Squares = 150 °C, triangles = 175 °C, and diamonds = 200 °C.
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Figure 6.2: Changes in Fe occupancy during batch reactions (black circles). TRXRD data are
also presented for comparison: Squares = 150 °C, triangles = 175 °C, and diamonds = 200 °C.

157

2.740

c/a

2.735
2.730
2.725
2.720
0.2

0.4
0.6
Weight percent (hematite)

0.8

1.0

Figure 6.3: Changes in the hematite c/a ratio during batch reactions (black circles). TRXRD data
are also presented for comparison: Squares = 150 °C, triangles = 175 °C, and diamonds = 200 °C.
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Figure 6.4: FESEM micrographs showing the coexistence of akaganeite needles and spherulites.
(a) Akaganeite needles and a ~1.8 µm spherulitic-like particle after 1 hour. The spherulitic-like
particle appears to be formed of multiple ~400 nm diameter spherulites. (b) After 4 hours, the
needles have ripened into a rectangular rod-like morphology. The surface of the spherulite shows
the particle is made of smaller crystallites ~12 nm in diameter. Some rods are encased in the
spherulite.
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Figure 6.5: TEM micrographs of akaganeite needles prepared at 100 °C. (a) The needles are
tapered with (b) filaments ~2 nm in diameter extending beyond the ends. (c) HRTEM micrograph
of the akaganeite needles. The needles might have formed via aggregation of akaganeite primary
particles (inset).
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Figure 6.6: TEM micrographs of akaganeite rectangular rods from our 95 wt% - 5 wt%
akaganeite-hematite batch sample (2 hours). (a) Rectangular rod. (b) Cross-sectioned rods (1).
The porous texture might be a dissolution feature or due to beam damage. (2) Cu half grid. (3) Pt
coating.

200 nm

Figure 6.7: FESEM micrograph of akaganeite rectangular rods before dissolution from our 100
wt% akaganeite sample prepared during TRXRD experiments (10 minutes). The ends of some
rods have stepped edges that resemble the ragged ends on the rods in Figure 8.
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Figure 6.8: FESEM micrograph of (a) akaganeite rectangular rods and (b) a spherulite from our
72 wt% - 28 wt% akaganeite-hematite batch sample (7 hours). The akaganeite rods have ragged
ends that are likely due to dissolution along planes of weakness.
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Figure 6.9: (a) FESEM micrograph of akaganeite rectangular rods from our 84 wt% - 16 wt%
akaganeite-hematite sample prepared during TRXRD experiments (1 hour), and (b) TEM
micrograph of akaganeite rods prepared at 100 °C. Rods show evidence of dissolution at the ends.
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Figure 6.10: TEM micrograph of akaganeite rectangular rods from our 95 wt% - 5 wt%
akaganeite-hematite batch sample (2 hours). Some rods are aggregated end-on-end.

Crystallite size (nm)

50
40
30
20
10
0
2

4

6
Time (hours)

8

10

12

Figure 6.11: Changes in XRD crystallite size in our batch samples during the crystallization and
dissolution of akaganeite.
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Figure 6.12: FESEM micrographs of akaganeite needles, sheafs, and spherulites precipitated in
boiling water with reaction times of (a) 20 minutes, (b) 25 minutes, and (c, d) 30 minutes. Crystal
splitting is evident after 20 minutes, and spherulites have formed after 30 minutes.
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Figure 6.13: (a, b) TEM micrographs of spherulites in our 95% - 5% akaganeite - hematite mixed
phase sample (2 hours) and (c, d) FESEM micrographs of spherulites at 100% hematite (15
hours).
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Figure 6.14: Changes in akaganeite and hematite spherulite radii in our batch samples during the
crystallization and dissolution of akaganeite. Red numbers represent hematite wt% at each point.
The dotted line represents a linear fit to the data between 6.5 and 20 hours.
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Figure 6.15: FESEM micrographs of (a) a spherulite in our 72 wt% - 28 wt% akaganeitehematite batch sample (7 hours) and (b) a hematite spherulite in a 100% hematite batch sample
after 15 hours.
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Figure 6.16: TEM micrographs of a hematite spherulite in our 100% hematite batch sample (20
hours). (a) The hematite spherulite is composed of (b) needles that are themselves constructed
from (c) smaller, elongated crystallites that radiated from a central point. The crystallites are
separated by narrow pores ~1.5 nm wide.
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Figure 6.17: TEM micrographs and SAED patterns of a hematite spherulite in our 100%
hematite batch sample (27.5 hours). (a, b) SAED pattern taken across the boundaries of the
needles reveal they are slightly misoriented with respect to each other. (c, d) SAED pattern of an
individual needle indicate the crystallites are crystallographically aligned.

Figure 6.18: Category 1 and 2 spherulites (from Gránásy et al. 2005). Category 1 spherulites
grow radially from a central nucleus. Category 2 spherulites grow by progressive branching,
eventually filling in to form a spherulite.
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Figure 6.19: The formation of akaganeite rectangular rods. (1) Akaganeite primary particles
nucleation homogeneously and (2) aggregate into needles (see also Fig. 20), forming (3) cigarshaped particles. (4) The cigar-shaped needles recrystallize and grow into (5) rectangular rods via
Ostwald ripening (adapted from Almeida et al. 2010).
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Figure 6.20: Akaganeite rectangular rods may also grow via (a) side-by-side aggregation, and (b)
end-on-end aggregation.
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Figure 6.21: Akaganeite to hematite transformation (adapted from Gránásy et al. 2005). Stage 1:
Hematite nucleates heterogeneously on akaganeite needles that make up the spherulites. Stage 2:
The akaganeite needles serve as a template for hematite growth, and the transformation proceeds
via a short-range coupled dissolution/reprecipitation mechanism that preserves the fine structure
of the spherulites. The akaganeite spherulite to hematite spherulite transformation is complete
before akaganeite rod dissolution is complete. Stage 3: Hematite spherulites grow at the expense
of akaganeite rods.
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Tables

Table 6.1: Reaction times, weight fractions, and analysis techniques used for the batch series
samples.

Time (hrs)

0.5
1
3
4
2
6.5
11
7
10
13
13
15
20
24
27.5

Weight %
Akaganeite
100
100
100
100
~95
84
75
72
68
45
32
0
0
0
0

Hematite
0
0
0
0
~5
16
25
28
32
55
68
100
100
100
100

Akaganeite needle/rod
size (nm)

Spherulite
Crystallite
diameter (µm) diameter (nm)

Width
35.3 ± 13.8
39.6 ± 7.1
48.9 ± 12.1
47.3 ± 7.3
46.1 ± 6.1
53.6 ± 13.4
45.0 ± 7.8
63.3 ± 21.2
-

0.44 ± 0.07
0.40
0.98 ± 0.8
1.02 ± 0.19
2.17 ± 0.48
2.49 ± 0.31
2.13 ± 0.01
2.51 ± 0.23
2.64 ± 0.10
2.82
3.05 ± 0.28
3.54 ± 0.63
3.59 ± 0.21
6.08 ± 1.03

Length
267 ± 38
459 ± 106
599 ± 105
793 ± 237
312 ± 78
888 ± 74
557 ± 150
-

12.0 ± 2.4
15.8 ± 3.5
15.7 ± 3.0
10.7 ± 2.1
21.3 ± 4.8
12.1 ± 4.8
19.3 ± 7.5
-
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Table 6.2: Particle sizes of batch series samples determined from XRD data, and FESEM and
TEM micrographs.
Time (hrs)
0.5
1
3
4
2
6.5
11
7
10
13
13
15
20
24
27.5

Weight %
Akaganeite
Hematite
100
0
100
0
100
0
100
0
~95
~5
83
17
75
25
71
29
68
32
45
55
33
67
0
100
0
100
0
100
0
100

Crystallite size (nm)
Akaganeite
Hematite
25.50
25.20
34.20
17
23.70
15
24.9
17.6
19.5
17.3
21.8
13.4
28.3
19.4
28.2
-

Table 6.3: Reaction times, weight fractions, and particle sizes for TRXRD experiments.

Time (hrs)

10 min.
1 hr.
2.75 hr.

Weight %
Akaganeite Hematite
100
0
84
16
0
100

Akaganeite rod size (nm)
Width
45.0 ± 23.6
52.8 ± 25.2
-

Length
548 ± 211
613 ± 249
-

Spherulite
Crystallite
diameter (µm) diameter (nm)
1.19 ± 0.13
1.52 ± 0.39

16.3 ± 2.8
12.7 ± 2.2
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Appendix

TEMPERATURE CALIBRATION CURVES
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Figure A.1: 100 °C target temperature calibration curve. Only two data points were available,
and the data were fit with a line instead of a second order polynomial. The temperature was
recorded after the collection of each diffraction pattern; the exposure time was 40 seconds. The
heater was started after the first pattern was collected, and is represented by a pink diamond.
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Figure A.2: 150 °C target temperature calibration curves for duplicate experiments. The
temperatures were recorded after the collection of each diffraction pattern; the exposure time was
40 and 30 seconds for experiments A and B, respectively. The heater was started after the first
patterns were collected. Heater initiation and akaganeite nucleation are represented by pink
diamonds.
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Figure A.3: 175 °C target temperature calibration curve. The temperature was recorded after the
collection of each diffraction pattern; the exposure time was 30 seconds. The heater was started
after the first pattern was collected. Heater initiation and akaganeite nucleation are represented by
pink diamonds.
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Figure A.4: 200 °C target temperature calibration curves for duplicate experiments. The
temperatures were recorded after the collection of each diffraction pattern; the exposure time was
25 and 30 seconds for experiments A and B, respectively. The heater was started after the first
patterns were collected. Heater initiation and akaganeite nucleation are represented by pink
diamonds.
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