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ABSTRACT

Unlike most native metals, the unit cells of metal oxides tend to expand when
crystallite sizes approach the nanoscale. Here we review different models that
account for this behavior, and we present structural analyses for goethite (o.-
FeOOH) crystallites from ~10 to ~30 nm. The goethite was investigated during
continuous particle growth via the hydrothermal transformation of 2-line
ferrihydrite at pH 13.6 at 80, 90, and 100 °C using time-resolved, angle-dispersive
synchrotron X-ray diffraction. Ferrihydrite gels were injected into polyimide
capillaries with low background scattering, increasing the sensitivity for detecting
diffraction from goethite nanocrystals that nucleated upon heating. Rietveld
analysis enabled high-resolution extraction of crystallographic and kinetic data.
Crystallite sizes for goethite increased with time at similar rates for all
temperatures.

With increasing crystallite size, goethite unit-cell volumes decreased,
primarily as a result of contraction along the c-axis, the direction of closest-packing
(Space Group Pnma). We introduce the coefficient of nanoscale contraction (CNC)
as an analog to the coefficient of thermal expansion (CTE) to compare the
dependence of lattice strain on crystallite size for goethite and other metal oxides,
and we argue that nanoscale-induced crystallographic expansion is quantitatively
similar to that produced when goethite is heated. In addition, our first-order kinetic
model based on the Johnson-Mehl-Avrami-Kolmogorov (JMAK) equation yielded an
activation energy for the transformation of ferrihydrite to goethite of 72.74 + 0.2

kJ/mol, below reported values for hematite nucleation and growth.
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INTRODUCTION

Over the last several decades, Earth scientists have documented that
nanoparticles can control the aqueous geochemistry of surficial environments due
to their enhanced reactivity and their catalytic proficiency (reviewed in Hochella et
al. 2008 and Sharma et al. 2015). Traditionally, the amplified role of nanocrystals is
attributed to their high ratios of reactive surface area to volume. In addition to their
high surficial interfaces, however, nanocrystals may react more readily than their
macroscopic counterparts because of structural changes arising from their sub-
micrometer dimensionality. Variations in unit-cell dimension strongly influence
electronic band structure, leading to disparities in the chemical behaviors of nano-
and macro- particles (Solliard and Flueli 1985; Ayyub et al. 1995).

Nearly a century ago, Lennard-Jones and Dent (1928) theorized that lattice
parameters of crystal surfaces will differ from those of the bulk, and by extension
Lennard-Jones (1930) argued that nanoparticles dominated by surface structure
will deviate in a predictable fashion from bulk materials. Specifically, he suggested
that the unit-cells of “non-ionic” compounds should increase with decreasing
particle size, whereas ionic crystals will behave in the opposite fashion. Some early
X-ray (Randall and Rooksby 1932) and electron (Finch and Wilman 1934; Pickup
1936) diffraction experiments offered support for a dependence of lattice
parameters on crystallite dimensions. Because of the small magnitudes of variation,
however, these early studies offered contrasting interpretations for the effects of

particle size on unit-cell dimensions (Boswell 1951).
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Models of size-induced lattice variations

Modern investigative techniques offer much higher precision for the
measurement of lattice parameters, and these issues have been revisited over the
past two decades. In reviewing this recent work, Diehm et al. (2012) offer three
generalizations regarding size-dependent lattice variations in nanoparticles:

1) Metals and ionic crystals behave oppositely. Whereas the lattice
parameters of noble metals tend to contract with decreasing particle size
(Wasserman and Vermaak, 1970, 1972), the unit cells of most metal oxides (e.g.,
MgO, Fe203, Fe304, MnCr204) expand as particles become smaller (Cimino et al.
1966; Bhowmik et al. 2006; Rodenbough et al. 2017). It should be noted, however,
that the unit cells of Ni (Rellinghaus et al. 2001; Duan and Li 2004) and Fe (Choi et al.
2002) nanoparticles disobey this trend. Nanocrystals of these metals expand with
smaller sizes, apparently due to oxide surface layers.

2) For non-cubic metal oxides (e.g., TiOz-rutile, TiO2-anatase, t-BaTiO3),
lattice expansion with diminishing size often is anisotropic (Tsunekawa et al. 2000;
Kuznetsov et al. 2009; Ahmad and Bhattacharya 2009); and

3) Even today, reported magnitudes of lattice evolution with diminishing size
often are highly variable for the same compound (e.g., CeO2: Kossoy et al. 2006;
Hailstone et al. 2009; Chen et al. 2010).

Irregularities in the measurements of lattice parameters as a function of
nanoparticle size can be attributed to several factors, including diverse approaches
to the preparation of nanoparticles and different techniques for particle size

characterization (Baldinozzi et al. 2003; Ahmad et al. 2009). Tailoring specific
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nanoparticle sizes may involve annealing dry powders for different times at high
temperatures (200 to 1100 °C) (e.g., Hoshina et al. 2006; Rodenbough et al. 2017;
Sharma et al. 2018) or precipitating nanoparticles in aqueous solutions at relatively
low temperatures (e.g. Hailstone et al. 2009). In addition, the degree of structural
relaxation of nanoparticle surfaces would be expected to vary with the ambient
suspension medium for the interrogation technique. For electron diffraction,
particles typically are exposed to high vacuum, whereas for X-ray diffraction, the
particles may be immersed in air of varying humidity. Complicating the issue
further, Sharma et al. (2018) have demonstrated that hematite (Fe203)
nanoparticles actually exhibit both lattice expansion and contraction with
decreasing size. When a-Fe;03 particles diminish in size from 75 nm to 30 nm, both
the a and c axes expand. As particle diameters decrease further from 30 nm to 15
nm, however, both unit-cell parameters sharply decrease.

In light of these complexities, no single theory accounts for the variation of
metal oxides with decreasing particle size, but many models have been proposed:

1) Because of the technological importance of synthetic ceria as a catalyst
(Sun et al. 2012), fluorite-type CeO2 dominates the modern literature regarding
nanoscale-induced lattice expansion in metal oxides (Tsunekawa et al. 1999;
Spanier et al. 2001; Wu et al. 2004; Trovarelli and Llorca 2017). Many studies have
documented that Ce3+-anion vacancy defects are stabilized at the surfaces of CeO;
nanocrystals, and the larger sizes of these defect clusters have been cited as a cause
of lattice expansion (Tsunekawa et al. 1999; Deshpande et al. 2005; Chen et al.

2010). These observations imply that strains from the accumulation of point defects
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can stimulate lattice expansion. Curiously, however, increasing concentrations of O
vacancies for sub-30 nm Fe,03 are accompanied by a lattice contraction (Sharma et
al. 2018).

2) Perebeinos et al. (2002) present a “Madelung model” to account for the
expansion of ionic materials with decreasing particle size. They consider the total
Madelung energy for a nanoparticle as the sum of separate surface and volumetric
contributions. Within the outermost surface layer, the short-range repulsive forces
(as modeled through the bulk modulus) outcompete the long-range attractive
Coulombic forces. Lattice expansion within the surface diminishes the Madelung
surface energy, leading to an effective negative pressure. That in turn promotes a
bulk lattice expansion within the nanoparticle. This model reproduces the
behaviors of BaTiOz and CeO, though Perebeinos et al. (2002) also invoke point
defects to account for “missing” expansion in ceria.

3) Fukuhara (2003) argues that lattice expansion in metal oxide
nanoparticles occurs because of a neutralization of the screening by inner shell
electrons between atomic nuclei and valence shell electrons. That occurs when the
proportion of free electrons from the valence shells of unbonded surface atoms are
replaced by inner shell electrons, effectively increasing the ionic radii and leading to
lattice expansion. Fukuhara (2003) invokes a Thomas-Fermi statistical method to
model the decrease in charge screening and increase in unit-cell volume for MgO,
Fe;03, and TiC.

4) Diehm et al. (2012) focus instead on surface stresses as the driving

constraint for size-dependent lattice expansion. Unlike metal oxides, noble metals
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contract with decreasing particle size because the metal atoms at the particle
surface are under-coordinated (Mays et al. 1968), thereby increasing the residual
bond strengths to the surrounding metal atoms. That generates a positive surface
stress, which in turn leads to compressive tension in metals, akin to an elastic
membrane enveloping the metal particle. With decreasing particle size, the surface-
to-volume ratio increases, and the stress increasingly squeezes the structure.
Diehm et al. (2012) argue that, in contrast, the surface tensions of metal
oxides are determined by local ionic interactions, and they will vary with planar
orientation in a symmetry-dependent fashion. Diehm et al. (2012) employ density
functional theory (DFT) to calculate energies and stresses of specific surface planes,
arguing that their approach successfully predicts the lattice-versus-size behaviors

for a host of nanocrystalline oxides.

Structural evolution of nanocrystalline goethite

Despite the many conflicting interpretations of size-dependent lattice
expansion in metal oxides, few investigators offer a high-resolution crystallographic
investigation of atomic structure as nanoparticles change in size. Here, we present a
detailed study of the structural evolution of goethite (a.-FeOOH) nanoparticles based
on in situ, time-resolved synchrotron X-ray diffraction (TRXRD) during precipitation
from precursor 2-line ferrihydrite (Feg20s5(0H)7.4 - 3H20). Goethite is an extremely
common soil mineral in wet and oxidizing environments on the Earth’s surface
(Kampf and Schwertmann 1983; Hyland et al. 2015). In near-surface terrestrial

settings, goethite typically forms via dissolution and recrystallization of ferrihydrite,
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a poorly ordered Fe oxyhydroxide common in acid mine drainage environments
(Ferris et al. 1989; Carlson et al. 2002; Michel et al. 2010). Goethite habits range
from stubby nanocrystals to >1 um-long fibers with high, reactive surface areas
(Ardizzone and Formaro 1985; Blesa and Matijevi¢ 1989; Penn et al. 2006). The
chemical reactivity of goethite nanocrystals depends strongly on particle size, shape
and crystallinity (Waychunas et al. 2005; Gilbert et al. 2007; Stemig et al 2014).

In order to ensure that our samples were not intergrown with hematite, we
investigated the growth of goethite nanoparticles from 2-line ferrihydrite gels at pH
13.6 between 80 and 100 °C. When temperatures are between 25 and 100 °C,
hematite is the dominant transformation product from ferrihydrite at pH 2 to 10
(Johnston and Lewis 1983; Schwertmann et al. 2004; Das et al. 2011; Soltis et al.
2016). Goethite and hematite initially co-precipitate at temperatures between 50
and 130 °C from pH 6 to 10. After a week of hydrothermal treatment at these
conditions, goethite dissolves and hematite precipitates (Das et al. 2011; Chen et al.
2018). Thus, hydrothermal synthesis of phase-pure goethite typically is achieved
using highly alkaline solutions (pH > 11) and temperatures at or below 100 °C
(Cornell and Giovanoli 1985; Cornell and Schwertmann 2003).

Characterizing lattice-parameter variations during crystal growth by in situ
TRXRD offers several advantages over measurements of polydisperse dry powders.
The high time resolution for the collection of diffraction rings (<60 s per pattern)
enabled a nearly continuous monitoring of particle size. The immersion medium
ensured a constant ambient environment for particle surfaces, and, its high pH

notwithstanding, the aqueous fluid modeled the kinds of hydrous geochemical
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systems in which goethite precipitates. Rietveld analysis of whole-ring patterns
obtained by synchrotron radiation remains the most accurate method for
ascertaining lattice parameters. Because we utilized an environmental cell with low
background scattering of X-rays, we were able to monitor particle sizes on the order
of 10 to 30 nm.

Many studies have documented similarities between the effects of shrinking
nanoparticle size and increasing temperature with respect to lattice parameters and
phase transitions (e.g., Ayyub et al. 1988, 1995; Quadri et al. 1999; Tsunekawa et al.
2000; Choi et al. 2002; Baldinozzi et al. 2003; Rivest et al. 2011). Here we compare
structural variations in bond lengths and angles during goethite nanoparticle
growth with those that accompany thermal changes in bulk goethite, as determined
by the high-resolution crystallographic study of heated goethite by Gualtieri and
Venturelli (1999). In addition, by measuring goethite growth at three temperatures,
we were able to extract reaction rates and activation energies for goethite

nucleation and growth.

EXPERIMENTAL METHODS
Sample preparation
Ferrihydrite and goethite were prepared using the method described by
Schwertmann and Cornell (2000). In this study, we dissolved 0.505 g Fe(NO3)3 ¢ 9
H20 in 1.25 mL DI water to produce a 1 M solution of Fe(NO3)3. This solution was
mixed with 2.25 mL of 5 M KOH, and 21.5 mL of DI water was added to the solution

to yield 25 mL. Reddish-brown 2-line ferrihydrite, as identified by synchrotron X-
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ray diffraction (see below), precipitated as a gel immediately upon the combination
of the Fe(NO3)3 and KOH. The pH of the final solution was 13.6. Goethite diffraction
peaks were detected in this ferrihydrite gel at room temperature after a few hours.
Consequently, we developed a protocol for injection of the ferrihydrite gel into the
environmental cell, followed by cell sealing and sample mounting, in less than 15

min of mixing the gel.

Construction of the environmental cell

The quartz glass capillaries that have previously served as reaction cells for
TRXRD hydrothermal growth studies (Norby 1996; Parise et al. 2000; Hummer et al.
2012; Peterson et al. 2016) contribute high background scattering from amorphous
silica. Therefore, for these experiments we modified the Norby-type environmental
cell to test the applicability of polyimide (Kapton®) for fluid containment, since
polyimide exhibits a higher transmittance of X-rays than does quartz glass. The
resultant increase in sensitivity of X-ray detection allowed for the detection of
particles measuring tens of nm. The rapid kinetics of goethite crystallization allowed
us to perform hydrothermal synchrotron-based TRXRD experiments at relatively
low temperatures, between 80 and 100 °C. The attendant low vapor pressures in
turn enabled the testing of polyimide (Kapton®) to contain the heated ferrihydrite
gels. As an organic polymer, polyimide generates a lower background than does
silica, and it was chemically inert with respect to the ferrihydrite gel. We purchased
polyimide tubing from Cole-Parmer (Part# 95820-06), with dimensions 0.0320" ID

x 0.0340" OD (0.813 mm ID x 0.864 mm OD) and thus a wall thickness of 0.0020” +
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0.0005” (50.8 um * 12.7 um). Attempts to heat the gels above 100 °C consistently
yielded vapor release ruptures in the polyimide tubing, leading to total dehydration
of the gel.

The time sensitivity of the gels to spontaneous crystallization required a
method for rapid sealing of the vessels after sample loading. Initially, we attempted
to seal the polyimide capillaries with a high-temperature RTV (room-temperature
vulcanization) silicone sealant (Loctite®). Although this sealant does not fully cure
until 24 hr after application, it is tack-free after only 30 min and stable up to 315 °C.
However, the silicone adhesive did not adhere adequately to the polyimide surfaces.
When the cell temperatures attained 100 °C, the solution pressure ejected the
silicone plug (and the reaction mixture) from the tube. Instead, we achieved success
with a commercial 5-minute epoxy (Devcon®). Although the full cure time for
Devcon is 1 hr, this epoxy dried sufficiently for experimental use after 15 min.
When capillary solutions were heated to 100 °C for 8 hr, the epoxy remained

sufficiently stable to contain the hydrothermal reaction mixture.

Protocol for sample preparation.

After these and other tests were completed, a consistent sample preparation
method was developed. First, ferrihydrite was freshly mixed at the start of each
experiment to avert the precipitation of goethite. Gel was extracted from the mixing
vessel with a 1 mL syringe and then injected into a 2.5 cm length of polyimide tubing.
The 5-minute epoxy then was liberally applied at both ends of the capillary to

minimize any head space between the epoxy and the gel. Care was taken to
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maintain the bulb of the epoxy seal to a diameter of <2 mm to allow for the insertion
of the capillary into a standard brass mounting pin for loading within an X-ray
goniometer. The capillary was secured within the brass pin by a small amount of

clay. The experimental design is shown in Figure 1.

Synchrotron X-ray diffraction

In situ time-resolved X-ray diffraction experiments were conducted at the
GeoSoilEnviroCARS (GSECARS) Beamline 13-BM-C at the Advanced Photon Source
(APS), Argonne National Laboratory (ANL). The X-ray wavelength was 0.8292(8) A,
and the detector distance was 95.165 mm, as determined by refinement of a LaBs
standard. Capillary orientation was maintained at horizontality for the duration of
the experiments since tilting the capillaries resulted in a separation of the gel from
the aqueous phase, inhibiting the precipitation of goethite. The beam measured
approximately 0.3 mm in height and 0.4 mm in width, and it was directed towards
the middle of the capillary both horizontally and vertically. We observed that the
ferrihydrite gels gravitationally separated slightly from the aqueous solutions
towards the bottom half of the capillary, but enough material remained within the
X-ray window to ensure high-quality diffraction patterns. Capillaries were rotated
about phi by 1° per s to minimize preferred orientation effects in the X-ray
diffraction patterns.

A forced-gas heater fabricated at APS consisted of wound Ni coils around an
inner ceramic tube, with an applied DC voltage using a Sorensen 33 V x 33 A (Model

XHR 33-33) power supply to achieve resistive heating. This assembly was encased
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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. The current was
monitored with a Keithly 2700 Multimeter. The thermocouple had been previously
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.

Experiments were run until reactions had apparently ceased; at 80, 90, and
100 °C, the run times were 8, 7, and 2 hours respectively. Individual diffraction
patterns were collected for 50, 40, and 40 seconds, respectively, using a MAR165
CCD camera with no wait time between data collections. Experimental
temperatures were attained by the start of the second pattern using a proportional-
integral-derivative (PID) controller. Patterns were collected until XRD peak
intensities registered no measurable increase. Full-circle images were integrated
into linear intensity-versus-20 datasets using the program Dioptas (Prescher and

Prakapenka, 2015).
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Structure refinement

Rietveld structure refinements were performed using the EXPGUI interface
of the General Structures Analysis System (GSAS) program (Larson and Von Dreele
2004; Toby 2001). The initial goethite structure parameters (S.G. Pnma) were taken
from Szytuta et al. (1968). Initially, unit-cell parameters, scale, sample displacement,
and background were allowed to refine. The Gaussian peak shape coefficients GU,
GV, and GW were fixed at 0.0, -13.52, and 10.38, respectively, as determined by
refinement of a LaBe standard analyzed at the start of our data collection.
Backgrounds were best fit for all patterns using a shifted Chebyschev polynomial
with 12 to 21 terms. Peak profiles were modeled using a pseudo-Voigt function
described by Thompson et al. (1987).

The profile parameters for Lorentzian broadening (LX) and anisotropic
Lorentzian broadening (ptec) were refined. After these parameters converged the
atomic positions for both O atoms and Fe were refined. Iron occupancy was refined
but did not deviate from unity for any patterns. The refinement of isotropic
temperature factors (Uiso) generated negative values, and therefore in all
refinements, values for Ujs, were fixed to 0.005 for Fe and O. Refinements were
performed over a 20 range from 15.500° to 36.203° (d-spacings of 3.0708 A -
1.3344 A). Low-angle data were not included in the refinement because of the large
background scattering from water. The total number of patterns analyzed for 80, 90,
and 100 °C experiments were 35, 33, and 24 respectively, representing time-

sampling intervals ranging from 2 to 10 min. Goodness-of-fit parameters indicated
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high-quality refinements, with »? ranging from 0.03 to 0.40, Rw, from 0.001 to 0.004,

and Rpragg from 0.010 to 0.030.

Particle size determination
Mean particle sizes were calculated for all three experiments using multiple

methods. We applied a “manual Scherrer” method via the Scherrer (1918) formula:

T = KA
o LcosO

(1)

where T is the mean particle size, K is the crystal shape factor (in this case 1), 3 is
the full width at half maximum (corrected for instrumental broadening), and 0 is the
Bragg angle. In order to account for instrumental broadening, the full-width at half-
maximum (FWHM) of the (110) diffraction peak of a LaBs standard was measured
using Jade2010 software (Materials Data, Inc.), and that value was subtracted from
the FWHM of the (101) diffraction peak of the emergent goethite. Secondly, since
instrumental broadening was compensated through the Cagliotti coefficients (GU,
GV, GW) refined for a LaBe standard, we also calculated particle sizes from the

refined Lorentzian isotropic broadening parameter (LX):

18000-KA

T="—— (2)

mLX
where K is the Scherrer constant (=1) and A is the wavelength (Larson and von
Dreele 2004). “Manual Scherrer” analysis using the (101) goethite peak and whole
pattern Rietveld refinement agreed to within 5% for diameters >15 nm. For
particles <15 nm, Rietveld methods proved more internally consistent than manual

Scherrer analysis.

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2020-7217

Ms. 7217 -- Revision 1 Page 16

In order to compare crystallite size-dependent changes in the unit-cell
volumes of other materials relative to goethite, graphical data published in other
articles were digitized by WebPlotDigitizer 4.2 when values were not explicitly

tabulated in the reports.

Scanning and transmission electron microscopy

Goethite was grown from ferrihydrite gels in quartz glass capillaries under
identical conditions as characterized our in situ TRXRD experiments. Capillaries
then were broken open to allow analysis of the contents by scanning electron (SEM)
and transmission electron microscopy (TEM). For SEM analysis, samples were
placed on double-sided sticky C tape and imaged using a Scios SEM at 3 keV and 50
pA. For TEM analysis, reaction products were prepared by ultrasonicating a small
amount of the goethite in ethanol, then air drying on a holey C film supported by a
copper-mesh TEM grid. TEM images were obtained using an FEI Talos F200X

(S)TEM at 200 kV.

Kinetic modeling
We calculated the initial rate constants using the Johnson-Mehl-Avrami-
Kolmogorov equation (JMAK):
a = 1— e lkt=to" (3)
where a represents reaction progress, k is the rate constant (s'1); t is time elapsed
(s); to 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 (Avrami
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1939 and 1940; Johnson and Mehl 1939). In these experiments, goethite peaks
were apparent as soon as the target temperature was achieved (i.e., the second
diffraction pattern in each temperature series). Consequently the induction time ¢,
for crystallization at 80, 90, and 100 °C was effectively zero. The value for reaction
progress a was calculated for a specific temperature by normalizing the scale factor
Spn at a given time to the maximum scale factor at that temperature, as represented
by the final diffraction pattern in a temperature series (Spn/Spn(max)). Our data were
well fit by a first-order reaction model, consistent with the goethite crystallization
experiments of Shaw et al. (2005).
These considerations simplified the JMAK equation to:

a=1—ek (4)
Using the Igor Pro 8 software (Wave Metrics), we refined the rate constant, k, to
achieve the best fit to Equation (4) at each temperature. The calculated rate
constants were then used to calculate the activation energy with the Arrhenius

equation:

In(k) = In(4) — %(%

) (5)
where k is the rate constant (s'1), A is the pre-exponential factor (s'1), E, is the
activation energy (J/mol), R is the gas constant (8.31446 J/moleK), and T is
temperature (K). E, was extracted from this relationship by plotting the natural log

of the three rate constants as a function of 1/T. The resulting slope was multiplied

by the gas constant to determine the activation energy.
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RESULTS
Crystallite versus particle size

Crystallite size based on XRD Scherrer analysis yields the average dimension
of coherently diffracting domains, which can be orders of magnitude different from
particle sizes (Holzwarth and Gibson 2011). Our SEM and TEM investigation of
goethite samples synthesized in parallel with the TRXRD experiments revealed
lathlike particles that measured up to 5 pm in length and 300 nm in width (Fig. 2a).
Even at low magnifications, high defect densities were apparent, and higher
magnifications clearly showed that these micrometer-long laths are aggregates of
slightly-to-strongly misaligned crystallites that measure tens of nm in dimension
(Fig. 2b). Fast Fourier transforms of high-resolution TEM images revealed that the
pm-long fibers were elongate along the b-axis, which is the tunnel direction in the
Pnma setting for goethite. Extremely high densities of stacking faults were apparent
normal to b along the (001) planes, reflecting the direction of O closest-packing in
goethite. Thus, the fibers evidently grew through attachment of nanocrystals along
b, followed by side-by-side fiber aggregation along c.

Nanocrystalline sub-structures were expected in light of the many studies
demonstrating growth of goethite via oriented aggregation of nanocrystals (Guyodo
et al. 2003; Burleson and Penn 2006). Likewise, Sharma et al. (2018) differentiate
between crystallite sizes that measure in the tens of nanometers versus particle
sizes up to 1 um in diameter in their examination of nanoscale-induced lattice
variations in hematite. In instances when nanoparticles actually consist of single

nanocrystals, the Scherrer-based analysis that we employed in the present study
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yielded very close agreement with sizes ascertained using TEM (e.g., Borchert et al.
2005; Rodenbough et al. 2017).

The crystallite sizes detected by our XRD analysis also are consistent with
those reported in previous studies for nearly identical synthesis conditions. For
example, Schwertmann et al. (1985) calculated the size of goethite crystallites by
Scherrer analysis for synthesis from ferrihydrite gels at 80 °C. Their nanocrystals
attained a size of 38 nm, slightly larger than the dimension of 28 nm calculated in
the present study at 80 °C. We attribute this discrepancy to different durations of
the experiments, since Schwertmann et al. (1985) conducted their 80 °C experiment
for 7 days, whereas ours ran only for 6.3 hr. Although Rietveld analysis yields only a
single averaged crystallite diameter, the small size regime for our nanocrystals

renders these values reasonably close to actual dimensions.

Evolution in goethite crystallite size

For all goethite synthesis temperatures, the first few diffraction patterns (Fig.
3) revealed only two broad, low-intensity peaks arising from 2-line ferrihydrite, at
22° 20 and 32° 26 (2.17 and 1.50 A). Despite the high background contributed by
the polyimide tubing and the aqueous phase in the ferrihydrite gel, diffraction peaks
corresponding to emergent goethite were discernible in the second pattern of each
series, indicating precipitation just as the target temperature was achieved within
40 s. Rietveld analysis yielded reasonable fits to the diffraction patterns once the
background was properly modeled, and a representative refinement for the final

stages in each experiment can be seen in Figure 4.
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The first particles of goethite with diffraction peaks that were sufficiently
distinct from the background to enable analysis by “manual Scherrer” and Rietveld
techniques were on the order of 10 nm (Fig. 5). Final crystallite sizes differed for
each temperature run, ranging from 18 nm to 28 nm. This disparity may be
explained by the differences in total run times, which in turn were determined by
the cessation of crystal growth within the capillary windows and ranged from ~100
min at 100 °C to ~400 min at 80 °C. The change in crystal size with time was
marked by two stages of linear growth - an initial interval of rapid expansion
followed by a period of slower growth. When ferrihydrite was heated to 90 °C (Fig.

5), a change in growth rate occurred at 40 min.

Changes in unit-cell dimensions during goethite crystallization

Goethite mirrors most other metal oxides in its contraction of lattice
parameters with increasing nanoparticle size. At 80, 90, and 100 °C, the growth of
goethite nanoparticles was accompanied by a decrease in the magnitudes of a, b,
and ¢, and therefore, of unit-cell volume (blue diamonds in Fig. 6). Of the three cell-
edge parameters, the c-axis - which is normal to the plane of closest packed O atoms
- exhibited the largest change, decreasing, for example, from 4.637(2) A to 4.615(1)
A as particles increased from 9.5 nm to 18.3 nm at 90 °C. Thus, a particle diameter
increase of ~9 nm was associated with a decrease of 0.47% in the c direction, and
the unit-cell volume contracted by 0.69%.

As seen in Fig. 6, our refined unit-cell parameters (blue diamonds) differed

from those of Gualtieri and Venturelli (1999-red squares) by ~0.01 to ~0.04 A. The
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discrepant magnitudes are attributable to the starting materials. Gualtieri and
Venturelli (1999) employed a synthetic sample from Bayer AG that was produced by
high-temperature oxidation and hydrolysis of an Fe-sulfate in the presence of
metallic iron, and the particles exhibited an acicular morphology with 1 um-long
needles. Our preparation protocol and the sizes of our nanoparticles more closely
paralleled those of Szytuta et al. (1968), and the refined lattice parameters for our
end-product nanogoethite closely matched their reported values (green triangles in

Fig. 6).

Kinetics of goethite crystallization

As quantified by the refined scale factors for goethite, the rate of goethite
crystallization from 2-line ferrihydrite increased with temperature. At all three
temperatures, however, the crystallization rate decreased with time. Therefore, we
analyzed the kinetics of crystallization using a JMAK model that included non-linear
crystallization behavior (Eq. 3). The fits are shown in Fig. 7, and the rate constants
calculated from them are presented in Table 1. Our refined rate constants yielded x?2
values ranging from 8.2x10-2 to 9.9x10-5, indicating a high confidence in these values.
The natural logs of these rate constants were then plotted against 1/Temperature to
determine the activation energy (Fig. 8). The JMAK model yielded an E,; of 72.74 +
0.2 kJ/mol. The calculated activation energies exhibited an excellent correlation
coefficient, with R? of 0.999996, evidence of the high internal consistency of our in

situ synchrotron hydrothermal experiments.
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DISCUSSION
Nanoparticle size as a proxy for temperature

Similarities in the structural strains associated with nanoparticle size and
changes in temperature (Ayyub 1988, 1995) and pressure (Tolbert and Alivisatos
1994) have been noted for many decades. For example, Pawlow (1909) predicted
over a century ago that melting temperatures (Tr) are reduced for smaller
crystallite dimensions, and a plethora of studies have documented significant
decreases in T, for both nanoparticulate metals (Takagi 1954; Koga et al. 2004; Sun
and Simon 2007) and semiconductors (Goldstein et al. 1992).

Likewise, solid-state phase transitions often are shifted to lower critical
temperatures (T.) with smaller particle size (ZnS: Quadri et al. 1999; BaTiO3:
Tsunekawa et al. 2000, Hoshina et al. 2006, Shi et al. 2018; Panomsuwan and
Manuspiya 2019; Zr0O;: Baldnozzi et al. 2003; CuzS: Rivest et al. 2011). This
downward shift in T¢ is tied to nanoscale-induced strains that drive the structures
towards the higher-temperature polymorphs. For example, bulk tetragonal BaTiO3
transforms to the cubic allotrope at 120 °C (Kwei et al. 1993). However, the room-
temperature magnitudes of a and c for t-BaTiO3 approach each other as
nanoparticle diameters decrease, eventually achieving equality below a critical
crystallite size of ~30 nm (Schlag and Eicke 1994; Hoshina et al. 2006; Panomsuwan
and Manuspiya 2019), though some dispute surrounds the long-range order of the
cubic nanophase (Smith et al. 2008; Shi et al. 2018). In a Landau analysis, Baldinozzi
et al. (2003) similarly explore the downward renormalization of the monoclinic-

tetragonal T, of ZrO; as a function of particle size. They report a co-existence of the
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monoclinic and tetragonal phases for particle sizes below ~60 nm, with the
tetragonal volume fraction increasing to 100% at the critical diameter of 13.6 nm.

In the present study, we make an explicit comparison of the nanoscale-
induced structural strains in goethite with those stimulated by temperature through
reference to the high-resolution XRD heating analysis by Gualtieri and Venturelli
(1999). This comparison demonstrates the considerable magnitude of nanosize-
dependent lattice distortions. X-ray diffraction during in situ heating of dry goethite
powders (Gualtieri and Venturelli 1999) revealed a roughly linear increase in the
unit-cell volume when goethite is heated from 25 to 150 °C, with AV/V = 0.20% (red
squares in Fig. 6). This thermally-induced change is roughly 3.5 times less
pronounced than the volume change observed as our particles grew from 9.5 A to
18.3 A (AV/V =-0.69%) (blue diamonds in Fig. 6). Deprotonation begins when
goethite is heated above ~150 °C and ultimately converts to hematite, leading to a
sharp contraction in the b-axis and an overall reversal in the thermal expansion of
unit-cell volume (red squares in Fig. 6). Nevertheless, correlations of our data with
lattice variations from 25 to 150 °C are structurally appropriate, and they testify to
the significant influence of nano-dimensionality on crystal structure.

To compare the degree of nanoscale-induced expansion of goethite with that
of other oxides, we can introduce a linear coefficient of nanoscale contraction (CNC

or as) as an analog to the coefficient of thermal expansion (CTE):
as = 7~ 75 (6)

where L represents a unit-cell axis dimension, and S denotes crystallite diameter (in

nm). The subscript b indicates the value of L or S for the macroscopic bulk material,
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and AL =L - Lyand A4S = S - Sp. The units for CNC are nm-?, rather than K- as with
the CTE. For compounds, such as goethite, whose unit cells expand with smaller
crystallite size (or contract during particle growth), as will be negative. Equation 6
assumes that as does not vary with particle size, but an examination of reported
nanoscale-induced lattice variations (Supp. Info. Fig. 1) suggests that the
relationship between unit-cell volume and particle size typically is non-linear. In

these cases, a more precise evaluation of the CNC requires the differential form:

=2 (®), 2

and integration of 6L/S.

The linear CNC for the c-axis of goethite is presented alongside those for
metals and other metal oxides in Table 2. Because of the non-linearity of CNC when
crystallite sizes are extended to their bulk parameters, the values in Table 2
represent secant, or mean, CNCs over crystallite size ranges that exhibit the most
marked change in lattice parameters (typically between 5 and 30 nm) in a nearly
linear fashion. Interestingly, the absolute magnitudes of the CNCs for metals and
metal oxides generally fall within the same order of magnitude. The CNCs (in nm-1)
usually are 1 to 2 orders of magnitude larger than the CTEs (in K1) for the same
material, again revealing that nanosize-induced strains for crystallites below ~30
nm are significant relative to thermal strains. At the same time, the overall
similarity in CNCs was somewhat surprising, since the protocols for sample
synthesis differed from one study to the next. The linear CNC for goethite along the
c-axis (-5.34 x 10-* nm-1) exceeds those for Fe;03 and Fe304, but is significantly

smaller than that of MnCr204 (-9.21 x 10-* nm1) (Table 2).
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Structural mechanism of nanoscale-induced expansion in goethite

What might account for the inverse relationship between particle size and
unit-cell dimensions in nanogoethite? Although many studies of nano-CeO2 have
identified increased concentrations of vacancies as a contributor to lattice
expansion (Tsunekawa et al. 1999; Deshpande et al. 2005; Chen et al. 2010), our
Rietveld refinements of goethite did not implicate vacancies. In this respect,
goethite nanoparticle evolution departs significantly from that of hematite. Our
group’s earlier TRXRD studies of hydrothermal hematite growth (Peterson et al.
2015; 2018) reveal an initially high Fe vacancy concentration in the first-formed
nanocrystals (Feqcc = ~0.70), followed by a regular increase in Fe occupancy that
mirrors the loss of H* from the structure. Unlike hematite, however, the observed
unit-cell changes in goethite cannot be ascribed to changes in the hydration state of
the solid. Our Rietveld analyses of the crystallization of goethite revealed no change
in Fe occupancy, as Feoc refined to unity starting with the incipient nanocrystals.
Similarly, Gualtieri and Venturelli (1999) note that unit-cell expansion during the
heating of dry goethite powders from 50 to 150 °C was not accompanied by a
change in Fe,c or by the loss of protons.

Instead, we argue that the “Madelung-model” of Perebeinos et al. (2002)
captures the essence of the nanoscale behavior exhibited by goethite. As particles
decrease in size, the longer-range Coulombic attractions diminish in their capacity
as restoring forces, whereas the shorter-range repulsions become relatively more

significant. In this fashion, diminishing particle size should exhibit characteristics
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similar to increasing thermal perturbations. If so, one might expect that the bond
distances and angles as nanoparticle diameters decrease will respond in a fashion
similar to an increase in temperature. In Fig. 10 of their paper, Gualtieri and
Venturelli (1999) explain the thermal expansion of goethite by examining the Fe-02
bond length, the Fe-02-Fe bond angle between edge-sharing octahedra, and the Fe-
02-Fe bond angle between adjacent octahedra and oriented parallel to the b-axis.
This last bond angle by symmetry is equal to the 02-Fe-02 bond angle along b, and
we have labeled it as such in Figure 9.

The extraction of bond information from our in situ hydrothermal XRD
refinements was challenged by the high background from our environmental cell,
and the analyses were particularly difficult for the earliest crystallites, since their
diffraction peaks were extremely weak and broad. Consequently, our confidence in
bond determinations for particles below ~14 nm in diameter is low. On the other
hand, when we examined the dependence of the Fe-02 bond length and the two
bond angles with increasing particle size (Fig. 9), and compared our refined values
with those observed by Gualtieri and Venturelli (1999) during heating, it was
apparent that not only the trends but the absolute magnitudes of these structural
parameters closely matched. In other words, the mechanistic pathway by which the
goethite structure expands when heated is virtually identical to that followed during

nanoscale-induced structural expansion.
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Kinetic modeling

Although the conversion of goethite to hematite has been heavily studied, the
transformation kinetics of ferrihydrite to goethite are less well understood. For
example, several papers have reported activation energies for the transformation of
goethite to hematite (Goss 1987; Walter et al. 2001; Fan et al. 2006; Murray et al.
2009) and of the dissolution of goethite in acidic solutions (Cornell et al. 1976; Sidhu
etal. 1981; Cocozza et al. 2002). Kinetic studies of goethite growth from either 2-
line ferrihydrite or schwertmannite, however, are sparse and have been achieved
primarily by energy dispersive powder diffraction (EDPD) (Shaw et al. 2005; Yee et
al. 2006; Davidson et al. 2008). Of these papers, the most germane to the present
study is the EPDP analysis by Shaw et al. (2005), who examined aqueous goethite
crystallization from 2-line ferrihydrite with and without phosphorus at pH 13.7.

Consistent with our results, they modeled the growth of goethite from 2-line
ferrihydrite as a first-order reaction. However, the activation energy for goethite
crystallization at pH 13.7 was measured as 39 kJ/mol - about half our calculated
value of 73.6 k] /mol. Due to the lower resolution of EDPD relative to the angle-
dispersive, constant-wavelength protocol employed in the current study, Shaw et al.
(2005) were unable to detect the onset of crystallization at the early stages that our
technique allowed, nor did EDPD enable the coupling of rate data with
crystallographic measurements. Consequently, Shaw et al. (2005) assumed an
induction time of more than 60 seconds for all of their experimental runs, whereas
we observed the appearance of goethite peaks within our second data collection, as

soon as the environmental cell attained the set temperature. As is evident from Eq.
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3, an increase in induction time in the JMAK analysis requires the inclusion of an
activation energy for nucleation that is distinct from the E, for crystal growth, and it
results in a higher rate constant for a given degree of reaction progress, thereby
lowering the calculated activation energy for goethite particle growth.

Both the activation energies of Shaw et al. (2005) and the present study are
lower than those reported for hydrothermal crystallization of hematite from 2-line
ferrihydrite. Our analysis of the kinetic data in Das et al. (2011) yields an activation
energy of ~151 kJ/mol for hematite growth at pH 10, the closest match in that study
to our synthesis conditions. At the other end of the pH spectrum, Peterson et al.
(2016) employed angle-dispersive, constant wavelength TRXRD to investigate the
hydrothermal formation of hematite at pH ~1 from akaganeite (3-FeOOH), and their
JMAK analysis yielded an E, for the nucleation and crystal growth of hematite of 80
+ 13 kJ/mol and 110 + 21 kJ/mol, respectively. The lower activation energies that
we and Shaw et al. (2005) have calculated for goethite crystallization relative to
published values for hematite begin to explain the appearance of goethite in natural

environments, even when hematite is the stable phase.

IMPLICATIONS
As exemplified by the present study of goethite, changes in crystallite
diameters of a few tens of nms are comparable to temperature variations of
hundreds of K in terms of induced lattice strain, and these lattice strains reflect
underlying structural distortions that will significantly alter the physical properties

of minerals, including their phase stability, reactivity, and dielectric and magnetic
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responses (Ayyub 1998; Diehm et al. 2012). Despite many studies of the
dependence of unit-cell parameters on crystallite size over the last three decades,
scientists are still debating among models that quantify variations in nanoscale-
induced lattice expansion, even for simple metal oxides. This situation parallels that
of the effects of point defect-induced strains on lattice parameters and phase
transitions (Heaney 2000). While phenomenological approaches such as Landau
analysis provide helpful descriptive tools to quantify the relationships, our
capabilities for predicting the range of CNCs in Table 2 are wanting.

Although X-ray diffraction techniques cannot capture surface structures,
which may ultimately control overall stability (Navrotsky 2009), the crystallite
structures detected by XRD reveal that the interiors of nanoparticles are not
identical to those of macroscopic crystals. Therefore, nanocrystallites can sample
structural states that may not be easily accessible in macroscopic particles. For
example, our refined structures for the smallest nanogoethite crystals suggest how
the bulk structure might respond to increased temperature if deprotonation did not
accompany heating of goethite. Moreover, core-shell models that compare surface
energies of nanoparticles with volumetric energies cannot simply employ the bulk
material as a proxy for nanoparticle interiors. We argue that in situ XRD analyses of
the growth and dissolution of nanoparticles offer uniquely self-consistent insights to
develop a deeper understanding of the relationship between lattice strain and
particle size, because CNCs likely reflect a complicated interplay of strained surface

and interior structures.
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Figure Captions

Environmental cell used for hydrothermal experiments. A) MAR165 CCD

detector; B) Forced-air heater; C) Polyimide capillary

(A) Low-magnification bright-field TEM image of synthetic goethite fibers
synthesized at 90 °C at pH 13 for 4 hr. (B) Higher magnification TEM image

revealing nanoscale crystallites within the fibers.

Stacked TRXRD patterns showing the crystallization of goethite from 2-line

ferrihydrite at pH 13.6 at 90 °C.

X-ray diffraction patterns analyzed by means of Rietveld analysis at 90 °C
after 7 hr. Black crosses represent the observed pattern. The red line is the
calculated pattern. The blue line is the difference between the observed and

calculated patterns. The green line is the refined background.

The evolution of goethite crystallite size as ferrihydrite was heated at 90 °C

as a function of heating time.

The lattice parameters all decreased as crystallite size increased during the
transformation of ferrihydrite to goethite at 90 °C (blue diamonds, upper
horizontal axes). Thermal response data of natural goethite (from Gualtieri
and Venturelli 1999) are included for comparison (red squares, lower

horizontal axes). Synthetic goethite lattice parameters at room
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temperature based on neutron diffraction (Szytuta etal. 1968) also are

plotted (green triangles).

Reaction rates for the crystallization of goethite from 2-line ferrihydrite as
determined by the JMAK equation. Alpha (Eqg. 3), a measure of reaction
progress, was calculated as the specified scale factor as a fraction of the

maximum scale factor.

Arrhenius plot of data from the crystallization of goethite from 2-line

ferrihydrite.

The variations of Fe-02 bond length and Fe-0O2-Fe and 02-Fe-02 bond
angles with particle size (blue diamonds, upper horizontal axes) during
heating at 90 °C. For comparison, thermal expansion data of Gualtieri and
Venturelli (1999) are plotted as reverse temperature (red squares, lower

horizontal axes).

Supplementary Information—Figure 1. Variations of lattice parameters as a

function of crystallite size. Au: Solliard and Flueli (1985); Pt: Wasserman and
Vermaak (1970b); Ag: Wasserman and Vermaak (1970a); Cu20: Song et al.
(2016); Fe203: Sharma et al. (2018); Fez04: Rodenbough et al. (2016); Coz04:
Rodenbough et al. (2016); MgO: Rodenbough et al. (2016); CeO2: Zhang et al.

(2002); FeOOH: This study; MnCr204: Bhowmik et al. (2006)
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Tables

Table 1. Kinetic analysis of the crystallization of goethite

Temp (°C) k (s1)
80 1.00(1) x 104
90 2.1(1)x10*
100 39(1)x 10+
Eq (k] /mol) 73.6 0.2
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Table 2. Linear coefficients of nanoscale contraction (CNCs) for selected materials.

Crystallite
Size Range Linear CNC
Material (nm) (hm?)x10*  CNC axis Ref.
Solliard and Flueli
Au 3to 12 7.37 a (1985)
Wasserman and
Pt 3to 25 2.76 a Vermaak (1970b)
Wasserman and
Ag 4t018 2.44 a Vermaak (1970a)
o-Fe,03 15to 30 1.87 a Sharma et al. (2018)
o -Fe,03 15to 30 1.36 c Sharma et al. (2018)
o -Fe,03 30to 75 -0.12 a Sharma et al. (2018)
o -Fe,03 30to 75 -0.13 c Sharma et al. (2018)
Cu,0 9to 72 -0.32 a Song et al. (2016)
Rodenbough et al.
Fe30,4 11to 21 -0.76 a 2016
Rodenbough et al.
Cos04 9to 30 -0.96 a 2016
Rodenbough et al.
MgO 8to 31 -1.51 a 2016
CeO, 6to 25 -2.42 a Zhang et al. (2002)
o-FeOOH 9to 19 -5.34 C This study
MnCr,04 11to 19 -9.21 a Bhowmik et al. (2006)
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Figures

Figure 1. Environmental cell used for hydrothermal experiments. A) MAR165 CCD
detector; B) Forced-air heater; C) Polyimide capillary
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500 nm

50 nm
Figure 2. (A) Low-magnification bright-field TEM image of goethite fibers

synthesized at 90 °C at pH 13 for 4 hr. (B) Higher magnification TEM image
revealing nanoscale crystallite domains within the fibers.
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Figure 3. Stacked TRXRD pattern showing the crystallization of goethite from 2-line
ferrihydrite at pH 13.6 at 90 °C.
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Figure 4. X-ray diffraction patterns analyzed by means of Rietveld analysis at 90 °C
after 7 hr. Black crosses represent the observed pattern. The red line is the
calculated pattern. The blue line is the difference between the observed and
calculated patterns. The green line is the refined background.
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Figure 5. The evolution of goethite crystallite size as ferrihydrite was heated at 90
°C as a function of heating time.
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Figure 6. The lattice parameters all decreased as crystallite size increased during the
transformation of ferrihydrite to goethite at 90 °C (blue diamonds, upper horizontal
axes). Thermal response data of synthetic goethite (from Gualtieri and Venturelli
1999) are included for comparison (red squares, lower horizontal axes). Synthetic
goethite lattice parameters at room temperature based on neutron diffraction

(Szytuta etal. 1968) also are plotted (green triangles).
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Figure 7. Reaction rates for the crystallization of goethite from 2-line ferrihydrite as
determined by the JMAK equation. Alpha (Eq. 3), a measure of reaction progress,
was calculated as the specified scale factor as a fraction of the maximum scale factor.
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Figure 8. Arrhenius plot of data from the crystallization of goethite from 2-line

ferrihydrite.
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Figure 9. The variations of Fe-O2 bond length and Fe-02-Fe and 02-Fe-02 bond
angles with particle size (blue diamonds, upper horizontal axes) during heating at
90 °C. For comparison, thermal expansion data of Gualtieri and Venturelli (1999)
are plotted as reverse temperature (red squares, lower horizontal axes).
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Supplementary Information—Figure 1. Variations of lattice parameters as a
function of crystallite size. Au: Solliard and Flueli (1985); Pt: Wasserman and
Vermaak (1970b); Ag: Wasserman and Vermaak (1970a); Cuz0: Song et al. (2016);
Fe203: Sharma et al. (2018); Fe304: Rodenbough et al. (2016); Co304: Rodenbough et
al. (2016); MgO: Rodenbough et al. (2016); CeO2: Zhang et al. (2002); FeOOH: This

study; MnCr204: Bhowmik et al. (2006)
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