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Abstract

Much of the bioavailable and geochemically reactive iron in aerobic,
circumneutral settings is frequently found in the form of nanoscale particles of a hydrated
iron(Ill) oxyhydroxide phase known as ferrihydrite. Developing useful structural
descriptions of defective nanophases such as ferrihydrite has long posed significant
challenges. Recently, Michel et al. (2007, 2010) proposed a structural model for
ferrihydrite in place of the long-accepted model of Drits et al. (1993). Both models
reproduce to high accuracy certain forms of X-ray scattering data from powdered
ferrihydrite. However, discrepancies remain that we hypothesized are due to forms of
structural disorder not easily represented by existing models. To test this hypothesis, we
performed a novel structural analysis of total X-ray scattering data acquire from 6-line
ferrihydrite. We generated three candidate whole-nanoparticle models of ferrihydrite
composed of a two-phase Drits model, the Michel model, and a hybrid phase based on a
single-phase Drits model that incorporated tetrahedral Fe sites, creating a lattice in which
the Michel model was one of many possible topologies. We implemented a reverse
Monte Carlo (RMC) approach to explore alternative configurations of iron occupancies
plus structural disorder, and to refine the nanoparticle structure using both the reciprocal
and real-space forms of the X-ray scattering data. We additionally used oxygen K-edge
X-ray absorption spectroscopy to semi-quantitatively assess the ratio of protonated:non-
protonated oxygen sites in an iron(Ill) oxide, This analysis provides independent
evidence for a significantly lower OH:O stoichiometric ratio for ferrihydrite than for

goethite, further constraining the RMC models.
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The hybrid structure model gave better agreement to the experimental total
scattering data than nanoparticles based upon either the Michel or Drits models. Models
that incorporated tetrahedrally coordinated iron sites consistently achieved better matches
to the data than models containing face-sharing octahedra. Long-range vacancy disorder
was essential for optimum fits to the scattering data, highlighting the advantage of whole-
nanoparticle models in place of unit cell models with random distributions of iron
vacancies. The RMC-derived structures do not satisfy all experimental constraints on
composition and structure. Nevertheless this work illustrates that a suitably constrained
RMC method applied to whole-nanoparticle models can be an effective approach for

exploring disorder in nanocrystalline materials.
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INTRODUCTION

Ferrihydrite is the name given to the iron oxyhydroxide nanomaterial that forms
by hydrolysis in aqueous solutions of iron(IIl) (Cornell and Schwertmann 2003) in the
absence of ions, such as phosphate, that interact strongly with ions and forming particles
(Rose et al. 1996; Zhu et al. 2012). Although it is not the only environmental iron(III)
(oxyhydr)oxide nanophase (van der Zee et al. 2003), it is of major geochemical
importance because of its frequent occurrence in soils, sediments and surface waters
(Childs 1992; Waychunas et al. 2005); its large specific surface area and high affinity for
aqueous ions including nutrients and contaminants (Fuller et al. 1993; Hochella et al.
2005; Cismasu et al. 2012); its role as a precursor in the formation of more stable oxides
and hydroxides (Jolivet et al. 2006); and its participation in the global iron redox cycle
(Jickells et al. 2005; Stumm and Sulzberger 1992). Despite abundant empirical
knowledge of the geochemistry of ferrihydrite, including formation conditions (Cornell
and Schwertmann 2003; Guyodo et al. 2003), transformation pathways (Tronc et al.
1992; Pedersen et al. 2005), rates of microbial utilization (Bonneville et al. 2004), and
surface adsorption phenomena (Dzombak and Morel 1990), underlying insight into the
properties of this nanophase has been severely limited by uncertainty as to its atomic-
scale structure. Thermodynamically unstable relative to alternative iron oxide and
hydroxide phases (Majzlam et al. 2003), no macroscopic crystals of ferrihydrite have ever
been synthesized and thus the derivation of structural models has predominantly been
based upon powder X-ray diffraction (XRD) or high-resolution transmission electron

microscopy (TEM). Both particle size and crystallinity vary with synthesis conditions and
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consequently ferrihydrite samples are generally classified as either 2-line or 6-line on the
basis of the number of resolvable peaks in standard XRD data.

For many years, the accepted description of the structure of ferrihydrite has been a
multi-phase model developed by Drits and co-workers (Drits et al. 1993) developed from
powder XRD data. Recently, Michel and co-workers proposed a single-phase model of
ferrihydrite that was refined to real-space pair distribution function (PDF) data (Michel et
al. 2007, 2010). There has been considerable debate as to the relative strengths of the
Drits and Michel models (Manceau 2009, 2010, 2011; Rancourt & Meunier 2008) that
illustrates important challenges of developing realistic atomistic models of nanoscale
materials (Billinge and Levin 2007). In particular, the Drits and Michel models each
achieve arbitrarily good agreement with, respectively, XRD and PDF data—but not with
both. Seeking to understand this observation, we briefly review the two structural models
and the use of X-ray scattering for analyzing the structure of nanoscale materials

containing disorder.

Two structural modelsfor ferrihydrite
The Drits model

The basis of the Drits model is a hexagonal close-packed structure of anions
(oxygen and hydroxide) that form planes between which octahedral sites are formed.
Iron(Ill) cations reside at these octahedral sites with partial occupancy. Such an
arrangement can incorporate stacking faults along the c-axis (the stacking direction).
Drits et al. (1993) obtained good agreement in the position and relative intensities of the
reflections observed in powder XRD by developing a statistical model describing the

probabilities for alternative stacking configurations. Based on this approach, they
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97 identified two most prominent stacking configurations, designated the defective and
98  defect-free phases (Figures 1a to 1c), and proposed that these phases are the basis for all
99  ferrihydrite materials. A very broad peak in the XRD data could not be reproduced by
100 this crystalline two-phase model and was attributed to the presence of a third phase, tiny
101  crystallites of hematite. The three-phase Drits model has been supported by several
102 independent investigations (Janney et al. 2001; Jansen et al. 2002), subject to slight
103 wvariations of lattice parameters, site occupancies and the proportions of the different
104  components.

105

106  TheMichel model
107 The Michel model of ferrihydrite has the ideal stoichiometry Fe;9O14(OH), and is

108  isostructural to synthetic todhite and natural akdalaite. The unit cell is shown in Figure
109  1d. Michel et al. (2007) avoided the difficulties associated with size- and disorder-related
110 XRD peak broadening by refining the structure to the real-space PDF. With minor
111  variations in atomic positions and occupancies, Michel et al. obtained good agreement
112 with PDF data from all samples studied, including both two- and six-line ferrihydrite and
113 biological ferritin (Cowley et al. 2000; Liu et al. 2006); and the model is supported by
114  neutron PDF analysis (Harrington et al. 2011) and ab initio simulation (Pinney et al.
115 2009). However, the Michel model fails to reproduce completely the accepted XRD
116  pattern for 6LF (Rancourt and Meunier 2008).

117 Subsequently, Michel et al. (2010) analyzed the product of 2LF that was
118  hydrothermally coarsened and annealed in the presence of surface-sorbing ions (e.g.,
119  citrate or phosphate), which prevented phase transformation. A low-disorder

120  ferrimagnetic nanophase was formed prior to transformation to hematite. The resulting
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phase was termed ferromagnetic ferrihydrite, or ferrifh. This phase was considered to be
identical to the postulated mineral nanoparticle termed hydromaghemite believed to be
responsible for the magnetic susceptibility enhancement measured in certain soils (Barréon
et al. 2003). Both the XRD and PDF data for the ferrifh phase are well described by the
ideal Michel unit cell with close to ideal stoichiometry. Despite concerns about the
formation pathway (Manceau 2011), the good agreement is strong evidence that the
Michel model describes a genuine mineral phase. Michel et al. (2010) proposed all phases
of ferrihydrite to be compositionally and structurally defective versions of ferrith, with
their revised description of the as-formed disordered phase having a significantly lower
iron occupancy that is consistent with the stoichiometry Feg,0s5(OH);4. However, the
revised model does not achieve better agreement to the accepted XRD pattern for
ferrihydrite.

The Michel model predicts a lower content of structural hydroxyl oxygen sites
than expected for a material known to be highly hydrated (Manceau 2011). Knowledge of
the OH:O ratio thus represents an important constraint on the structure of ferrihydrite (Xu
et al. 2011; Hiemstra 2013). Experimental measurement of a low OH:Fe ratio (<0.18),
compatible with the Michel model (0.2), was performed by in Situ infrared (IR)
spectroscopy during the thermal transformation of ferrihydrite to hematite (Xu et al.
2011). In this work, we show that O K-edge X-ray absorption spectroscopy provides an

independent, although currently semi-quantitative, assessment of this question.

Relationship between the Drits and Michel models
Figures 1c and 1d compares the Drits defect-free phase with the Michel model.

Both structures represent ABACA-type hexagonal packing of anions. The figure illustrates
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a key similarity: the distribution of octahedral Fe sites in the Michel model is one
possible topological configuration that is permitted by the defect-free Drits model, which
assumes essentially random occupancies. Two key features distinguish the models:

(1) The Michel model incorporates ~20% of iron atoms in tetrahedrally-
coordinated sites, Fe. Experimental proof of absence of this site would disprove the
Michel model, but experimental detection and quantification a fraction of "“Fe(III) sites in
a predominantly ®Fe(III) mineral has long been challenging and controversial. Several
recent complementary X-ray spectroscopic studies have presented evidence for "“Fe sites
in ferrihydrite (Maillot et al. 2011; Peak and Regier 2012), with the strongest evidence
being furnished by X-ray magnetic circular dichroism (XMCD) measurements (Guyodo
et al. 2012). However, the interpretation of all such X-ray spectroscopic studies requires
careful analysis and theoretical support and are not further evaluated here.

(2) The defective phase of the Drits model, and the equivalent double-chain
structure identified by Janney et al. (2001), contain a fraction of iron atoms in face-
sharing octahedra (FSO). In bulk minerals containing FSO (e.g., hematite) a significant
structural relaxation is observed that increases the cation-cation distance to values similar
to those observed for edge-sharing octahedra (2.89 — 3.03 A). Consequently, direct
spectroscopic confirmation of a fraction of FSO configurations is even more challenging

than identifying “Fe sites.

Relationship between maghemite and the Michel model
Recently, Katz et al. (2012) found the cation-to-cation hopping rates of excess

valence electrons in ~3-nm nanoparticles of 2-line ferrihydrite and maghemite to be

indistinguishable, and significantly different from the hopping rate in hematite. This
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finding suggests that ferrihydrite and maghemite possess similar crystal chemistry, and
thus we compared the maghemite structure with literature models for ferrihydrite. The
Michel structure is closely related to maghemite, y-Fe,Os, (Greaves 1983) as can be seen
by comparing stacking of °“*Fe layers in the ferrihydrite (001) and maghemite (111)
directions (Figures 2a & b). The octahedral framework of either phase may be
constructed by stacking an identical two-dimensional unit consisting of two planes of iron
atoms, which we denote the bridging and continuous layers, which are joined together by
edge-sharing links (Fig. 2c). The maghemite framework may be expanded along its (111)
direction by forming new face-sharing links between iron octahedra in the bridging and
continuous layers. The Michel model may be expanded along its (001) direction by
forming corner-sharing links (Fig. 2d). Tetrahedrally-coordinated iron atoms occur at
equivalent locations in the two structures, with one triangular side forming 3 corner-
sharing links at the locations of the voids in the continuous layer. However, because the
bridging octahedra occupy all such locations on one side of each continuous layer in the
Michel model, this structure has half as many “Fe sites and they are all oriented in a
single direction. The introduction of a maghemite stacking arrangement into a structure
based on the Michel model can create a twin plan with mirror symmetry with the
orientated of the tetrahedral sites inverted. As reported below, we investigated the effect

of simple maghemite-Michel stacking faults on the calculated XRD patterns.
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Total scattering analysis of disordered and nanoscale materials
Relationship between diffraction and pair distribution function data
In principle, diffraction and PDF data, which may be obtained by either X-ray or

neutron scattering experiments, are simply alternative forms of the same measurement,
related by a Fourier transform (Guinier 1967). However, Bragg peaks in diffraction data
are highly sensitive to periodic long-range structure and Bragg analysis of diffraction data
can overlook short-range structural distortions that contribute diffuse scattering intensity
between and at the base of Bragg peaks. The transformation of the total wide-angle X-ray
scattering pattern to generate the real-space PDF captures information about short-range
structure, including disorder. Crystalline periodicity can be inferred from PDF data
provided long-range atom-atom pair correlations (on the length scale of several unit cells)
are obtained. However, the PDF method requires high angular resolution to detect distant
atom-atom pair correlations (Toby and Egami 1992), while two-dimensional detectors
that are now most commonly used for PDF analysis do not provide the highest angular
resolution (Chupas et al. 2007). Thus, simultaneous consideration of both the reciprocal
and real-space forms of total scattering data is required for assessing structural models at

the widest range of length scales (Dove et al. 2002).

Total scattering studies of disordered materials

The total scattering method has been widely used for the structural
characterization of amorphous materials, including liquids (Head-Gordon and Hura
2002), glasses (Wright 1988), amorphous mineral phases (Keen 1998; Goodwin et al.
2010) and molecular structures including pharmaceutical compounds (Bates et al. 2006)

and metal-inorganic framework materials (Bennett et al. 2010). Use of the reverse Monte
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Carlo method (Keen and McGreevy 1990) is straightforward for such materials, enabling
the generation of atomistic structural models that can give insight into static structure
such as ring topologies or conduction pathways within glasses (Norberg et al. 2009).

The use of total scattering methods to analyze the structures of crystalline
materials containing disorder is relatively recent. Single unit cell and RMC-based
refinements have provided sensitive determination of short-range features difficult to
determine from Bragg analysis of XRD data (Paglia et al. 2006; Billinge et al. 1996;
Shoemaker et al. 2009). Extension of the RMC approach has provided of particular utility
in revealing dynamic aspects of crystal structure (Proffen and Neder 1997; Tucker et al.
2001), such as the temperature dependent motions of structural groups in negative
thermal expansion material (Tucker et al. 2005). Numerous models of crystalline
disorder, including defects, short-range distortions, and stacking faults can be optimized

with appropriate methods (Proffen and Neder 1997).

Total scattering studies of nanomaterials

Total scattering studies of nanomaterials have typically refined a set of unit cell
parameters for a specific phase, often finding the presence of strain within nanocrystals
(Gilbert et al. 2004; Masedeh et al. 2007). Nanomaterial morphology exerts a detectable
effect on total scattering data (Gilbert 2008; Harrington et al. 2011), and nanomaterials
with complex and highly anisotropic morphologies have been studied in this way (Petkov
et al. 2004). There are very few reports of the use of whole-nanoparticle models for
structural optimization. Page et al. (2011) constructed a fully atomistic model of a ligand-
capped gold nanoparticle and demonstrated the refinement of five global structural

parameters. The whole-nanoparticle RMC approach has been used to explore disordered

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



237

238

239
240
241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

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 will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am.2014.4421 1/16

atomic positions in 3-nm-diameter amorphous titania nanoparticles (Zhang et al. 2008)

and crystalline but disordered ruthenium nanoparticles (Bedford et al. 2007).

A whole-nanoparticle reverse Monte Carlo approach

Here we describe a novel structural analysis of total X-ray scattering data
acquired from 6-line ferrihydrite prepared by a highly standardized synthesis method
(Guyodo et al. 2003; Erbs et al. 2008). In contrast to prior work, we generate whole-
nanoparticle atomistic models of ferrihydrite (including defects and disorder) and
quantitatively evaluate the ability of candidate structures to reproduce both the reciprocal
and real-space forms of the X-ray scattering data. We implemented a reverse Monte
Carlo approach to explore alternative configurations of iron occupancies on a virtual
lattice that was based on the Drits defect-free phase but additionally incorporated "“Fe
sites (Fig. 3) (Gilbert 2009; Maillot et al. 2011). This approach cannot fully test the
concept of Drits et al. (1993) that ferrihydrite is a multi-phase intermix, and the approach
is counter to the idea that ferrihydrite inherently contains individual particles of distinct
phases (Drits et al. 1993; Marchand and Rancourt 2009). Nevertheless, full-nanoparticle
models can incorporate explicit types of structural variation that are not easily described
by single unit cell models. In particular, the approach allows explicit distributions of
occupied and unoccupied iron sites at a nanometer scale, enabling new topologies to be
explored ways that cannot be captured by assigning a fractional occupation probability to

sites within a single cell.
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METHODS
Ferrihydrite synthesis

Six-line ferrihydrite samples were prepared using the method of Penn et al.
(2006), shown to produce nanoparticles with no impurity phases, and with mean particle
diameters that can be varied between 3.4 — 5.9 nm with a relative standard deviation of
12% or better. Ferrihydrite suspensions were prepared by the controlled addition of a
0.48 M NaHCO; (Mallinckrodt) solution to an equal volume of 0.40 M Fe(NOs3);*9H,0
(Fisher) with vigorous stirring at 4, 23, 45, 66, or 80 °C. The base solution was added
over 12 £1 minutes using a Fisher peristaltic pump. Suspensions prepared at 45, 66, or
80 °C were immediately submerged in an ice bath to cool to room temperature. Each
suspension was then microwave-annealed (950 Watt oven) for 30-second intervals until
boiling and then rapidly cooled by submerging the reaction bottle in an ice-water bath.
Dialysis (Spectra-Por #7 dialysis bags, MWCO = 2000 g/mol) against Milli-Q water was
performed at 10 °C for three days, changing the water a minimum of nine times. One-
quarter of each suspension was kept at 10 °C for reaction without drying, and such
samples are hereafter referred to as freshly prepared suspensions. The other portion was
allowed to air-dry for five days, ground into a powder using an agate mortar and pestle,
and stored in glass vials. The size and morphology of the particles were analyzed from
calibrated TEM images collected using an FEI Tecnai T12 TEM, operated at 120 kV, and
a Gatan CCD camera (Erbs et al. 2008). Using Gatan Digital Micrograph 3.8.2, the

lengths of more than 500 particles were measured.
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X-ray diffraction (XRD) analysis
We performed powder XRD at the Advanced Light Source (ALS), Lawrence

Berkeley National Laboratory, beamline 11.3.1 using 17.0-keV X-rays (0.7293 A). Dried
powders were mounted on Kapton and XRD was performed in transmission using a two-
dimensional (2D) detector (Bruker). The scattering geometry was calibrated using a LaBg

standard and the 2D data were integrated onto a 20 axis using Fit2D.

Pair distribution function (PDF) analysis

We acquired wide-angle x-ray scattering data at 90 keV from powdered samples
placed inside a hollow Kapton tube at beamline 11-ID-C of the Advanced Photon Source
at Argonne National Laboratory using a Mar 2D image plate detector. We acquired
between 10 and 15 two- or five-minute exposures from an empty tube and each sample,
respectively. The program Fit2D (Hammersley 1997) was used to calibrate the detector
geometry using data acquired from a Si standard to bin each 2D pattern onto a 1D ¢ axis.

The structure factor for each iron oxide was obtained using RAD to subtract the
Kapton background and the coherent and Compton atomic scattering contributions
(Petkov 1989). The PDF was generated by applying a sine transformation to the Q-
weighted data up to Qmax = 27 A™'. We used the PDFGui code (Farrow et al. 2007) to fit
the data from a bulk hematite reference sample to the real-space data between 1 - 32 A.
This fit provided parameters describing the finite data effect and the quadratic correction
for correlated atomic motion that were used for the RMC analysis of the nanoparticle

samples.
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Oxygen K-edge absor ption spectroscopy

Portions of air-dried and finely ground bulk hematite, goethite and maghemite and
6-line ferrihydrite nanoparticles were pressed into indium for soft x-ray spectroscopy
analysis under vacuum. Oxygen K-edge X-ray absorption studies were performed at
beamline 7.0 at the ALS with the incident X-ray energy resolution better than 0.2 eV. The
absorption spectra were acquired in both fluorescence and total electron yield
simultaneously and were calibrated by applying a linear transformation to the energy axis
to align the spectrum obtained from a TiO; (anatase) standard to a published reference
(Lusvardi et al. 1998). Following this correction, the inflection point of the onset of the
bulk hematite absorption spectrum was measured to be 529.7 eV, in good agreement with
recent studies (Gilbert et al. 2009; Prince et al. 2005). The absorption spectra were
normalized for the energy dependence of incident beam intensity by the division of a gold
grid electron yield signal acquired simultaneously with the sample, and then scaled to

unity step jump at 552.5 eV.

Reverse Monte Carlo

We created a reverse Monte Carlo (RMC) code using the IgorPro’™ software to
create single nanoparticle models (a set of iron and oxygen atom coordinates)
incorporating both occupied and unoccupied lattice sites; simulate the X-ray scattering
functions (Keen 2001), the structure factor, S(Q) (equivalent to the XRD pattern), and the
pair distribution function, G(r) (also called the PDF); and generate modified
configurations (subject to optional constraints) by relocating atoms between sites and by
applying random displacements. The standard RMC method is used to assess new

configurations, accepting all changes that improve agreement to data as well as a fraction
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of those that do not according to the Metropolis algorithm. The X-ray scattering
calculations are standard, using approaches that are described fully in the literature.
Briefly, the X-ray scattering is calculated using the Debye equation (Guinier 1967;
Rancourt and Meunier 2008), incorporating the relevant atomic form factors. The PDF is
calculated as a sum of Gaussian-broadened atom-atom correlations, incorporating
experimentally determined parameters that account for the finite Q-range and detector
angular resolution (Proffen and Billinge 1999). The smooth PDF background is derived
from an analytical expression for a sphere that was optimized once from the PDF data
(Gilbert 2008). The full array of N(N-1) atom-atom correlations is calculated once, at the
start of a run. Following every RMC move, only the changed partial correlations and

scattering functions associated with displaced atoms are calculated.

RM C approach
All RMC models were 3.6-nm-diameter spherical particles (approximately 800

iron atoms) with all iron sites fully coordinated by oxygen atoms. Prior to the RMC run,
the ratio of occupied-to-unoccupied iron sites was varied until the target density for the
structure was achieved. RMC runs were typically run for 10 — 50,000 iterations (~50
iterations per hour on a MacPro 3.1 with two 3-GHz QuadCore processors); up to four
ran in parallel. A single RMC move involved the relocation or displacement of a number
of atoms (typically 20), modification of the S(Q) and G(r) functions, and calculation of
the change in the goodness of fit, ¥*, defined as:
X = [Zi (S(Qep — S(Q) cae)” + Zi (G(Miep — G(Ti) care) 1/0”
RCM moves that increased X2 were accepted with a probability P = exp(—AXZ/Z). The

weighting factor, ¢, was varied to adjust the proportion of unfavorable moves that were
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accepted; about one third of all accepted moves were unfavorable. If the composite move
was rejected, all atoms were returned to their starting positions.

Relocation (swap) moves. One occupied iron site was selected at random, then a
second, unoccupied site found. Provided that occupying the latter site would not violate
any atom-atom distance constraints, the selected iron atom was moved.

Displacement moves. One type of oxygen or iron site was chosen at random and a
vector of random orientation and with a magnitude selected randomly from a Gaussian
distribution with a mean of 0.05 A and a FHWM 0.02 A. A number of occupied sites of
that type were found randomly in the structure and displaced with the same vector
(subject to nearest neighbor constraints). Optionally, if Ay* <0, a new set of atoms of the
same type was found and displaced, until all occupied sites of that type had been moved,
or until Ax*>0. This loop through all occupied sites of a given type crudely allowed

changes in the underlying unit cell to be propagated throughout the structure.

RMC structures
Smplified Drits phase nanoparticle. We created nanoparticles based on a

simplified version of the Drits model. We sought to test whether the presence of face-
sharing octahedra (FSO) sites (without tetrahedral sites) was a key structural component.
The nanoparticle was constructed from fixed proportions of defective and defect-free
structure in a single model with stacking faults. Reported proportions of these phases
range from 2:1 ((Drits et al. 1993); us, see below) to 1:1 (Jansen et al. 2002). According
to Drits et al. (1993), the two phases tend to segregate, and thus we created nanoparticles
of the form (ABACA), plus a mixture of ABA and ACA sequences. A challenge for this

model is to account for the structural relaxation of pairs of iron sites in FSO (see Figure
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1 in Manceau (2011)). Without incorporating force fields, the RMC approach does not
naturally consider correlated displacements of this type. To account for this, we created
three possible lattice sites within each iron octahedral site. Occupation of the central
position would be expected for non-face-sharing site; occupation of the lower (upper)
position would be expected if the neighbouring **Fe site above (below) this one was full.

Michel phase nanoparticle. We created two nanoparticles using the ferrifh
structure and introduced 10% or 30% iron vacancies among the Fe(2) and Fe(3) sites. We
tested whether occupational disorder and atomic displacements within a nanoparticle
model could improve agreement with the X-ray scattering data relative to a single unit
cell model.

Hybrid phase nanoparticle. We created a lattice of iron and oxygen sites that is
identical to the defect-free Drits model with the addition of “Fe sites in all locations
suggested by the Michel model (Figure 3 and Table S1). Thus, while the Michel model
described two “Fe sites per unit cell, the hybrid model permits eight. This approach was

also proposed by (Maillot et al. 2011).

RMC constraints

Atom relocations and displacements were rejected if they violated limits on
acceptable distances between atoms (Keen 1998). The minimum permitted distance for
any pair of atoms was 1.6 A. Face-sharing configurations of pairs of octahedra or
between tetrahedral and octahedral sites were excluded by setting both dpin(®*Fe—""Fe)
> 2.3 A and dmin(®"Fe—"™Fe) > 2.3 A. Clustering of tetrahedral sites was prevented by

setting dmin(*Fe—"®Fe) > 4.0 A. For these constraints, unoccupied sites were not
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considered. In addition, no displacement was accepted if it changed the coordination

number of the displaced atom; both occupied and unoccupied sites were considered.

RMC nanoparticle structure analysis

Following a run, non-bonded oxygen atoms were removed and the scattering
functions recalculated. Removal of non-bonded atoms had negligible effect on the
goodness-of-fit. The resulting structure analyzed as follows. To avoid difficulties in
calculating the volume of the nanoparticles following RMC, we calculated a density
function, p(r), where r is the radius of a sphere about the most central atom. The
nanoparticle density was estimated at the limit r — ry,,x. An analogous function for the
stoichiometric Fe:O ratio was calculated to reveal surface effects on this parameter.

Surveys of solved crystal structures have revealed strong chemical constraints on
the coordination environment of atoms in crystals (Brown and Altermatt 1985). These
constraints can be expressed as expectations for bond lengths (for specific metal-ligand
geometries and metal oxidation states) and by the bond valence approach (Brese and
O’Keeffe 1991). The bond valence, S;j, contributed to an atom i by its ligand j , is defined
as S;j = exp[(r-r,)/0.37] in valence units (v.u.), where the empirical parameter r, = 1.76 for
iron-oxygen bonds. For stable bulk crystal structures, the valence of an atom should be

equal to the sum of bond valence contributions from its ligands.
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RESULTSAND DISCUSSION

X-ray diffraction
Figure 4 reports XRD data for all 6LF samples and Rietveld refinement of the

data from 6-nm 6LF using the 3-phase Drits and the Michel models. Both models fitted
similar values of the ¢ parameter. The Drits model provided the better fit to the XRD
data, although a poorer fit is achieved than reported by Drits et al. (1993) likely because
we fitted a discrete mixture of phases, rather than a statistical model of coherent stacking
arrangements. All XRD patterns based on the Michel model exhibited discrepancies as
described by (Rancourt and Meunier 2008) that could not be resolved by varying any
combination of occupancies, thermal factors or atomic displacement, or by incorporating
peak broadening based on anisotropic particle morphology. Neither model was able to
accurately reproduce the distinct splitting evident in both the main peaks. The fitted unit
cell dimensions, a=5.92 A and c=9.3 A, were used for generating RMC structures.

The relationship between the Michel and maghemite phases indicates that stacking
faults might form easily, allowing mixed phase structures as is frequently seen for
materials possessing hexagonal-cubic polytypism. Indeed, a Michel/maghemite/Michel
twinning plane can be generated that leads to an inversion of the direction of the
tetrahedral sites in the Michel phase. We investigated the effect of Michel/maghemite
stacking faults and tested the consequences for the PDF and S(Q) data. The incorporation
of maghemite domains in the Michel model never improved agreement with XRD (Fig.
4d). Thus, although we do not rule out the presence of maghemite domains in natural

ferrihydrite, we did not further consider that possibility in this work.
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Oxygen X-ray absor ption spectr oscopy
Recently, oxygen K-edge X-ray absorption spectra of ferrihydrite powders

suggested that this approach is sensitive to the relative abundances of protonated and
non-protonated oxygen sites in a metal oxide (Erbs et al. 2008), which we explored
further. Figure 5 reports oxygen K-edge X-ray absorption spectra acquired from powders
of reference iron (hydr)oxides and 6-nm 6LF. Each spectrum exhibits pre-edge peaks in
the 528-534 eV region that represent transitions from O 1sto Fe 3d states. For the oxides
hematite and maghemite, the Fe 3d states are split by the octahedral crystal field, forming
two distinct €, and ty, states. The pre-edge structure for these phases was well fitted by a
doublet composed of two Gaussians (Table 1). For goethite, there are two O 1S states,
corresponding to the protonated (OH) and non-protonated (O) sites in the lattice. The
protonation of structural oxygen atoms leads to a chemical shift in the O 1S binding
energy and a total of four 1s—3d transition energies. The pre-edge structure for goethite
was well fitted by two doublets with the ratio of integrated areas 0.55:0.45, close to the
expected 50:50. The spectrum for 6LF is intermediate, with the fit results indicating
approximately 10% of O atoms are protonated, although the accuracy of this estimate is
unknown. Studies of the size-dependence of O K-edge XANES from 6LF showed that a
higher surface area correlated with a higher signal from OH groups (Erbs et al. 2008), but
this does not alter the main conclusion of a significantly lower structural hydroxyl

content in ferrihydrite than in goethite.

Reverse Monte Carlo study
We performed 48 independent RMC runs starting from one of the three structural

models described above. RMC nanoparticles of diameter 3.6 nm were refined to data

from the 5.9-nm diameter 6LFsample, which exhibited the best-resolved peaks in the X-
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ray scattering patterns. Figure 6 displays the trends in the RMC x* goodness of fit
parameter for selected runs for each structure. Figure 7 compares initial and final
scattering curves for the Michel and hybrid structures. Figure 8 presents several views of
a hybrid model nanoparticle after RMC refinement (pink curve in Fig. 7).

The Michel model gave the best initial match to data. However, exploring iron
occupation disorder in the Michel model did not significantly improve agreement with
S(Q) (arrows 1 and 2, Fig. 7). In 20,000 iterations, only ~20 RMC relocation moves
improved y°. After these moves were found, %° grew due to the accumulation of
unfavorable moves. Our single-nanoparticle implementation of the Drits model gave a
poor initial match to data. Both relocation and displacement moves produced steady
improvement, but for all RMC runs with our Drits nanoparticles, %> throughout an RMC
was always significantly greater than either the Michel or hybrid models.

In all RMC runs, the hybrid model underwent rapid initial improvement due
mainly to successful relocation moves, followed by steady improvement associated with
displacement moves. For the run reported below, out of 10,000 RMC steps, 244 favorable
and 180 unfavorable relocation moves were accepted, and 36,030 and 31,694 favorable
and unfavorable displacement moves. The rate of convergence (as well as some structural
details) depended on the number and type of constraints on interatomic distances. In
almost all cases, the hybrid model structure converged to a slightly lower x* than the best

agreement attained for the Michel model.
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The hybrid model — comparison with X-ray scattering data
The hybrid model achieved better agreement than the Michel model with the S(Q)

data in the 3—5A" range. Moreover, the hybrid model developed asymmetric
broadening in the main diffraction peak around 2.5 A, although this model did not
always reproduce the correct peak intensity (arrow 3, Fig 7). Drits et al. (1993) invoked
the presence of tiny hematite nanocrystals to account for such broad diffraction peaks.
However, neither Janney et al. (2001) (electron nanodiffraction) nor Jansen et al. (2002)
(neutron scattering) found evidence of the hematite phase in 6-line ferrihydrite. By
contrast, the RMC exploration of Fe occupancies and positional disorder in the Michel
model did not lead to asymmetric peak broadening in this region (arrow 4, Fig 7).

The calculated PDF curves for the hybrid model always underestimated the
intensity of the peak at 5.4 A (arrow 5, Fig 7). In the starting structure, this peak is
dominated by Fe(1)-Fe(1) and Fe(1)-Fe(2) distances, possibly indicating that the
predicted Fe(2) occupancy was too low. However, we found that the strength of this peak
is also affected by the precise distances between Fe(1) and oxygen atoms O(1-4) and
0(9-12), as discussed further below.

Several other discrepancies are likely due to limitations in the modeling approach.
The first three PDF peaks are overly broadened due to the accumulation of random
disorder. Fine structure in S(Q) is missing for Q > 12 A, likely due to excess disorder
introduced from the random RMC displacements and because the model nanoparticle (3.6

nm) is smaller than the mean sample particle size (5.9 nm).
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The hybrid model — composition

Evaluation of the RMC-derived structures must include comparison with unit cell
models and to experimental data. However, as described by Hiemstra (2009, 2013), there
are challenges associated with both because the whole-nanoparticle models contain
excess surface oxygen atoms relative to a unit cell model. Figure 9 shows our method to
distinguish total and interior stoichiometry. Because the RMC-derived structures are not
intended to represent actual 6LF nanoparticles, we principally analyze the core region,
and do not consider surface modifications such as a site-depletion model (Hiemstra
2013).

The density of the nanoparticle core is 4.36 g cm™, higher than several values
reported for highly disordered ferrihydrite but less than the ideal value for annealed
ferrihydrite (4.9 g cm™). Because the number of Fe site vacancies in the starting structure
was chosen to achieve a density closer to the experimental values, both initial and final
structures contain evident internal porosity. The dimensions of voids in the Fe(1)
continuous layer (c.f. Fig. 2) reached up to 9 A in two RMC nanoparticles. However,
there was little obvious difference in the size and distribution of internal pore structure
among RMC nanoparticles refined to the data and nanoparticles for which 2,000 RMC
moves were applied randomly without comparison to data. The suggestion that
ferrihydrite nanoparticles are internally porous is in accord with several observations.
Ferrihydrite is known to readily incorporate large impurity ions when it precipitates
rapidly from aqueous solution (Fuller et al. 1993). Such species cannot occupy lattice
sites and could be accommodated by internal pores. Moreover, thermochemistry studies

have shown ferrihydrite to have the lowest surface enthalpy among the iron
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(oxyhydr)oxides (Navrotsky et al. 2008), indicating that a high internal surface area could
be energetically possible.

Considering the number of protons required for charge neutrality, the
stoichiometry is Fe(1)416Fe(2)214Fe(3)12001700H1123, with an overall Fe:O ratio of 0.45.
However, this formula treats the RMC structure as a real, hydrated nanoparticle which
must contain an unknown proportion of unprotonated oxygen atoms, OH groups and
water molecules. As shown in Figure 9, we estimated the Fe:O ratio of the structure
interior to be 0.55, corresponding to a charge-neutral formula of Fe( 5500 s2(OH)o.1s. This
Fe:O ratio is larger than value 0.51 reported by Michel et al. (2010) for the revised fhyd
structure. The OH:Fe ratio is 0.35, larger than the value 0.18 reported by Xu et al. (2011).
The OH:O ratio is 0.18, larger than or our own estimate based on oxygen X-ray
absorption data. Thus, although the RMC structure better reproduces the scattering data,
it does not satisfy experimental constraints on composition. For the present models, the
requirement of low OH content is more easily satisfied by fewer Fe vacancies, while
obtaining a better match to the low expected mass density suggests more Fe vacancies
(leading to interior porosity). The RMC refinements were not able to simultaneously

satisfy these two constraints.

The hybrid model — structure

The RMC runs predicted a range of tetrahedral site occupancies in the range 15 —
30%, with a strong dependence on Fe-Fe distance constraints. Initial runs predicted a
high occupancy of “Fe sites (up to 32%). Setting dmin(“Fe—""Fe) > 4.0 A prevented
clustering of these sites and lowered the occupancy to less than 20%. This constraint

increased the y* value, which nevertheless remained lower for this model than any other.
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The RMC structures exhibited a broad distribution of bond lengths for all sites.
Almost all iron-oxygen bond length distributions were symmetric with mean values close
to those expected from surveys of crystal structures. For the structure of Figure 8, the
mean *“Fe(1) — O bond length is 2.028 A, compared to the expected 2.015 A. The mean
®Fe(3) — O bond length is 1.806 A, compared to the expected 1.865 A. However, the
°'Fe(2) — O bond length distribution was bimodal with one distribution centered at 2.000
A, Additionally, the Fe(2) bonds to oxygen atoms in two planes, O(1-4) and O(9-12)
formed a second distribution centered at 2.224 A. This bond length is anomalously long,
and is the second major discrepancy involving these two planes of atoms. These planes of
oxygen atoms are buckled in published Michel unit cells refined to experimental data
(Michel et al. 2007, 2010) or derived from ab initio simulation (Pinney et al. 2009).
These planes were initially non-buckled in the initial hybrid model, but consistently
developed buckling during the RMC runs (see arrows in Fig. 8b).

Figure 10 displays bond valence histograms for the Fe sites following RMC
optimization. The mean values for the octahedral Fe(1) and Fe(2) sites are 2.92 and 2.70
v. u., respectively, close to the cation charge, with FWHM of 1.4 and 1.2 v. u. These
large widths in the bond valence distributions are similar to those reported for RMC
refinement of a crystalline oxide, resulting from random RMC moves that are relatively
insensitive to bond distortions (Norberg et al. 2009). The incorporation of bond valence
penalty for RMC moves can lead significantly narrower bond valence range, although we
did not incorporate this approach in the present RMC method. We tested whether highly
over or under coordinately Fe sites were important for the goodness of fit by removing

Fe(1) atoms with bond valence values that did not lie between 2.5 — 3.5 v. u. Removal of
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these atoms made a barely perceptible effect on the scattering curves, suggesting that
very distorted coordination geometries are an inevitable outcome of the RMC approach.
Despite the presence of such sites, the lattice topology may nevertheless be a good
representation of the material structure.

The mean bond valence for the tetrahedral site, Fe(3), is 3.4, indicating the
trivalent cation to be over bonded by 0.4 v.u on average. In contrast, Michel et al. (2010)
and Harrington et al. (2011) found the tetrahedral site to be under bonded by 0.26 and
0.17 v. u., respectively. The bond valence discrepancies thus exceed those for any known
stable bulk oxide, emphasizing that the structure depicted in Figure 8 cannot be
considered an atomistic model of an actual ferrihydrite nanoparticle. In our view,
however, the bond valence method is not proven to be reliable for assessing the structure
of metastable, high-surface-area metal oxide nanomaterials with both structural (i.e.,
interior) and surface protonation. We sought to use an RMC-derived structure as the
starting point for a molecular dynamics simulation. However, these simulation methods
require the entire nanoparticle to be correctly protonated and hydrated to fully describe
the surface structure (Spagnoli et al. 2009). This is a major outstanding challenge and a

topic for ongoing work.

Concluding Remarks
This study illustrates that whole-nanoparticle RMC modeling can provide insight

into the structure of defective nanomaterials that is impossible to obtain from single unit
cell descriptions. Application of this approach to the Michel model with partial iron

occupancies did not significantly improve agreement with the total scattering data. Our
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implementation of a single-nanoparticle version of the Drits model was also not
successful at reproducing the total scattering data. However, creating a lower-symmetry
structural model based on a hybrid between the Drits defect-free model and the Michel
model lead to qualitative and quantitative improvement of the match to both X-ray
diffraction and PDF data relative to each individual description. However, the RMC-
derived structures do not yet satisfy all experimental constraints on composition and
structure, indicating the need for additional RMC studies with more powerful
computational resources. We draw the following particular conclusions from this study.

First, long-range defect disorder is essential. We attempted to capture a new unit
cell description of ferrihydrite from the best-fit RMC-derived nanoparticle by averaging
all displacements of each specific lattice site in the nanoparticle and modifying the
location of the equivalent site in the starting unit cell. However, a new 3.6-nm
nanoparticle derived from the modified unit cell with random distribution of iron
occupancies was not significantly better at predicting the total scattering data than the
initial unit cell, emphasizing the importance of structural disorder on the nanometer scale.

Second, near-neighbor structural disorder is essential. In all the RMC runs with
the hybrid model we observed a strong correlation between the extent of structural
disorder and the goodness of the fit to the broad asymmetric peaks in the structure factor
(c.f. arrow 4 in Fig 7). Thus, although RMC approaches tend to over estimate structural
disorder, we conclude that the presence of considerable disorder in iron-oxygen bond
lengths and angles is a genuine aspect of ferrihydrite structure.

Third, RMC models that incorporated tetrahedrally coordinated iron sites

consistently obtained better matches to the experimental total scattering data than RMC
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models in which face-sharing octahedral were incorporated. This finding does not prove
the existence of "“Fe sites because the RMC approach is highly inefficient at finding,
through random displacements, suitable changes to local atom positions that would
accompany FSO formation. The development of new types of RMC move in which the
short-range structural consequences of a localized change (such as site occupation) are
more efficiently probed would be a significant advance for the study of defective

nanocrystalline materials.
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Figure 1. Comparison of Drits and Michel models for ferrihydrite. (a), (b) The two orientations of the
Drits defective phase. Multiple % occupancy Fe sites are shown. (C) The Drits defect-free phase, expanded
two times in a to facilitate comparison with the Michel model. The iron sites are displaced in ¢ away from

the centers of the octahedra (black circles). (d) The Michel model. Protons are omitted.

Figure 2. Comparison of the stacking geometry of the octahedral iron sites in (a) the Michel model and (b)
maghemite. Tetrahedral iron sites are not shown for clarity. (a) and (b) depict the structure seen
perpendicular to the stacking axes (arrows). The octahedral iron framework of each phase can be
constructed by the same two-layer fragment, shown in (C), with bridging octahedra attaching to the

continuous layer at the locations of the in-plane rotations shown in (d).

Figure 3. Side view of the overfilled unit cell of the hybrid model containing 3 distinct iron sites and 16

distinct oxygen sites. Atomic coordinates are given in Table S1.

Figure 4. Synchrotron powder X-ray diffraction (XRD) study of six-line ferrihydrite (6LF) samples. (a)
Background subtracted XRD data from all 6LF samples. (b) Best-fit refinement of 3-phase Drits model to
the XRD data for 6-nm 6LF. (C) Best-fit refinement of Michel model to 6-nm 6LF data. (d) Investigation of
the effect of incorporation of maghemite/Michel stacking faults (sf) into Michel model of a 3.6-nm

nanoparticle. Inset: Cross-section view of a Michel model nanoparticle with two maghemite (M) layers.

Figure 5. Oxygen K-edge absorption spectra from iron oxide and hydroxide references and 6-nm 6-line
ferrihydrite (6LF). (a) Comparison of spectra acquired in total electron yield (TEY) and fluorescence yield
(TY) from nanocrystalline maghemite (M), 6LF (F) and goethite (G). (b) Results of fits to the pre-edge
region of the oxygen K-edge spectra. Light and dark shaded doublets represent contributions from

transitions involving O and OH atoms, respectively.

Figure 6. Evolution of the % goodness of fit parameter during selected RMC runs for 3.6-nm diameter

nanoparticles constructed from the indicated phases. Each iteration reported in this plot represents one

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



901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921

922

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 will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am.2014.4421 1/16

attempt to relocate 20 Fe atoms, and one or multiple cycles of displacing 20 Fe or O atoms of a certain site
number with the same randomly generated displacement vector. “3 ¢” indicates that three constraints on
atom-atom distances were applied. 6°= 0 indicates the RMC run did not permit any unfavorable moves.

The xz values for the Drits nanoparticle were divided by 2 for clarity of display.

Figure 7. Red curves are the (@) structure factor and (b) pair distribution function data for 5.9-nm-diameter
6-line ferrihydrite nanoparticles. Dashed gray curves are calculated from model nanoparticle structures
based on the ferrifh and hybrid models used for RMC refinement. Blue curves are calculated from
nanoparticle structures that gave the minimum 7’ obtained during a RMC run. Green curves give the

residuals. Discrepancies highlighted by numbered arrows are discussed in the text.

Figure 8. Views of the 3.6-nm hybrid model nanoparticle after RMC refinement. (&) Complete
nanoparticle. (b) Cross-section in ac plane. Arrows labeled “B” and “NB” indicate planes of buckled and
non-buckled oxygen sites, respectively. (C) Cross-section in ab plane to reveal disordered iron octahedral

and tetrahedral arrangements.

Figure 9. Illustration of the method for estimating the mass density and Fe:O elemental ratio for RMC

derived ferrihydrite nanoparticles.

Figure 10. Bond valence histograms for the three iron sites, shown with Gaussian fits used to estimate the

mean and full width at half maximum (FWHM) values of the histograms.
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Revision 1

TABLES

Hematite Maghemite Goethite 6LF

Ols— Fedd
E(tyg) (6V) 530.47(02) 530.32(.02) 53040 (.03) 530.34 (.03)

AE (t,y—ey) (eV) 1.39(.02) 1.44 (.03) 1.63 (.04) 1.44 (.03)

I(e) /1(tog * 15 15 1.25 15
FWHM (t,g) (8V) 0.47 0.59 041 053
FWHM(ey) / FHWM(tp) * 1.4 1.4 16 14
Area (OH 1s) / Area (O 1s) — — 0.45 (.06) 0.10 (.06)

Table 1. Results of fitting one or two Gaussian doublets to the O K-edge absorption spectra pre-edge peaks
between 528-534 eV for the indicated phases. Shown are the parameters for the O 1s — Fe 3d component..
For samples containing protonated oxygen atoms, one additional doublet was fitted for the OH 1s — Fe 3d
component. The OH doublet was constrained to have the same peak width, splitting, and ratio of peak
intensities as the O doublet. Numbers in parentheses are the errorsin the fit values obtained from non-
linear least-squares fitting. * The ratios of e, to t,y peak intensities and peak widths were fixed at the values
shown.
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