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Abstract: As part of an effort to characterize clusters and intermediate phases likely to be encountered
along solution reaction pathways that produce iron and aluminum oxide-hydroxides from Fe
and Al precursors, the complete structure of Al;gO14(OH), (akdalaite) was determined from a
combination of single-crystal X-ray diffraction (SC-XRD) data collected at 100 K to define the Al
and O positions, and solid-state nuclear magnetic resonance (NMR) and neutron powder diffraction
(NPD) data collected at room temperature (~300 K) to precisely determine the nature of hydrogen
in the structure. Two different synthesis routes produced different crystal morphologies. Using an
aluminum oxyhydroxide floc made from mixing AlClz and 0.48 M NaOH, the product had uniform
needle morphology, while using nanocrystalline boehmite (Vista Chemical Company Catapal D
alumina) as the starting material produced hexagonal plates. Akdalaite crystallizes in the space group
P63mc with lattice parameters of a = 5.6244(3) A and ¢ = 8.8417(3) A (SC-XRD) and a = 5.57610(2) A
and ¢ = 8.77247(6) A (NPD). The crystal structure features Al13049 Keggin clusters. The structural
chemistry of akdalaite is nonideal but broadly conforms to that of ferrihydrite, the nanomineral with
which it is isostructural.

Keywords: akdalaite; ferrihydrite; solution synthesis; X-ray diffraction; NMR spectroscopy; bond
valence sums

1. Introduction

Nanocrystalline materials are ubiquitous in modern materials science and technology [1]. They are
also prevalent throughout the natural environment, where they commonly act as substrates for the
sorption, transport, and desorption of contaminants [2,3]. Increasingly, anthropogenic-generated
nanoparticles [4,5] are recognized as posing an ecotoxicological risk. Nanoscale oxides and
oxide-hydroxides produced via metal hydrolysis routes in solution, such as those of iron and
aluminum, possess unique surface properties utilized for catalysis, separations, and other important
applications [6-8]. Solution synthesis in general promotes reactions at lower T, where weak solvent—solute
interactions and changes in surface energies contribute sufficiently to the overall energy of the system.
Small changes in synthesis conditions radically alter the properties of the materials produced.

Crystals 2019, 9, 246; doi:10.3390/cryst9050246 www.mdpi.com/journal/crystals


http://www.mdpi.com/journal/crystals
http://www.mdpi.com
https://orcid.org/0000-0002-1302-703X
https://orcid.org/0000-0003-2606-0477
http://dx.doi.org/10.3390/cryst9050246
http://www.mdpi.com/journal/crystals
https://www.mdpi.com/2073-4352/9/5/246?type=check_update&version=2

Crystals 2019, 9, 246 2of 16

Unlike simpler traditional cook-and-look synthesis studies, we seek to directly interrogate the
changes occurring along a solution reaction pathway leading to the formation of nanoparticles (NPs)
and nanocrystals (NCs) using combinations of in situ experimentation and computational tools to
build structure models of intermediate species and products. This requires an exquisite knowledge
of the phases likely to be encountered along the solution synthesis pathway. Especially in the early
stages of synthesis, clusters and nanocrystalline materials dominate, and so local structure probes such
as solution nuclear magnetitic resonance (NMR) spectroscopy and pair distribution function (PDF)
analysis [9-11] are needed to fully characterize the atomic arrangements. It is also useful to benchmark
resonant (NMR, X-ray absorption spectroscopy) and nonresonant (scattering) techniques against
one another in order to obtain an appreciation of each technique’s advantages and disadvantages.
For example, solution NMR spectroscopy excels at the characterization of mixtures of soluble species,
clusters, and small (<2 nm) particles in solution [12], while PDF excels at characterizing NPs and,
perhaps, small clusters during the early stages of synthesis [13,14]. If structure models for possible
species in solution are known, the sensitivity of PDF to mixtures of dilute species is also testable.

The Al- and Fe-oxide-hydroxides are good systems in which to test the relative sensitivity of
NMR and PDF since there are many isomorphous compounds. Synthesis of Fe- and Al-oxyhydroxides
involve olation reactions [12,14-16]—condensation of soluble precursors to form isostructural and
Al/Fe substitutional phases. Multimeric species ([IM1304(0OH)4(H,0)12]7*, M = Al, Fe) are implicated
in pathways from soluble ions to oxide-hydroxides. Total X-ray scattering studies [9,10] show that
the structure of the ubiquitous ferrihydrite phase contains motifs of Fe;3 Keggin clusters, which are
implicated in the growth of ferrihydrite [16]. This tantalizing evidence that Fe and Al systems form
similar prenucleation clusters, and so share complementary points of leverage along the reaction
pathway, suggests that joint NMR and PDF studies of the olation reactions involving Al will be useful
to understand the phase evolution of Fe pathways as well. Before carrying out in situ studies, it is
important that at least phases described previously in the Al- and Fe-oxide-hydroxide systems be well
characterized, structurally and chemically. It is with this wider goal in mind that we undertook a
comprehensive study of the structure related to the clusters and some products encountered in both
Fe- and Al-O-OH systems: akdalaite.

An accurate structure for akdalaite will also help address controversies about the structural
chemistry of ferrihydrite. The structure of ferrihydrite, the Fe analogue of akdalaite, was the focus of
scientific debate for at least half a century, and much of the literature for that period is summarized in a
review by Jambor and Dutrizac [17]. Following publication of a multiphase model, [18] a single-phase
model for the atomic arrangements in ferrihydrite emerged based on the structure of akdalaite, as it
provided the best match to the X-ray PDF patterns for all ferrihydrite particle sizes. The akdalaite model
for ferrihydrite first presented by Michel et al. (2007) [10] and later refined by Michel et al. [9] was
immediately controversial, with objections dealing with unusual crystal chemistry, partially occupied
metal sites, and refinement strategies [19-22]. Isostructural akdalaite, synthesized here as both powder
and single-crystal forms, has a well-defined structure and can be subjected to rigorous unit-cell-based
crystallographic analysis to address the problems outlined below.

There are aspects of the akdalaite-based model for ferrihydrite, ideally Fe19O14(OH),, which are
inconsistent with expectations based on accepted crystal chemical arguments; but are these deviations
from the expected crystal chemistry intrinsic to the model shared by both akdalaite and ferrihydrite?
In the “Michel model” (MM) for ferrihydrite, some bond valence sums are inconsistent with the
expected values of +3 and -2 for Fe3t, O*~, and OH™ (Figure 1). Additionally, in the MM, certain
Fe-Fe distances and Fe-centered octahedral distortions are anomalous compared with values expected
based on the crystal chemistry of the iron oxides and hydroxides [20,21]. The degree of site disorder in
ferrihydrite also appears to be synthesis path dependent, with additives and aging protocols [9,10]
producing a larger particle size with few defects and pronounced ferrimagnetism relative to more
disordered ferrihydrite precursors. It appears isostructural akdalaite crystallizes as stoichiometric
Al19O14(OH),, possessing, as confirmed in our study detailed below, a defect-free structure. To evaluate
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the validity of crystal chemical arguments, and to provide a base-line structure to which various
path-dependent ferrihydrite preparations can be compared, the complete akdalaite model, including a
detailed description of the nature of the hydrogen environment, is presented here in detail.

Figure 1. The revised polyhedral structure model of ferrihydrite from Michel et al. (2010) [9] shown
in the Keggin motif with the calculated bond valences of each site. The Fe octahedra are brown, the
tetrahedral Fe is green, and the Fe sites would ideally have bond valence sums (BVS) of 3; oxygen
atoms are red, hydroxyl (O1) is gray, and they would ideally have BVS of 2 and 1, respectively.

2. Materials and Methods

2.1. Sample Preparation and Provenance

Samples of crystalline akdalaite were synthesized hydrothermally in cold-seal pressure vessels [23]
using a modified method of Rosenberg (2006) [24]. The starting materials were sealed in a gold capsule
(2 cm long, 5-mm diameter) with an aqueous solution of 0.54 M NH,4F in a 2:1 weight ratio. The capsule
was subjected to 2 kbar and 475 °C in the cold-seal vessel for 5 days. Two different starting materials
were used, and they produced different crystal morphologies. When the starting material was a
synthetic aluminum oxyhydroxide floc (Al-floc) [25], the akdalaite product had uniform needle
morphology and was typically 50 um long with an aspect ratio of about 20 (see Supplementary
Materials, Figure S1). The synthetic Al-floc material was formed by the instantaneous mixing of 0.2 M
AlCl3 and 0.48 M NaOH in equal volumes. The Al-floc gel was then centrifuged, decanted, and dried
at 50 °C for 12 h. This was chosen as a starting material as it is amorphous and thought to be composed
mostly of aggregates of Alj3 Keggin polyoxocations with Alin 4, 5, and 6 coordination, which would
act as nucleation sites and allow for the rapid transformation to akdalaite [25].

Larger akdalaite crystals of a size suitable for single-crystal X-ray diffraction (SC-XRD) were
synthesized using nanocrystalline boehmite (Vista Chemical Company Catapal D alumina) as the
starting material (Figure S2). The akdalaite crystals produced from boehmite had a hexagonal plate
morphology with a diameter of ~20 um, which were large enough for synchrotron single-crystal
diffraction studies. After hydrothermal synthesis, sample powders were washed repeatedly with DI
water to remove any possible remnants of recrystallized NH4F and dried at 50 °C for 12 h. In order to
produce enough sample for powder neutron diffraction, a single synthesis experiment was conducted
using nanocrystalline boehmite and a 5.5-cm-long gold capsule.

2.2. Analytical Methods

Bulk sample identification and phase purity were initially checked using laboratory PXRD.
The data were collected using a Rigaku Ultima IV (Cu K« radiation) with a D/TeX linear position
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sensitive detector. Patterns were collected over a range of 5° < 20 < 90° with a step size of 0.01° at a
rate of 1°/min. SEM images of akdalaite synthesized using synthetic Al-floc starting material were
obtained using a LEO 1550 scanning electron microscope at an operating voltage of 20 kV. The images
of akdalaite synthesized from boehmite were obtained with a Hitachi S-2600N at an operating voltage
of 10 kV. Samples were mounted on aluminum sample holders with carbon tape and gold coated using
an EMS-550X sputter coater.

X-ray diffraction data for a single crystal of synthetic akdalaite (hexagonal plate morphology)
were collected at 100 K using a three-circle Bruker D8 diffractometer equipped with an APEXII detector
(A =0.41328 A) using 0.5° ¢ scans at the ChemMatCars beamline (sector 15) of the Advanced Photon
Source (APS).

Neutron powder diffraction (NPD) data were collected to better resolve the position of hydrogen
and generate a complete akdalaite structure model. Time of flight (TOF) NPD data were collected
using the POWGEN instrument (BL-11) at the Spallation Neutron Source of Oak Ridge National
Laboratory. Approximately 1 g of powdered sample was loaded into a 6-mm vanadium can for
measurements at room temperature (299 K). POWGEN data were collected for 3 h using frame 2 (0.35
A <d <3.0A). Since akdalaite has about 8 mol % structural hydrogen, the contribution of incoherent
neutron scattering contribution was judged to be sufficiently small, and so as-synthesized hydrogenous
akdalaite was used.

All solid-state NMR spectra were acquired with a 500 MHz (11.7 T) Varian Infinity-Plus
spectrometer equipped with Varian/Chemagnetics sample probe assemblies configured for 3.2- and
4.0-mm (o.d.) rotors and operating at 130.3 and 499.78 MHz for Al and 'H, respectively. The 2’ Al
magic angle spinning (MAS) NMR spectra were acquired at a spinning rate of 20 kHz with 0.5-ps
pulses (vrr = 50 kHz) and 0.5-s relaxation delay. Over 96% of the magnetization was recovered under
these conditions. No differential relaxation effects were noted in spectra taken with relaxation delays
that varied from 60 to 0.5 s. The 2 Al multiple-quantum MAS data (MQ/MAS) were taken at a 20-kHz
spinning rate using 1.9-ps excitation and 0.8-us conversion pulses (vrr = 132 kHz), followed by an
18-us selective 90° zero-quantum filter pulse, with phase cycling to select the triple quantum coherence.
We collected 80 hypercomplex points with a #1 increment of 25 us, each the sum of 384 acquisitions
taken with a 0.5-s relaxation delay. The 'H MAS/NMR spectrum was obtained at a spinning rate of
15 kHz using 1-us pulses (90° = 4 ps) and a 4-s relaxation delay. Chemical shifts are reported relative
to a 0.1 m aqueous AlCl; solution for 2 Al and tetramethylsilane (TMS) for 'H.

3. Results

Laboratory powder XRD and SEM investigations indicated akdalaite synthesized using the Al-floc
starting material was nearly pure, with minor corundum impurity (Supplementary Materials Figure S1).
The akdalaite synthesized from nanocrystalline boehmite also had a minor corundum impurity but
had a hexagonal plate morphology suitable for SC-XRD (Supplementary Materials Figure S2). The 1-g
sample synthesized from boehmite for NPD utilized a much longer capsule (5.5 cm) and was likely
subject to a higher thermal gradient in the cold-seal vessel, which resulted in a higher amount of
impurity corundum (Supplementary Materials Figure S3).

3.1. Single-Crystal X-ray Diffraction

A single crystal of akdalaite with hexagonal plate morphology was selected from the samples
prepared from boehmite (Supplementary Materials Figure S2). The summary of akdalaite
crystallographic data, SC-XRD structural refinement details, refined parameters, and other structural
details are provided in Tables A1-A5 in the Appendix A. After reducing the SC-XRD data [26], the crystal
structure was solved using a charge flipping algorithm [27,28], and inspection of the Wilson plot and the
intensity weighted reciprocal lattice, including Bijovet pairs, suggested the structure was acentric with a
point group of 6 mm [29]. We note that the charge flipping algorithm only satisfactorily converged in the
noncentrosymmetric space group P6zmc. Ab initio structure determination followed by least-squares
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Fourier cycling confirmed the accepted space group assignment and located the nonhydrogen atoms.
Displacement parameters for all the nonhydrogen atoms were refined anisotropically. The hydrogen
atom was located from a Fourier difference map and geometrically constrained. The refinement
using SC-XRD data confirmed the proposed structure of “tohdite” [30] and found residual electron
density from hydrogen around site O1. The weak X-ray scattering from hydrogen did not allow a full
refinement but did provide an adequate starting site position for NPD Rietveld refinements described
below. Because the positions of hydrogen, critical for the determination of site bond valence sums, are
better determined from the NPD data, we discuss the structural details with reference to the neutron
refinement and make reference to the SC-XRD results where they fortify or modify the conclusions
derived from the NPD data.

3.2. Neutron Powder Diffraction

Inspection of the NPD patterns (Figure 2) indicated it could be indexed on the basis of the unit cell and
Laue symmetry determined from SC-XRD data. The GSAS/EXPGUI Rietveld software package [31,32]
was used to refine this model. A subsequent anisotropic refinement of the H site displacement
parameters revealed a distribution of nuclear density smeared in a disk shape perpendicular to the
threefold axis, indicating the H atoms deviate from the ideal 2a (3m) site symmetry. This is suggestive of
the type of H site disorder previously described in M(OH), hydroxides such as Mg(OH), (brucite [33]),
where the H site is modeled as a threefold split site with 1/3 site occupancy [33,34]; this involves moving
the H site from the threefold axis, at site 2a (0,0,z), to site 6¢ (2x,x,1/2 + z) with site symmetry -m- in space
group P63mc (No. 186). The refinement details, refinement statistics, refined parameters, interatomic
distances, and angles are presented in Appendix B in Tables A6—A10. The split-site refinement suggests
the H atoms deviate from the axis due to hydrogen bonding with the O3 site. The structure of the
akdalaite model with the split hydrogen site is detailed in Figure A1.
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Figure 2. Fit to neutron data for Al;(O14(OH),; observed and calculated data are red crosses and the
continuous black line, respectively. The dotted blue and solid black curves represent the background and
the difference between observed and calculated data, respectively. The vertical blue and black lines mark
the positions of Bragg reflections from the Al;yO14(OH); (akdalaite) and Al,O3 (corundum), respectively.
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3.3. Solid State NMR

Solid-state NMR data gave additional insight into the local environments of Al and H in akdalaite
and confirmed the akdalaite structure solved from SC-XRD and further refined from NPD. The 2/ Al
MAS NMR spectra of synthetic and natural akdalaite (Figure S4) indicate both samples have six- and
four-coordinate Al

The synthetic sample was further studied with 2 Al MQ/MAS to determine the number and
proportion of distinct Al sites in akdalaite. The spectra from the 2 Al MQ/MAS study revealed three
distinct Al sites—two octahedral and one tetrahedral (Figure 4)—with isotropic peaks at 11.5, 23.4, and
77.5 ppm in F1 (vertical axis in Figure 3). Simulation of the separate F2 cross sections to second-order
quadrupolar peak shapes (Figure 3, right panel) yielded the chemical shift (8iso), quadrupolar coupling
constant (Cq), and asymmetry parameter (1) for each resolved site, compiled in Table 1. These values
were then used to fit the quantitative MAS spectrum to a sum of second-order quadrupolar center
bands, yielding an Al site distribution of 59% + 2% for the All octahedral site, 22% + 2% for the Al2
octahedral site, and 20% + 2% for the Al3 tetrahedral site, in reasonable agreement with the X-ray- and
neutron-derived models.

Table 1. % Al nuclear magnetic resonance (NMR) parameters for synthetic akdalaite, obtained from
simulation of the F2 cross sections of the 2 Al multiple-quantum magic angle spinning (MQ/MAS)
NMR spectrum (Figure 3). Estimated uncertainties are +0.2 ppm for the isotropic chemical shift (d;s,),
+0.1 MHz for the quadrupolar coupling constant (Cq), and +0.1 for the asymmetry parameter ().
OF1,0bs is the observed peak position in the MQ/MAS F1 dimension (vertical spectrum in Figure 3),
whereas 8p; calc is calculated from the fitted quadrupolar coupling parameters.

Site Type Siso (ppm) Cq (MHz) N SFcale (PPmM) SF1,0bs (PPm)
All octahedra 17.0 5.1 0.7 23.3 234
Al2 octahedra 10.3 2.3 0.2 11.4 11.5
Al3 tetrahedra 66.5 7.35 0 77.7 77.5

o — T 1
iy | 80 60 40 20 0
§ |

I G T 1 T T 177 |'I'l"‘|"]_'[ i_‘l_'?

75 50 25 0 -25
Ppm

Figure 3. 2 Al MQ/MAS NMR spectrum of synthetic akdalaite. The top spectrum is the MAS dimension,
while the right spectum is the isotropic dimension. The individual site spectra are shown on the far
right with the simulated spectra above the experimental.
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The 'H NMR spectrum consists primarily of a single, narrow central peak at +8.6 ppm, with two
spinning sidebands, as shown in Figure 4. A small shoulder near +6.5 ppm (<5% intensity) likely
arises from an impurity phase and/or surface adsorbed water. The single, well-resolved central peak
indicates a single H site, and the small peak width (600 Hz) observed at this modest spinning rate
(15 kHz) indicates a small homonuclear dipolar coupling characteristic of low hydrogen density [35,36].
In this chemical shift range, the literature data for 'H indicate a good linear correlation with d(O
... O) hydrogen bond lengths [35], although the relationship between chemical shift and hydrogen
bond distance can also be expected to reflect other geometrical factors such as H-O distance and O-H
... O angle. With that caveat, the observed shift at 8.6 ppm (Figure 4) is similar to that of diaspore
(x-AlOOH), which has a shift at +9.4 ppm and an O---O distance of ~2.65 A [35] compared with an O
... O distance of ~2.91 A in akdalaite.

Intensity (arb. units)

40 20 0 -20
'H chemical shift (ppm from TMS)

Figure 4. 'H MAS NMR spectra of synthetic akdalaite. The central peak has a chemical shift of
+8.6 ppm. Spinning side bands shown outside central peak.

3.4. Crystal Chemical Analysis

The results from SC-XRD, NPD, and NMR were used to form a complete structural model of
akdalaite (Figures 5 and 6) for comparison with ferrihydrite [9]. The bond valence sums (BVS) were
calculated from the NPD data in the same manner as ferrihydrite, where the total site valence (V;) is
the sum of valences (S;;) associated with the bond between atoms i and j [37-39]. The individual bond
valences were calculated using Equation (1) with the experimentally determined bond lengths (R;;) and
the empirical constants Ry and b determined from valence analysis of known compounds. For Al-O
bonds, Ry = 1.651 and b = 0.37 [19,37].

Vi — Z Sl] — e(RO—Rij)/b (1)
j

The interatomic distances and bond valence sum listed in Tables A8 and A9, and overlaid on the
structure in Figures 5 and 6, broadly conform to values expected from the isostructural MM model of
ferrihydrite [9]. The contribution of hydrogen to the oxygen bond valence was accomplished using
different empirical constants for the shorter donor O-H and longer acceptor O ... H bonds (Table AS8).
Previous studies found that hydrogen bonding is unlike typical cation—anion interactions and the
hydrogen bonding interactions have to be treated differently [38—40]. The aluminum sites show signs
of over- and underbonding as the BVS of the tetrahedral site (Al3) is underbonded at 2.71 A, below



Crystals 2019, 9, 246 8 of 16

the ideal value of 3 for aluminum (Figure 6) but conforming to the result reported for the MM model
(Figure 1). The octahedral aluminum sites of All and Al2 are closer to ideal being, 3.11 and 2.79 A,
respectively. This is similar to Fe BVS of the ferrihydrite model (Figure 1), where the octahedral sites
are 2.97 while the tetrahedral site is underbonded at 2.74.

The oxygen BVS sums are also similar to those found in ferrihydrite, with the O4 site overbonded at
2.15 and 2.29 in akdalaite (Figure 6) and ferrihydrite (Figure 1), respectively. The hydroxyl oxygen (O1)
has an understandably low BVS at 1.44 prior to accounting for hydrogen bonding. After accounting
for hydrogen bonding, the oxygen sites are slightly over- and underbonded (Tables A4 and A9).
The akdalaite model, especially that derived from the neutron data, correctly takes account of the H
contribution to the BVS for oxygen. In the case of ferrihydrite, the oxygen BVS is estimated. With this
caveat, the akdalaite and ferrihydrite BVS are quite comparable, further suggesting deviations from
ideality are inherent to bond strain associated with the structure type.

02

03

-

Figure 6. Structure of akdalaite refined from neutron powder diffraction (NPD) data shown in the
5-Keggin motif with the calculated bond valence sums of each site prior to adding contributions from
hydrogen. The Al octahedra are blue, the tetrahedral Al is gray, and oxygen atoms are red.

In addition, for any nonideality in bond valence sum, some of the Al bonding environments in
akdalaite have characteristics that are similar to those observed in the ferrihydrite model. In analyzing
the Al-Al distances (Table A10, Figure 5), it is clear they are nonideal. The Al1-All bond distance
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between the edge sharing octahedra is 2.802 A, much shorter than the other edge sharing octahedra
where the Al1-Al2 distance is 3.018 A (Table A10). The short edge sharing distance between Al1-All
is close to that of the Al octahedral face sharing distance of corundum at 2.654 A and is ~9% shorter
than the other edge sharing Al1-Al2 distance, 3.339 A (Table A4, Figure 5). In ferrihydrite, the Fel-Fel
bond distance is 2.907 A, which is ~11% shorter than the other shared edge Fel-Fe2 bond distance
of 3.261 A, much like the Al sites in akdalaite. However, this Fel-Fel edge sharing distance is only
slightly larger than the Fe octahedra face sharing distance in hematite (2.895 A) [20,41].

The Al2 octahedra in akdalaite are also distorted in that the Al is off center so much that three of
the AI2-O distances are only 1.874(3) A, which are close to the Al-O bond distances in the Al3-centered
tetrahedron, between 1.788(1) and 1.818(4) A (Figure 5, Table A8). The ferrihydrite Fe2 octahedral
distortion also results in uncharacteristically short Fe-O distances of 1.881 A, which in turn are shorter
than some of the tetrahedral Fe-O distances (1.931 A). The atypical bonding at the Al2 site observed
in akdalaite is also present at the Fe2 site in the ferrihydrite model, again suggesting considerably
strained structures, to the point of violating accepted principles [21].

Thorough crystal chemical analysis has revealed that most of the anomalous aspects of the
ferrihydrite model are intrinsic to the akdalaite structure. The only structural oddity of the MM
ferrihydrite model [9] not observed in the akdalaite structure, and for which the MM model was
criticized, is the distorted edge sharing O-O bonding distances between the Fel sites where the shared
edge was longer than the unshared edge (Figure 1). The All octahedra have a slightly shorter O-O
distance on the shared edge (2.617 A) in comparison with the unshared edge (2.697 A) in accordance
with Pauling’s distortion rule [42]. Otherwise, the anomalous crystal chemical trends that are observed
in akdalaite are present in the ferrihydrite model. These differences have been discussed previously as
possibly arising from the assumptions inherent in the fitting of PDF data from which the MM model
is derived.

It was emphasized in the original single-phase ferrihydrite model refinement that while the
structure can be described by an idealized periodic model, real-space fitting does not take into
account that “second-order effects such as disorder, surface relaxation, internal strain, defects (e.g.,
stacking faults), particle shape, and/or interparticle correlations may also contribute to the experimental
PDFs” [10]. The PDF patterns of nanoparticles are heavily influenced by the size and morphology of
the particles, as this will weight some pair correlations more than others [43—45]. Treatment of the
nanocrystal morphology, such as modeling the ferrihydrite plate morphology as a sphere, can result in
model distortions in order to better fit the data.

Further, as the nanoparticles of ferrihydrite have a high surface area, surface interaction and
relaxation will also have a significant impact on the total scattering. In crystals and crystallites, the
surface-area-to-volume ratio is so small that surface structure will have a negligible contribution to the
scattering. However, in the case of nanoparticles such as ferrihydrite, the surface comprises a significant
portion of the structure and surface contribution to the total scattering is no longer minor. A study of
ferrihydrite surface structure elucidated that the Fe sites exposed at the surface are dominantly the Fel
octahedra [46]. The shorter-than-expected Fel-Fel distance and distortion of the Fel octahedra is likely
due to the strains placed on the sites at the surface of ferrihydrite particles. Thus, surface interactions
and relaxation will preferentially distort the Fel octahedra and the distortions on the surface will have
a significant contribution to the total scattering and PDF. Thus, when a unit cell approach to modeling
the total scattering and PDF is used, the bulk Fel site will appear distorted due to the contributions of
distorted Fel octahedra at the surface—the bulk and surface Fel sites are average in such an approach.
While the previous critiques of the ferrihydrite crystal chemistry were originally valid, crystal chemical
analysis has shown that these are inherent characteristics of the akdalaite model, and exacerbated
distortions likely arise from the nonideal treatment of PDF data during model refinement. It is for this
reason that the fully ordered structure of akdalaite is an important benchmark for the isostructural
bulk structure of ferrihydrite and an excellent starting point for calculations of the distortions resulting
from disorder, partial site occupancy, and surface relaxation. Further validation of the appropriateness
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of the akdalaite model as a proxy for the calculation of possible ferrihydrite disordered structures is
provided in the Supplementary Materials.

4. Conclusions

Through the combined study of akdalaite with SC-XRD, NPD, and NMR, a complete structural
model of akdalaite has been created, and this can be used as a basis for the calculation of ordered and
disordered nanoparticle ferrihydrite, its isostructural Fe analogue. The positions for hydrogen, critical
for reliable calculation of the BVS, are distributed over a split site about the threefold axis with 1/ 3
occupancy. Crystal chemical analysis revealed abnormal bond valences with over- and underbonding
of atoms within the structure as well as unexpectedly close O ... O distances on Al-octahedral edge
sharing at the All site and distortions at the Al2 site. This mirrors crystal chemical anomalies for the
oft-criticized single-phase ferrihydrite model and suggests that these anomalies are inherent to the
structure shared by both akdalaite and ferrihydrite. Further study with X-ray total scattering provided
additional evidence that the akdalaite structure model is appropriate for ferrihydrite. The exacerbation
of the akdalaite crystal chemical oddities in the ferrihydrite model is not due to inappropriate use of
the model but rather how the model is treated in modeling the PDF patterns.

Supplementary Materials: The COD entries 3000229 and 3000230 contain the supplementary crystallographic
data for the single-crystal X-ray and neutron powder refinements, respectively, referenced in this paper. These data
can be obtained free of charge via http://www.crystallography.net/cod/search.html. The following are available
online at http://www.mdpi.com/2073-4352/9/5/246/s1, Figure S1: The PXRD pattern (top) and SEM image (bottom)
of akdalaite synthesized from Al-floc showing only a minor impurity of corundum (red tick), Figure S2: The
PXRD pattern (top) and SEM image (bottom) of akdalaite synthesized from boehmite in a 2-cm-long capsule
showing only a minor impurity of corundum (red tick), Figure S3: The XRD pattern of akdalaite synthesized
from boehmite in a 5.5-cm-long capsule showing corundum (red tick) present as a minor phase, Figure S4: 7 Al
MAS NMR spectra of synthetic crystalline akdalaite and natural akdalaite, Figure S5: Calculated pair distribution
functions (PDFs) of hematite and corundum, Figure S6: Plot of the r-shift of identical peaks in the calculated
PDFs of hematite and corundum, Figure S7: Calculated PDFs of hematite and corundum after the corundum data
have been shifted to account for the different M—-O differences with the fitted linear r-shift equation (Equation
(2)), Figure S8: (top) Comparison of X-ray PDF data from crystalline akdalaite and 6-line ferrihydrite. (middle)
X-ray PDF data from 6-line ferrihydrite and r-shifted akdalaite which has been adjusted to have approximately
equivalent M-O distances as those of Fe-O. (bottom) Same shifted data as middle but the akdalaite data has had a
spherical envelope function applied so intensities are representative of a 3-nm spherical particle.
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Appendix A.

Results of Single-Crystal X-ray Diffraction Refinement

Refinement parameters and results derived from the SC-XRD data are summarized in Tables A1-A3,
while selected interatomic distances and angles as well as bond valence sums are summarized in
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Tables A4 and A5. The overall structure is depicted as a polyhedral model in Figure 1. The nature of
the hydrogen bonding is depicted in Figure Al.

Table Al. Crystal data and structure refinement parameters for single-crystal X-ray diffraction (SC-XRD).

Parameter Value
Sample akdalaite
Empirical formula AlsHOg
Formula weight 263.9
Collection temperature (K) 100(2)
Wavelength (A) 0.41328
Space group P63mc
a(A) 5.56244(3)
b (A) 5.56244(3)
c(A) 8.8417(3)
Volume (A%) 242.22(2)
V4 2
Calculated density (g/cm?) 3.6184
Absorption coefficient (mm™) 0.265
F(000) 260.0
Crystal size (mm) 0.02 x 0.02 x 0.005
® range of data collection (°) 2.43-23.77
Index range -10<h<10
-10<k<6
-16<1<17
Total reflections 5136
Independent reflections 712
Rint 0.047
Completeness to Omax 0.915
Goodness of fit 0.0233
Data/restraints/parameter 712/1/32
Rq(on Fy, I > 20(D)) 0.0255
wR, (on Fy?, all data) 0.0621

Table A2. Akdalaite structure details from SC-XRD refinement.

Site Wyckoff Pos. X y z Ujgo (x10%) A2
All 6¢ 0.83432(3) 0.66864(6)  0.9775(4) 0.19
Al2 2b 1/3 2/3 0.7698(4) 0.16
Al3 2b 1/3 2/3 0.1604(4) 0.16
o1 2a 0 0 0.0971(4) 0.18
(0 6¢ 0.97188(14) 0.48594(7)  0.1129(4) 0.20
O3 6¢ 0.16594(9)  0.83406(9)  0.8739(4) 0.19
04 2b 2/3 1/3 0.8667(4) 0.15
H1 2a 0 0 0.2062(5) 2.1(2)

Table A3. Refined akdalaite anisotropic displacement parameters from SC-XRD data (A2 x 102).

Site Unp Uz Uss Uz Uz U
All 0.195(11) 0.160(13) 0.213(16) 0.080(6) 0.015(5) 0.030(10)
A2 0.170(15) 0.170(15) 0.15(3) 0.0085(8) 0.0 0.0
Al3 0.154(15) 0.154(15) 0.18(3) 0.077(7) 0.0 0.0

o1 0.22(3) 0.22 (3) 0.09(5) 0.110(14) 0.0 0.0

o2 0.17(2) 0.199(19) 0.22(3) 0.084(12) ~0.04(2) ~0.018(11)
03 0.14(3) 0.14(3) 0.24(3) 0.03(3) 0.050(9) ~0.050(9)
04 0.19 (3) 0.19(3) 0.07(5) 0.095(17) 0.0 0.0
H1* Uiso = 2.1(2)

* The H1 site was refined isotropically.
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Table A4. Selected interatomic distances (A) and angles (°) for akdalaite (Al;gO14(OH),)—SC-XRD.

Alll To Dist. Sij/zsij * 02 02 03 03 04
01 1.930(3) 0.47 92.56(16)  92.56(16) 84.68(9) 84.68(9) 177.7(2)
02 1.971(3) 0.42 81.59(14) 90.17(9) 171.2(2) 85.71(10)
02 1.971(3) 0.42 171.2(2) 90.17(9) 85.71(10)
03 1.857(3) 0.57 97.88(16)  96.81(16)
03 1.857(3) 0.57 96.81(16)
04 1.905(3) 0.50
BVS
All 2.965(9)
Al2 To dist. 02 02 (0] 03 03
02 2.033(4) 0.36 78.57(14)  78.57(14)  90.98(10) 166.4(2) 90.98(10)
02 2.033(4) 0.36 78.57(14)  90.98(10)  90.98(10) 166.4(2)
02 2.033(4) 0.36 166.4(2) 90.98(10)  90.98(10)
03 1.873(3) 0.55 97.90(16)  97.90(16)
03 1.873(3) 0.55 97.90(15)
03 1.873(3) 0.55
BVS
AR 2.72009)
Al3 To dist. 02 02 04
02 1.8100(14) 0.65 114.78(10) 114.79(11) 103.42(16)
02 1.8100(15) 0.65 114.78(11) 103.42(16)
02 1.8100(14) 0.65 103.42(16)
04 1.824(5) 0.63
BVS
A 2.561(10)
H1 To Dist. 03
01 0.965(6) 0.66 132.53(11)
03 2.194(4) 0.18
BVSH1 1.189(4)

* Bond valence sij = exp((Ry — Rij)/B), where Rij is the length of a bond between atoms i and j; sij, the BVS
around each atom should be equal to the valence (oxidation state) of that atom. For the values quoted, the
parameters Ro and B were taken from tabulations provided at the International Union of Crystallography:
https://www.iucr.org/resources/data/datasets/bond-valence-parameters [39]. The Ry and B parameters used were
those compiled for AI** (1.651, 0.37) and H'* (0.569, 0.94) bonded to O?~.

Table A5. Akdalaite oxygen bond valence sums with hydrogen contribution—SC-XRD.

Appendix B.

Site BVS Type
01 2.071(8) O-H
02 1.852(6)
03 1.868(7) O-H
04 2.135(11)

Structural Description Using the Neutron Powder Diffraction Data

Refinement parameters and results derived from the NPD data are summarized in Tables A6
and A7. The overall structure is depicted as a polyhedral model in Figure 1, and the nature of the
hydrogen bonding is depicted in Figure Al. Selected interatomic distances and angles as well as bond
valence sums are summarized in Tables A8-A10.
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Table A6. Final results from neutron refinement of akdalaite (Al;yO14(OH),).

Site

Wych Pos. x y z Ujgo (x102) A2
All 6c 0.8341(2)  0.6683(4)  0.9785(3) 0.51
A2 2b 1/3 2/3 0.7690(7) 0.94
Al3 2b 1/3 2/3 0.160945) 0.59
01 2a 0 0 0.0970(4) 0.51
02 6c 09728(2)  0.4864(1)  0.1143(3) 0.59
03 6c 0.1646(3)  0.8354(3)  0.8745(3) 0.64
O4* 2b 2/3 1/3 0.8682 0.55
H1 % 6c 0.0423(12)  0.0212(6)  0.2134(7) 1.5(1)

13 of 16

* z positional parameter not refined in order to fix the unit cell origin; ™ Occupancy of H site fixed at ! /3 after
moving from ideal position 2a (symmetry, 3m; multiplicity, M = 2) to 6c (m; M = 6).

Unit cell: hexagonal, P63mc; a = 5.57610(2) A, ¢ = 8.77247(6) A; Volume = 236.068(3) A3.

Refinement statistics: Ryp = 3.77% GOF = 1.82 for neutron data (6541 observations); the integrated
Bragg discrepancy factor, Rg(F?), was 5.30%.

Table A7. Refined akdalaite anisotropic displacement parameters from NPD data (A% x 102).

Site Un Up Ups Uz, Uz Us3z
All 0.35(3) 0.2002) 0.17(2) 0.40(5) 0.33(5) 0.78(6)
A2 1.03(8) 0.51(4) 0 1.03(8) 0.0 0.8(1)
Al3 0.39(4) 0.20(2) 0 0.39(4) 0 1.0(1)
o1 0.47(4) 0.24(2) 0 0.47(4) 0 0.57(8)
02 0.47(3) 0.24(1) ~0.14(4) 0.50(2) ~0.07(2) 0.77(4)
03 0.59(3) 0.37(5) 021(2) 0.59(4) ~0.21(2) 0.84(4)
04 0.60(5) 0.30(3) 0.0 0.60(5) 0 0.5(1)
H1* Uiso = 1.5(1)

* The H1 site was refined isotropically.

03

Al

Figure A1l. Bonding environment around the threefold split site for H1 showing bonding to O1 and
H-bonding (dotted line) to O3 at distances of 1.075(7) and 1.990(8) A, respectively.
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Table A8. Selected interatomic distances (A) and angles (°) for akdalaite (Al;O14(OH),) from analysis

of NPD data.
Al11 To Dist. sij/zsij * 02 02 03 03 04
01 1.910(2) 0.50 92.59(9) 92.60(9) 84.36(9) 84.37(9) 177.9(1)
02 1.957(1) 0.44 81.73(8) 90.53(7) 171.6(1) 85.84(8)
02 1.957(1) 0.44 171.6(1) 90.55(7) 85.85(8)
03 1.838(1) 0.60 97.0(1) 96.98(8)
03 1.838(1) 0.60 97.00(8)
04 1.885(2) 0.53
BVS
Al 3.11
Al2 To dist. 02 02 O3 (0X) 03
02 2.007(3) 0.38 79.3(1) 79.3(1) 90.78(6) 167.0(2) 90.78(6)
02 2.007(3) 0.38 79.3(1) 90.78(6) 90.78(6) 167.0(2)
02 2.007(3) 0.38 167.0(2) 90.78(6) 90.77(6)
03 1.874(3) 0.55 97.7(2) 97.7(2)
03 1.874(3) 0.55 97.7(2)
(0F) 1.874(3) 0.55
BVS
AD 2.79
Al3 To dist. 02 02 04
02 1.788(1) 0.69 114.93(7)  114.96(7) 103.2(1)
02 1.789(1) 0.69 114.93(7) 103.2(1)
02 1.788(1) 0.69 103.2(1)
04 1.818(4) 0.64
BVS
A 2.71
H1 To Dist. 03
01 1.042(7) 0.60 146.9(3)
03 1.979(7) 0.22
BVS H1 0.83

* Bond valence sij = exp((Ro — Rij)/B), where Rij is the length of a bond between atoms i and j; sij, the BVS
around each atom should be equal to the valence (oxidation state) of that atom. For the values quoted, the
parameters Ro and B were taken from tabulations provided at the International Union of Crystallography:
https://www.iucr.org/resources/data/datasets/bond-valence-parameters [39]. The Ry and B parameters used were
those compiled for AP* (1.651, 0.37) and H'* (0.569,0.94) bonded to O%~.

Table A9. Akdalaite oxygen bond valence sums with hydrogen contribution.

Site BVS Type
01 2.10 O-H
02 1.95
03 2.00 O-H
04 2.15

Table A10. Metal-metal distances in akdalaite and the Michel model (MM) of ferrihydrite [9].

Atom Pair Type d (A) d A)
Akdalaite (M = Al) MM-Ferrihydrite (M = Fe)

M1-M1 Edge 2.802 2.907

M1 -M2 Edge 3.018 3.261

M1-M2 Corner 3.339 3.409
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