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ABSTRACT: Anti-NASICON Fe,(MoO,); (P2,/c) shows
significant structural and electrochemical differences in the
intercalation of Li* and Na* ions. To understand the origin of
this behavior, we have used a combination of in situ X-ray and
high-resolution neutron diffraction, total scattering, electro-
chemical measurements, density functional theory calculations,
and symmetry-mode analysis. We find that for Li*-
intercalation, which proceeds via a two-phase monoclinic-to-
orthorhombic (Pbcn) phase transition, the host lattice

Capacity = Capacity
Two-phase Solid-solution

undergoes a concerted rotation of rigid polyhedral subunits driven by strong interactions with the Li* ions, leading to an
ordered lithium arrangement. Na*-intercalation, which proceeds via a two-stage solid solution insertion into the monoclinic
structure, similarly produces rotations of the lattice polyhedral subunits. However, using a combination of total neutron scattering
data and density functional theory calculations, we find that while these rotational distortions upon Na'-intercalation are
fundamentally the same as for Li*-intercalation, they result in a far less coherent final structure, with this difference attributed to
the substantial difference between the ionic radii of the two alkali metals.

B INTRODUCTION

The demand for rechargeable lithium- or sodium-ion batteries
will continue to grow as renewable energy sources are
integrated into the electrical grid, and electric vehicles continue
to be developed.'™ In rechargeable ion batteries, positive
electrode materials undergo reversible intercalation, displace-
ment, or conversion processes to store electricity.4’5 Present
state-of-the-art positive intercalation electrodes for Li* or Na*
ion batteries rely on either layered oxides, spinel oxides, or
polyanionic compounds.® Polyanionic compounds have struc-
tural frameworks composed of corner-sharing polyhedral
subunits. This allows much greater lattice flexibility than in
layered or spinel oxides and contributes to noteworthy
structural stability with respect to electrochemical cycling.
Polyanionic compounds are also considered to be safer than
alternative oxides because they do not release oxygen upon
decomposition, which can exacerbate thermal runaway during
cell failure.”® Because the utility of polyanionic cathodes is
linked to the intrinsic flexibility of their host lattice, the
development of next-generation polyanionic electrodes requires
understanding the relevant structural distortions that occur
across multiple polyanionic compounds as Li* and Na' are
inserted.

NASICON-related structures, with general formula
MM'(XO,);, were among the first polyanionic compounds
investigated as intercalation electrodes.” The structures feature
large interstitial voids formed by three-dimensionally connected
polyhedra, which create a robust structural topology. The
chemical versatility of these materials structures means

-4 ACS Publications  © 2016 American Chemical Society

4492

substitution of the polyanionic group can be exploited to
tune the position of the redox couples.”'? Anti-NASICON
Fe,(Mo00,); is a promising cathode for both Li* and Na* ion
batteries owing to its highly reversible accommodation of
intercalated ions."' ~'* Fe,(M0O,); crystallizes in a thermody-
namically preferred, low-temperature monoclinic (P2,/c)
structure that consists of FeOg4 octahedra and MoQO, tetrahedra
interconnected through corner sharing oxygen atoms (Figure
1). The basic motif of the structure is described as the “lantern
unit”, composed of three MoO, tetrahedra that connect two
FeOg octahedra (Figure 1b). In the anti-NASICON structure,
these units stack in an antiparallel fashion along the (2b + ¢). In
contrast, in the NASICON structure equivalent units stack in a
parallel fashion along the c-axis.”

While the electrochemical performance of Li* and Na'
(de)insertion into Fe,(MoO,); has been studied previously,
the existing knowledge in the literature is often contradictory,
and the mechanism of structural transformations from the
parent phase to the intercalated phase remains unknown for
monoclinic Fe,(MoO,);. Nadiri et al. reported a single-phase
structural change in monoclinic Fe,(MoO,); during Na*
(de)insertion in the composition ranges of 0.3 < x < 1.0 and
1.10 < x < 1.60 for Na, Fe,(MoQ,),."* In contrast, Bruce et al.
reported the presence of two phases throughout the
composition range of 0 < x < 2 through ex situ X-ray
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Figure 1. Illustration of (a) the unit cell of pristine, monoclinic
Fe,(M00O,); and (b) a “lantern unit” that consists of three MoO,
tetrahedra connecting two FeOg octahedra.

diffraction (XRD) of powder samples that were electrochemi-
cally intercalated.'* Recent studies by Yue et al. reported a two-
phase structural change for Li* (de)insertion, but a single-phase
process for Na'-intercalation in the high-temperature, ortho-
rhombic (not monoclinic) polymorph of Fe,(MoO,);."> To
reconcile these various conflicting reports, it is crucial to
understand the mechanism by which the structural framework
transforms to accommodate the intercalation of guest ions.

Herein, we present an investigation into the different
insertion behaviors of Li* and Na' in monoclinic
Fe,(Mo00O,);, with an emphasis on the reorganization of the
rigid polyhedral units within the structure framework upon
insertion. We have used a combination of structural and
electrochemical tools, coupled with an analysis of symmetry-
allowed distortions, to characterize the relationship between the
structural evolution of Fe,(MoO,); during (de)insertion of Na*
and Li" and their corresponding electrochemical properties. We
find that the insertion processes for Li* and Na* differ in the
ability of rigid MoO, tetrahedra to rotate to accommodate the
presence of guest ions within the lattice framework. This
mechanism, whereby intercalation proceeds through coopera-
tive rotations, is found to be strongly influenced by the size and
nature of the alkali ion. This result, therefore, may be also
relevant to other polyanionic electrodes and, more broadly, to
intercalation into any system containing a mixture of rigid and
soft bonding units.

B EXPERIMENTAL SECTION

Synthesis of Fe,(M00,);. Fe,(MoO,); was synthesized by a solid-
state precipitation method.'® (NH,)¢Mo,0,,-4H,0 (1.0 mmol) and
Fe(NO;);-9H,0 (4.65 mmol) were dissolved separately in 100 and SO
mL of H,O, respectively. A sample of 0.4 mL of NH;-H,O was added
to the molybdate solution to establish basic conditions. The Fe(NO,),
solution was then slowly added to the molybdate solution with stirring,
which resulted in a yellow precipitate. The reaction mixture was stirred
overnight. The resulting yellow precipitate was collected and washed
with ethanol by sonicating for 30 min, and isolated by centrifugation
(6000 rpm for 15 min). This washing procedure was repeated twice.
The resulting Fe,(MoO,); powder was dried in a vacuum oven at 60
°C for S h. The dried Fe,(MoO,); was then ground with a mortar and
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pestle and annealed at 400 °C for 6 h in air. A yellowish—green
powder was obtained.

Chemical Insertion. Li,Fe,(MoO,); was prepared by stirring 1.0 g
of Fe,(Mo00Q,); in five-fold stoichiometric excess of Lil (dissolved in
dry acetonitrile) for 2 weeks. For Na* insertion, a sodium napthalenide
solution was prepared by dissolving 3.0 g of Na metal and 1.5 g of
naphthalene in 75 mL of dry THF. Na,Fe,(MoQ,); was prepared by
mixing 1.0 g of Fe,(MoO,); in 25 mL of the resulting sodium
napthalenide solution for a week.

Structural Characterization. Laboratory powder XRD data were
collected on a Bruker D8 diffractometer with a Coy, source (1,
1.78897 A, 1, = 1.79285 A), equipped with a LynxEye detector. The
collection process was kept the same for different samples using a 0.6
mm slit with a step size 0.02 degrees and a total collection time of 1 h
in the 26 range from 10—60 degrees. A Swagelok-type electrochemical
cell with a beryllium disk as current collector for the working electrode
was used for in situ XRD as well as for diffraction data collection over
chemically lithiated and sodiated samples.'”'® Laboratory XRD data
were all collected in reflectance.

High-resolution synchrotron powder diffraction data were collected
at room temperature using the 11-BM beamline at the Advanced
Photon Source (APS), Argonne National Laboratory using an average
wavelength of 0.413965 A. The data were collected in the 20 range of
—6.5 to 28.0° with a step size of 0.001° and 0.1 s spent on each step.
Neutron diffraction and total scattering data were collected at room
temperature on polycrystalline powders loaded in a vanadium can
using the time-of-flight POWGEN instrument (BL-11A) and
NOMAD instrument (BL-1B), respectively, at the Spallation Neutron
Source, Oak Ridge National Laboratory. POWGEN data were
collected with 16 h spent on bank 3 and 4 h on bank 4. Bank 3
uses frame #1.5 at 60 Hz with a Q range of 1.1688—15.1700 A™", and
bank 4 uses frame #1.75 at 60 Hz with a Q range of 0.6820—5.6923
A~ Data from all detectors with angles from 20—150° were combined
into one histogram for each bank. NOMAD data were collected in the
scattering angle range of 3—175° with 40 min spent on each sample.
Data from all detectors were reduced into one PDF pattern after the
background contribution was subtracted. The resulting data were
analyzed using the General Structure Analysis System (GSAS)'® and
PDFgui.”’

Electrochemical Measurements. Electrochemical measurements
were carried out using Swagelok-type cells.'® The positive electrodes
were prepared by grinding Fe,(MoO,); and carbon Super P (CSP) for
30 min in an Ar-filled glovebox. A slurry was prepared by adding the
resulting mixture into polyvinylidenefluoride (PVDF) dissolved in N-
methyl-2-pyrrolidone (NMP). The slurry, composed of 76.4 wt %
Fe,(MoO,), 8.5 wt % CSP, and 15.1 wt % PVDF, was drop cast onto
an aluminum foil and dried in a vacuum oven at 110 °C overnight.
Electrodes were peeled off the Al foil and punched into 1.0 cm
diameter circles.

Li or Na metal disks were used as the negative electrodes. Whatman
GEF/D borosilicate glass fiber sheets were used as the separator and
soaked in electrolyte solution of either 1 M LiPF4 in ethylene
carbonate (EC), propylene carbonate (PC), and dimethylcarbonate
(DMC) (45:45:10 by weight) or 1 M NaClO, in EC and DMC (1:1
by weight).

Symmetry-Mode Analysis. Symmetry-mode analysis was carried
out using the AMPLIMODES program of the Bilbao Crystallographic
Server.”' The inputs of the program include structural parameters of a
high-symmetry and a low-symmetry structure. Results from Rietveld
refinements against synchrotron X-ray and neutron diffraction data on
pristine and Li*-inserted Fe,(MoO,); were used as low-symmetry and
high-symmetry phases, respectively.

X-ray Photoelectron Spectroscopy (XPS). The high-resolution
XPS spectrum was acquired using a Kratos Axis Ultra X-ray
photoelectron spectrometer with the analyzer lens in hybrid mode.
A monochromatic aluminum anode with an operating current of 6 mA
and voltage of 10 kV was used with a step size of 0.1 eV, a pass energy
of 20 eV, and a pressure range between 1 X 107® Torr and 3 X 107
Torr. The binding energy was referenced to the Cls core level at 284
eV.
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Raman Spectroscopy. Raman spectra were recorded in the 200—
1200 cm™ range using a Horiba Xplora Raman microscope (Horiba
Scientific). Laser irradiation of $32 nm wavelength was employed as
the excitation source, and the power at the sample level was 50 mW.
All spectra were recorded under ambient conditions, and a quartz cell
was used for the measurement of lithiated and sodiated samples.
Intercalated samples were loaded into the quartz cell in an Ar-filled
glovebox.

Computational. Density functional theory (DFT) calculations
were performed using the plane-wave code VASP.***’ Interactions
between core and valence electrons were described with the PAW
method, with cores of [He] for Li, [Kr] for Mo, [He] for O, and [Ne]
for Na’* All calculations used the PBEsol exchange—correlation
functional.”® To describe the strongly correlated Fe 3d electrons, we
applied a Hubbard-type “+U” correction of Uy = 4.3 eV using the
rotationally invariant approach of Dudarev et al.*® This value of Uy =
4.3 eV was chosen for consistency with previous calculations of
orthorhombic Li*- and Na*-inserted Fe,(MoQ,); by Yue et al.'* who,
in turn, selected this value from earlier calculations on Li FePO,.*” A
planewave cutoff of 550 eV was used, and all calculations were spin-
polarized. High-spin Fe was assumed, which extrapolated from
calculations of the parent monoclinic Fe,(MoO,); phase that
predicted a high-spin antiferromagnetic solution. All structures were
geometry-optimized with no assumed symmetry by performing a series
of constant volume structural relaxations and fitting the resultant data
to the Murnaghan equation of state. Individual geometry optimizations
were deemed converged when all atomic forces fell below 0.01 eV A™".
Orthorhombic Li,Fe,(MoO,); was modeled using a single unit cell
(76 atoms), with 2 X 2 X 2 Monkhorst—Pack k-point sampling, using
our Rietveld-refined structure as a starting configuration. Because we
were unable to directly refine the monoclinic Na,Fe,(MoO,);
structure, an approximate structure used to initialize the DFT
geometry optimization was constructed by projecting the optimized
Li,Fe,(MoQ,); structure onto a (1 X 2 X 1)-expanded monoclinic cell
(152 atoms). The structural relaxation of the Na*-intercalated phase
used a 2 X 1 X 2 Monkhorst—Pack k-point grid.

B RESULTS

Pristine Fe,(MoO,); was prepared by a precipitation method
following the approach of Peng et al.'® After annealing at 400
°C for 6 h, the phase-pure powder possessed a nanorod-like
morphology (Supporting Information, Figure S1). Figure 2
shows the results of the Rietveld refinement of the monoclinic
P2,/c structure against the synchrotron X-ray (Figure 2a) and
neutron diffraction (Figure 2b) patterns of the as-prepared
Fe,(Mo00O,); electrode material. The diffraction patterns were
refined simultaneously with structural parameters starting from
the model of Chen et al*® Detailed structural parameters
including atomic positions, cell parameters, and isotropic
displacement parameters are given in the Supporting
Information (Table S1). Both diffraction patterns could be
fully indexed to lattice planes from the expected monoclinic
phase without any evidence of impurity peaks, which confirmed
that the parent Fe,(MoO,); utilized throughout this study was
phase pure. Raman spectroscopy showed that the as-prepared
Fe,(MoQ,); possessed bands characteristic of the monoclinic
structure at 988, 967, 930 cm™" (symmetric stretching modes of
terminal Mo=O bonds in three distinct MoO, tetrahedra);
817, 776 cm™" (asymmetric stretching modes of MoO, units);
and 356 cm™' (MoO, bending mode) (Supporting Informa-
tion, Figure S2).”” X-ray photoelectron spectra (XPS) of the
Fe2p and Mo3d regions suggest there is only one chemical
environment for both Fe and Mo in the pristine, as-prepared
Fe,(MoQ,); by the presence of characteristic Fe** 2p;,, and
Mo®" 3ds,, peaks with binding energies of 711.3 and 232.5 eV,
respectively (Supporting Information, Figure $3).%%%!
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Figure 2. Rietveld refinements of pristine, monoclinic Fe,(MoO,);
against (a) synchrotron XRD pattern obtained at the 11-BM beamline
at Argonne National Laboratory and (b) neutron diffraction pattern
obtained at the POWGEN beamline at Oak Ridge National
Laboratory. The weighted profile R-factor (R,,) was determined to
be 6.01% for all banks being refined simultaneously and weighed
equally. Absorption correction was carried out using absorption
function 0 in GSAS. Only the diffraction pattern from bank 3 at
POWGEN is given here.

Li* Insertion. The first ten galvanostatic electrochemical
cycles of Fe,(MoO,); against Li/Li" at a current rate of C/10
are given in Figure 3, panel a. The initial specific capacity of 92
mA h g' agrees well with the theoretical capacity of
intercalation of two Li* ions per formula unit (90 mA h g™*),
with the slight excess capacity likely associated with the
formation of a passivating solid electrolyte interface layer.*”
Without rigorous optimization of the cell assembly, the
batteries showed a high capacity retention of around 90% of
the initial capacity after 25 cycles (Supporting Information,
Figure S4). The derivative of the galvanostatic cycling (inset of
Figure 3a) shows two peaks centered at 3.0 and 3.05 V during
reduction and oxidation, respectively. Such a small polarization
is reflective of the highly reversible intercalation of Li* into the
framework of Fe,(MoO,);. The voltage—composition curve
exhibits a single plateau over a wide range of lithium content
during Li* (de)insertion, which indicates the intercalation
process predominantly occurs through a two-phase process
where a lithium-rich phase is created directly rather than a
solid-solution process since there is a continuous change in the
lithium content throughout each particle."

The coexistence of two phases was further demonstrated
using in situ XRD, taken continuously during electrochemical
cycling, and is shown as a heat map in Figure 3, panel b with
the y-axis corresponding to the equivalents of inserted Li'.
During the discharging process, new reflections at 24.5°, along
with several others at 36° and 38.5°, clearly appear (Supporting
Information, Figures SS and S6). The intensity of other
reflections (e.g., at 23.5°, 36.8°, and 39.8°) gradually decreases
until finally disappearing as the Li* content increases. As shown
in the Supporting Information in Figure S6, all reflections of the
fully electrochemically lithiated phase, except those contributed
by the beryllium cell used for the in situ measurements, can be
indexed to the orthorhombic Li,Fe,(MoO,); phase originally
reported by Torardi et al.”’

During the charging process, changes in the intensities of
reflections were observed exactly in the opposite way and
indicated excellent structural reversibility upon Li* (de)-
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Figure 3. (a) Galvanostatic electrochemical cycling of Fe,(MoO,);
against Li* insertion and its derivative (shown as inset). (b) 2D pattern
based on the in situ XRD of Li" insertion into Fe,(M0O,)s.

insertion. Positions of the reflections do not vary with Li*
insertion in the pristine Fe,(MoO,);, which excludes the
possibility of a solid solution process. These changes in the
intensities of reflections are illustrative of the evolution of the
initial monoclinic Fe,(MoQ,); structure into orthorhombic
Li,Fe,(MoO,); with the increasing Li' content, and the
coexistence of pristine and lithiated structures in various ratios
depending on the Li* concentration. Thus, a two-phase Li"
(de)insertion process in the anti-NASICON Fe,(MoO,); was
confirmed for the first time through in situ XRD.

The crystal structure of orthorhombic Li,Fe,(MoO,),
(Supporting Information, Figure S7) shows an identical
structural topology to the parent monoclinic phase with
regards to polyhedral connectivity, so the transformation is
purely displacive in nature. While the in situ XRD experiments
provide some insight into the mechanism for these displace-
ments, the patterns do not have sufficient resolution or
intensity to precisely refine changes in the atomic positions.
Therefore, Fe,(MoO,); was chemically lithiated as discussed in
the Experimental Section. The results of the Rietveld
refinement of the inserted structure against neutron diffraction
data are shown in the Supporting Information in Figure S8 with
detailed structural parameters listed in Table S2. To describe
the transition between the monoclinic and orthorhombic
structures in terms of the reversible symmetry-allowed
distortions, the AMPLIMODES program at the Bilbao
Crystallographic Server”' was used to identify the trans-
formation matrix (given in Supporting Information, Table
S3) for the transition from the low-symmetry (P2,/c) pristine
structure to the higher-symmetry (Pbcn) lithiated structure.
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The vectors corresponding to the direction of the displace-
ments for each element were calculated and are illustrated in
Figure 4. A complete list of the vectors is given in the
Supporting Information, Tables SS and S6.

Figure 4. Amplimodes analysis between pristine Fe,(MoO,); and
lithiated Li,Fe,(MoO,);, with positions of Fe, Mo, and O in pristine
Fe,(MoO,); and position of Li in Li,Fe,(M0O,); converted into the
same reference structure setting. The transformation vectors are
plotted on each atom in panel a and filtered by amplitude of 0.4 A in
panel b for clarity. FeO4 octahedra are shown in green, and MoO,
tetrahedra are shown in gray. Li* ions are left out for amplimodes
analysis but are drawn in the reference structure for clarity.

The most prominent displacements seen from these vectors
are those associated with oxygen atoms. The vectors on Fe and
Mo atoms are extremely small, which indicates that the center
of mass for the rigid polyhedral subunits remains fixed as they
rotate to enlarge the unit cell volume. It is interesting to note,
as shown in Figure 4, panel b, that Li" ions are inserted between
two neighboring lantern units, and, as a result, there is
significant displacement of the oxygen atoms toward the guest
ions, presumably a consequence of local bonding or electro-
static interactions. This suggests that the ability for the
framework to distort in such a way that Li—O interactions
can form and break in a reversible fashion is an important
consideration in the design of efficient intercalation hosts.

Na* Insertion. Figure S, panel a shows the galvanostatic
cycling of Fe,(MoO,); against Na/Na". An initial capacity of 79
mA h g™ was found, which corresponds to the insertion of 1.7
Na* per Fe,(MoQ,);, which is comparably smaller than that
observed with Li* insertion (Supporting Information, Figure
S4). The capacity was found to drop to 87% of the initial
capacity after 20 cycles, showing a similar capacity retention to
that of the Li/Fe,(MoO,); cell. The most pronounced
difference from Li" insertion is that there are two distinct
slope regions during the Na'-intercalation process instead of a
single plateau. This is signified by two peaks (centered at ca. 2.7
and 2.58 V) in the derivative curve given as the inset of Figure
S, panel a. The reproducibility of these peaks with respect to
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Figure 5. (a) Galvanostatic electrochemical cycling of Fe,(MoO,);
against Na* insertion and its derivative (shown as inset). There are two
slope regions during both insertion and deinsertion. The turn from
one region to the other corresponds to 0.8 Na* per formula being
(de)inserted. (b) 2D pattern based on the in situ XRD of Na*
insertion into Fe,(MoQO,)s.

cell potential during subsequent cycles demonstrates that the
Na' de(insertion) process is also highly reversible, and the
electrochemical profile is intrinsic to the Na'-intercalation
process.

The in situ XRD experiments during Na'-intercalation
showed substantial differences compared to that of Li'
insertion. During discharge, a constant shift in the Bragg
reflections toward lower angles was observed with all the peaks
returning to their original positions after fully charging. This
shift corresponds to the expansion of the unit cell volume to
accommodate the guest alkali cations during the insertion
process, but given that no new reflections evolve during cycling,
this indicates that a solid solution mechanism is at play, in
contrast to the biphasic process described for lithium.

While the laboratory XRD patterns did not provide enough
intensity to allow for a full refinement of the atomic positions, it
was possible to track changes in the unit cell using Le Bail fits
to the inserted patterns. Relative changes in these parameters
are plotted in Figure 6 with a complete list of the refined lattice
parameters given in the Supporting Information, Table S7. A
volume change of 6% was found for insertion of 1.5 Na* ions
per formula unit, with the dominant change in the unit cell
corresponding to a roughly 4% elongation of the b-axis. While
the magnitude of the change along the a- and c-axes is less
pronounced, the trend seems to suggest the underlying
insertion mechanism. The c-axis does not significantly change
during the initial stages of Na* insertion, while the a-axis
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Figure 6. Lattice evolution along Na* insertion into Fe,(MoO,); from
Le Bail fitting of in situ XRD patterns.

exhibits a continuous extension. After the insertion of 0.8 Na*
per formula unit, the trends are reversed (i.e., the change in a-
axis flattens out, while the c-axis shows a continuous increase).
It is also important to recognize that the unit cell parameters of
the Na" intercalated monoclinic phase and the orthorhombic
structure identified for Li,Fe,(MoQ,); suggest that the parent
framework of Fe,(MoQ,); actually rotates in the same way
regardless of Li* or Na* insertion. The primary difference
between the two space group choices depends heavily on the
position where the guest ions end up sitting. Within this
context, the pronounced elongation of the b-axis is probably the
result of the larger Na* ions relative to that of Li* and that the
size of the intercalant plays a crucial role in determining how
the structure can distort.

Given the complexity of the monoclinic structure, which
contained 34 unique atomic positions and over 150 refinable
parameters, it proved impossible to directly refine the structure
of Na*-inserted Fe,(MoO,); by starting from the model of the
pristine structure. Therefore, we turned to DFT calculations to
obtain a predicted structure for monoclinic Na,Fe,(MoO,)s,
which was used for further Rietveld refinement. We first
calculated an optimized structure for orthorhombic
Li,Fe,(MoQ,);, starting from the experimentally determined
geometry. This gave excellent agreement with the Rietveld
refined geometry (e.g, lattice parameters agree to within 0.5%),
which demonstrates that our PBEsol+U calculations are able to
well describe the structure for this high-symmetry lithium-
ordered phase. The atomic positions from the DFT-optimized
orthorhombic Li,Fe,(MoO,); were then projected onto a
monoclinic cell as a starting structure for the Na,Fe,(MoO,);
structure optimization. The calculated Li*-inserted and Na*-
inserted structures from the simulations are included in the
Supporting Information, Tables S8 and S9. Despite the
extremely good agreement between the DFT cell for the
lithiated compound and its experimentally determined
structure, there is a striking difference between the increase
of the unit cell volume for Na*-insertion predicted by DFT
(16.0%) and that found experimentally (6.0%). Notwithstand-
ing this discrepancy, the DFT-optimized Na,Fe,(MoO,);
structure generates a close match for the peak position and
intensities in the neutron diffraction data (Supporting
Information, Figure S9). Using the DFT-optimized structure
for subsequent Rietveld refinement, however, produces
unphysically large atomic displacement parameters for the
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sodium atoms. These large displacement parameters indicate
that the intensity contributed to the pattern by Na' is
negligible, and they suggest a more complex distribution of
sodium ions in the experimental sample. Refining the optimized
structure again after removing sodium atoms produces a fit
nearly identical to the refinement with the sodium included
(Supporting Information, Figure S10). The resulting frame-
work is illustrated in the Supporting Information, Figure S11
with the full structural description listed in Table S10.

There are two possible explanations for the lack of scattered
intensity associated with the sodium atom positions. Either the
Na* ions are disordered through the lattice or they adopt some
kind of long wavelength superstructure that is not immediately
obvious in the powder diffraction experiment. Considered
alongside the erroneous predicted volume increase for the
DFT-optimized structure, these results suggest that the
calculated volume expansion is a consequence of an (artificial)
ordering of Na* within the polyanion framework. The use of a
(1 X 2 X 1) periodic cell for the DFT calculations imposes an
artificial symmetry on the Na* ions, and this may block a fully
disordered sodium configuration and instead predict an ordered
Na*-inserted structure. The larger size of Na' versus Li',
however, means this Na* ordering can only be accommodated
within the polyanion framework through a significant volume
expansion. This conceptual model predicts that the smaller
volume expansion and apparent Na* disorder observed in the
experimental refined structure are coupled. We propose that in
the experimental system the lattice strain produced by
intercalating large Na® jons could be accommodated by a
disordering of these ions rather than the otherwise necessary
volume expansion predicted in the higher symmetry DFT
calculations. In contrast, smaller Li* ions are able to occupy an
ordered arrangement of sites upon intercalation, without
imposing a large volume change, leading to highly consistent
DFT-predicted and experimental structures. The inability of
our DFT calculations to predict structures in close agreement
with those obtained from experiment for Na'-inserted
Fe,(MoO4), indicates the limitations of standard periodic
zero-temperature calculations for modeling disordered inter-
calation phases, and suggests alternative approaches that
consider thermally disordered systems, such as large-scale
molecular dynamics, may be necessary to obtain a detailed
atomic-scale description of these disordered ions.

To further characterize the nature of the insertion process on
the local structure of Fe,(MoQ,)s, total neutron scattering data
were collected on the pristine and chemically inserted samples
(Figure 7). The peak observed at 1.76 A, which corresponds to
the Mo—O interatomic distance within the MoO, tetrahedra,
does not change at all after Li*/Na" insertion. This is consistent
with the more covalent and therefore more rigid nature of the
MoO, tetrahedra. In contrast, there is a very significant
elongation of the Fe—O bonds that should be expected as the
oxidation state of Fe changes from 3+ to 2+ upon insertion of
the alkali ions. It is also interesting to point out that that the
long-range correlations, especially those at long r values >3 A,
are significantly more dampened in the Na" inserted phase than
that of the pristine or Li*-inserted phases. This reflects the local
disorder that results as a consequence of the interactions with
the complex distribution of Na* through the lattice.

Finally, Raman spectra of Li*- and Na*-inserted Fe,(MoO,),
were collected to determine if signatures of the disorder could
be identified (Supporting Information, Figure S2). Both the
lithiated and sodiated samples show Raman bands belonging to
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Figure 7. Experimental total scattering data for pristine, Li*-inserted,
and Na*-inserted Fe,(MoO,);.

the MoO, units that appear to be either weak or unresolved.
The strongest asymmetric stretching band of the MoO, units in
the Raman spectrum of the pristine material appears to be very
broad and weak in the spectra of lithiated and sodiated samples.
However, the weaker bending and symmetric stretching modes
remained unresolved. In addition, no shift in the positions of
Raman bands was observed. This broadening and loss of
intensity may be attributed to the redistribution of electron
density in the Mo—O bonds through the intercalation of alkali
guest ions into the pristine material, which may also be affected
by the reduction of Fe* ions to Fe?*.***> Therefore, the
effective force constants and polarizability derivatives may be
varied as the electron density is redistributed, which results in
the observed broadening and intensity loss in the Raman bands.
The major difference was observed in the asymmetric
stretching band of MoO, tetrahedra. The intensity of the
strongest asymmetric stretching mode at 776 cm™ was found
to be lower than that of the second asymmetric stretching
mode at 817 cm™' in the intercalated samples. This suggests
that strong interactions between alkali ions and the polyhedral
oxygen ions result in changed intensities for stretching motions
in the MoO, units, while the framework remains largely the
same.

With a description of the Li*- and Na'-inserted phases of
Fe,(MoO,);, a comparison between the changes to the
structural frameworks should provide insight into the
mechanism for intercalation. A representative portion of the
refined framework with lithium determined by Li,Fe,(MoO,),
refinement is illustrated in the Supporting Information, Figure
S12. To understand how the polyhedral rotations are affected
by the alkali ions, a set of dihedral angles is calculated from the
structural models. The center atoms of two connected
polyhedra form two planes with one oxygen atom from each
of the polyhedra in these dihedral angles, which thus measures
the relative rotational displacement between the two polyhedra.
For example, the tweaking between the FeOg octahedra and
MoO, tetrahedra can be measured by the dihedral angles of
such as O2—Mo2—Fel—0S5. A complete list of the dihedral
angles between these two polyhedra is given in the Supporting
Information, Table S11. It can be seen that there is a difference
in every dihedral angle between the Na*-inserted and Li'-
inserted Fe,(Mo0Q,);, and a difference smaller than 2° can be
considered as systematic residuals. There are more significant
differences such as the 3° difference in the O2—Mo2—Fel—0S5
and O2—Mo2—Fel—06 angles. From our symmetry mode
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analysis, the transformation from the pristine to the inserted
phase is accompanied by oxygen atoms moving toward the
inserted ion (Li*), possibly driven by a strong electrostatic Li—
O interaction. Thus, as OS5 on the bottom left corner in Figure
S12 moves toward the alkali ion, which drives the FeOq to
rotate in a way that essentially results in OS5 and O6 moving
away from O2 in the MoQ, tetrahedra on the top left corner,
and because the Li—O bond is shorter than the Na—O bond,
the dihedral angle of O2—Mo2—Fel—OS is larger and that of
02—Mo2—Fel—06 is smaller in Li*-inserted Fe,(Mo0Q,), than
Na*-inserted phase. This again highlights that while a striking
difference has been observed in the electrochemical cycling
curves, as well as structural phase changes between the Li*- and
Na*-intercalation in Fe,(MoQy,);, the fundamental mechanism
for Li*- and Na'-intercalation is effectively the same, but
structural differences arise because of the differences in ionic
radii.

B DISCUSSION

We have investigated the insertion mechanisms of two different
alkali guest ions into the Fe,(MoO,); framework and found
that the ability for the framework to distort via cooperative
rotations may be important for facilitating intercalation. This
has been confirmed by the symmetry-mode analysis of pristine
and Li*-inserted Fe,(MoO,); and through careful analysis of
the total scattering data on both Li*- and Na*-inserted samples.
Similar observations have been found in LiFeSO,F cathode
materials,**™>® and the lack of connection between these two
structure types implies that such a mechanism may have wider
applications in understanding polyanionic electrode materials.
It should also be noted that the distortion through rigid and
strongly covalently bonded polyhedra restricts the way the host
structure can distort and thus offers better longevity than oxide
materials, which usually suffer from drop in 4perforrnance due to
severe structural changes during cycling,*”*

While the mechanism of polyhedral rotational distortion we
have proposed has not been widely discussed with respect to
intercalation electrodes, it has been extensively explored in the
superionic conductor literature.*' ~* This is typically found in
studies of two competing mechanisms: (i) a “paddle wheel”
mechanism, which suggests a strong correlation between the
transport of cations and the rotation of polyhedral subunits, and
(i) a “percolation” mechanism, which claims independence
between conduction pathway and polyhedral rotations.*"** For
example, through powder neutron diffraction and reverse
Monte Carlo (RMC) modeling, Karlsson et al. revealed that
both types of mechanisms are fresent in high-temperature
forms of Li,SO, and LiNaSO,.*"*

These rotational distortions may suggest a more generalized
mechanism for alkali ion intercalation in polyanionic materials,
but more importantly, this work has revealed a difference in the
behavior between Li*- and Na*-intercalation into the same host,
which suggests that differences in the intrinsic nature of Li* and
Na® guest ions may result in a modification of such a
mechanism. We observed a two-stage, solid solution Na*
insertion process as compared to a single, two-phase Li"
insertion process, which is similar to what has been found in
olivine-type FePO, and explained by stronger interactions of
Na* ions as compared to Li" jons with the host structure by
Moreau et al.** Our results also indicate that the two redox
peaks in Fe,(MoO,); do not appear to correspond to the
complete filling of two distinct Na* positions, but rather that
the distribution of Na* ions is much more nuanced. There are
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two possible explanations for the lack of scattered Bragg
intensity. First is that the Na* ions are disordered through the
lattice. This disorder could be the result of two discrete
crystallographic positions, each having a distinct chemical
potential for the alkali ion, but as the framework rotates and
distorts to accommodate more ions, the Na* ions already in the
framework are pushed off their ideal position. Second is that the
Na" ions adopt a long wavelength superstructure that cannot be
seen in the powder diffraction experiment. A more careful
investigation into intermediate compositions may provide more
valuable information in this regard, but a comparison between
the total neutron scattering data on Li'- and Na*-inserted
Fe,(Mo00O,); shows that peaks at high r values are less intense
in Na'-inserted sample than those in Li*-inserted sample, which
reinforces the notion that the rotational distortions are less
coherent following Na* than Li" insertion. Both explanations
could result from the larger ionic size of Na* than Li* and thus a
steric hindrance for the rotational distortions to allow the Na*
ions to find an ideal position.

Finally, we note that the highly insulating character of these
materials would require that the charge transport through the
lattice would have to be mediated through some kind of
polaronic hopping of the electrons. It could be possible that the
structural distortions reported here are related to this
mechanism of charge hopping, and further work using X-ray
absorption spectroscopy may be useful in elucidating this aspect
of the transport properties.

Bl CONCLUSIONS

In summary, we have presented a detailed structural character-
ization of the process by which Li* and Na* ions intercalate into
Fe,(MoO,); and how these structural transformations are
related to the correlated rotations of rigid polyanionic subunits.
The combination of electrochemical cycling and in situ powder
XRD confirmed a two-phase process for Li*-intercalation
compared to a two-stage solid solution insertion process for
Na*-intercalation, which corresponds to Na' filling two
different sites. Furthermore, on the basis of our Rietveld
refinements, symmetry-mode analysis, and examination of
neutron total scattering data, we proposed a concerted
polyhedra rotational distortion mechanism for the alkali guest
ion intercalation into the anti-NASICON Fe,(Mo00Q,); host
framework. It is also shown that during Li*-insertion, Li* ions
fill defined positions that allow the transformation from the
pristine monoclinic phase to the lithiated orthorhombic
structure. However, Na" insertion occurs in a more complex
manner that appears to result from the larger size of Na'
compared to Li*. Such a mechanism, as well as the application
of symmetry-mode analysis along with structural and electro-
chemical characterization, may be applied to other polyanionic
material systems. Insights gained through these analyses may
facilitate the discovery of new intercalation materials and the
improvement of existing ones.
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