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Metal oxides, such as Fe304, hold promise for future battery applications due to
their abundance, low cost and opportunity for high lithium storage capacity. In
order to better understand the mechanisms of multi-electron transfer reactions
leading to high capacity in Fe30Q4, a comprehensive investigation on local ionic
transport and ordering is made by probing site occupancies of anions (0O?%*) and
cations (Li*, Fe3*/Fe?*) using multiple synchrotron X-ray and electron-beam

techniques, in combination with ab-initio calculations. Results from this study



provide the 1%' experimental evidence that the cubic-close-packed (ccp) O-anion
array in Fe3Og4 is sustained throughout the lithiation and delithiation processes,
thereby enabling multiple lithium intercalation and conversion reactions. Cation
displacement/re-ordering occurs within the ccp O-anion framework, which leads to a
series of phase transformations, starting from the inverse spinel phase and turning
into intermediate rock-salt-like phases (LixFe304; 0<x<2), then into a
cation-segregated phase (LizOeFeO), and finally converting into metallic Fe and
Li2O. Subsequent delithiation and lithiation processes involve interconversion
between metallic Fe and FeO-like phases. The results from this study may offer new
insights into the structure-determined ionic transport and electrochemical reactions
in metal oxides, and those of other compounds sharing a ccp anion framework,

reminiscent of magnetite.
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1. Introduction

Lithium-ion batteries (LIBs) lead the consumer market of energy storage devices for
portable electronics,!!l and the LIB market is expanding into power applications such as
electric vehicles and the grid.[?! Future large-scale LIB designs could benefit from
metal-cation based electrode materials capable of multiple electron transfers (MET) per
metal-cation,l’! resulting in higher energy density compared to commonly employed
intercalation-type electrodes.l*] Many electrode materials were reported to undergo MET

[4a-f]

reactions, such as metal oxides, fluorides, nitrides and sulfides, layered

dichalcogenides, layered oxides, vanadyl phosphate, [*¢ *" and also mixed-anion and

[52-¢] Many of these electrode materials share a common feature in

cation compounds.
their structures, i.e. the close-packed anion framework with tetrahedral and octahedral
sites being occupied by cations. The MET reactions in these materials very often involve
both intercalation and conversion processes, leading to multiple phase transformations
that can profoundly affect the rate capability and cycling stability.[%! Thus, a detailed

mechanistic investigation is needed for better understanding of the complex MET

reactions and associated structural changes.

Metal oxides of the general formula, M3O04, such as Fe304,[4% 44 71 C0304,8! and
Mn304,!°) have been considered as possible MET redox compounds; although they share
the same formulation and have similar metal oxidation states, Fe3O4 is an inverse spinel,

Co304 is a spinel, and Mn3O4 is a tetragonally distorted spinel. For a spinel structure,



M?* and M3" cations are located in tetrahedral (8a) and octahedral (16d) sites of a
cubic-close-packed (ccp) O-anion array, respectively, while for an inverse spinel, the
tetrahedral site is occupied by one of the M3* cations while the other M*" cation and the
M?* cation occupy octahedral sites of a ccp O-anion array. These metal oxides are
currently under active investigation for potential use as lithium insertion electrodes,!'’]
as well as conversion electrodes capable of delivering theoretically high capacities
through full reduction of the transition metals.[!> 3 One of the inverse spinel oxides,
Fe3O4, has been intensely studied for battery applications, due to its low cost, natural

[6°] A recent review highlights the significance of the

abundance, and low toxicity.
particle size and morphology of Fe3;O4, as well as the role of the heterostructure
encompassing the active material.[''] The mesoscale electrode environment of
nanocrystalline Fe3O4, has also been recently evaluated, indicating the significant

influence of agglomeration on functional capacity.[!?]

The full electrochemical reduction of Fe3O4 results in the formation of metallic Fe
and Li,0.["*! However, the reduction process is actually complicated, involving
multiple-phase transformations with a strong dependence on electrochemical conditions.
As reported in previous X-ray diffraction (XRD) studies,!!32% 14 Fe;04 firstly undergoes
an intercalation process resulting in LixFe3O04 (0 < x < 2), and the corresponding phase
was determined to accommodate up to two lithium ions per formula unit of Fe3O4 and

13a, 13b, 14]

possesses a partially ordered rock-salt structure.! However, the results from



other X-ray studies suggested different reaction pathways, leading to rock-salt FeOl'>! or
the rock-salt-like phase, LixFeO.['39 A similar LixFeO, phase was also produced by
discharging Fe3Os at 400 °C .['%% 6] Therefore, there remains uncertainty about the
transformation pathway during the multi-electron transfer reaction in Fe3O4, largely due
to the challenge in identifying the structure of those lithiated materials that generally
have poor crystallinity. In contrast to Fe3O4, the electrochemical reaction of a-Fe203; was
thoroughly investigated,*®l and much different electrochemical mechanisms in the two

systems were suggested by these previous studies.

Coupled with complex structural evolution is electronic and ionic transport in Fe3Oq4
during MET reactions, another key property that governs the intrinsic rate capability of
the electrode materials. Because Fe3;O4 exhibits high electronic conductivity (2 x 10
Q 'm™1),117] jonic transport, instead of electronic transport, may be kinetically limiting
steps for the electrochemical reactions. But, during MET reactions lithium insertion into
interstitial tetrahedral/octahedral sites in the ccp O-anion array inevitably induces
Coulombic repulsive interactions between the Li ions and the Fe ions occupying
neighboring tetrahedral or octahedral sites (when they share the same planes), which
results in considerable energy barriers for ionic transport. More studies are needed to
identify how Li and Fe ions migrate and relocate during MET reactions. Thus, a detailed
kinetic and mechanistic study regarding the evolution of local chemical/structural

ordering and dynamic processes of ionic transport, is necessary in order to gain insight



into the complicated electrochemistry associated with Fe;Oa.

Bulk The general XRD characterization only provides averaged information on
long-range ordering over large areas of agglomerates, without sufficient resolution of the
local structural ordering and the heterogeneous electrochemical reactions within
individual nanoparticles. Furthermore, the ordering of light elements, especially Li ions,
in the intermediate phases is not well resolved by XRD. Scanning transmission electron
microscopy (STEM), coupled with electron energy-loss spectroscopy (EELS) and
electron diffraction has proven powerful in identifying structural and chemical ordering
due to its extraordinary spatial resolution (down to the atomic level) and high sensitivity
to the chemical states of both light elements (i.e., Li) and transition metals.[!®! The latest
development of aberration-corrected annular-bright-field (ABF) imaging enables direct
visualization of light elements, such as H in YH, ['°! and Li in LiFeP04.1?% In this study,
ABF imaging, in combination with high angle annular-dark-field (HAADF) imaging and
EELS, was applied to directly probe the statistical site occupancies of all of the involved
anions (i.e. O%) and cations (Li", Fe?"/Fe®") in the intermediate phases, providing
detailed information about the ionic-diffusion pathways during lithiation/delithiation.
The local coordination and bonding states of Fe were determined by X-ray absorption
spectroscopy (XAS) and EELS at both the electrode and single-particle levels. Phase
transitions and structural changes of Fe3;Os4 nanoparticles during MET reactions were

determined by selected area electron diffraction (SAED). First-principles calculations



using density functional theory with the Hubbard correction (DFT+U) were employed to
help elucidate the origin of the observed structural ordering, and the underlying
mechanisms involved in the phase transitions and the kinetics of ionic transport. For the
first time, we observed that the ccp O-anion array was maintained throughout the
lithiation/delithiation process, thereby enabling multiple lithium intercalation and
conversion reactions. Sluggish cation displacement and reordering (within the ccp
O-anion framework) led to multiple phase transformations, involving several
intermediates including highly structural-integrative rock-salt-like phase LixFe3O4 and
cation-segregated LioOeFeO via intercalation reactions, and a final metallic Fe phase via
conversion reactions. Conversely, the MET delithiation reactions led to a FeO-like phase,
instead of the original Fe3O4 phase. The dynamic processes of ionic transport and
ordering are discussed based on the results obtained from local structural studies and

DFT calculations.

2. Results

2.1 Multiple-electron transfer (MET) reactions in Fe3O4 Voltage profiles of the
nano-Fe304/C electrode for the first three cycles (galvanostatic mode) is given in Figure
la, indicating irreversible behavior during the 1% cycle, but with reversible behavior
thereafter. The onset of the redox plateau in the first discharge (about 1.7 V) corresponds

to intercalation of Fe3;O4 with 0.5 electron equivalents.!'3?] Further lithiation led to a



sloping region between 1.7- 1.0 V, before the 2"¢ electron equivalent, and then the
subsequent long plateau at 0.9 V until about 6 electrons, which is followed with another
sloping region with a gradual drop in voltage to 0.2 V. When the sample is charged to 3
V, the voltage profile was not symmetric to that of the discharge, with only about 2 of
the capacity recovered; then the voltage profiles in the subsequent discharge and charge
processes became similar, indicating a high cycling reversibility. The overall
electrochemical behavior of the binder-free electrodes resembles that of electrodes
containing binder when they were cycled at a low current (equivalent to C/80) (Figure
S1).

The measurements using galvanostatic intermittent titration technique (GITT) type
curves were performed for the Fe3Os4 electrode, and a typical curve for the 1% cycle is
given in Figure 1b. The voltage profile indicated large variation of the reaction kinetics
(shown by the change of overpotential) at different states of lithiation and delithiation.
The polarization was low at the beginning of the lithiation, and increased upon further
lithiation (to 1.0 V), indicating a sluggish reaction process, likely due to the slow cation
displacement/reordering and multiple phase transformations with lithium intercalation
(as to be discussed below). The reaction kinetics is much improved during the following
lithiation (i.e. long plateau below 0.9 V) and delithiation processes, as indicated by

significantly reduced polarization. In order to understand the electrochemical behaviors



and associated reaction kinetics, detailed investigations were made to the structure of

Fe3O4 and its evolution during MET reactions.

2.2 Structural evolution in individual Fe3O4 nanoparticles during MET reactions
Seven samples, one from a pristine electrode, five from discharged electrodes (to 0.6, 2,
4, 6, and 8 electron equivalents) and one electrode that was fully discharged and then
fully-charged electrode, were used for this study (as indicated by red markers on the
voltage profile in Figure la); the main results from high-resolution TEM imaging and
electron diffraction measurements are provided in Figure 1 and Figure S2-4. As shown by
the ADF images (Figure 1c), those as-synthesized Fe3;Os4 nanoparticles (sample A) are
about 8-10 nm, and tend to form agglomerates. The structure of pristine materials was
determined to be an inverse spinel phase (space group: Fd-3m (No. 227)) and the derived
lattice constant of 8.4 A is consistent with that reported by X-ray diffraction (JCPDS
card No. 01-089-0691). No peaks corresponding to other phases were found in the
diffraction patterns. One representative high-resolution HAADF image is given in the
inset of A, indicating the single-crystallinity of the nanoparticle. As illustrated by the
structure model for one unit cell of Fe304, the Fes.®" atomic columns (weak contrast) are
located at the 8a sites, and surrounded by four Fe/O columns (strong contrast) with the

Fe and O atoms at the 16¢ and 32e sites, respectively.

Insertion of less than one Li"ion into Fe3O4 does not change the morphology of the

particles (evidenced by the similarity between A and B). At this low level of lithiation, a



rock-salt-like phase LixFe3O4 (0 < x < 1) was formed with a similar structure as that of
rock-salt FeO,[!** in which the Fe atoms, initially sitting at tetrahedral sites, moved to

octahedral sites.

After lithiation to 2 electron equivalents, the nanoparticles in sample C retain their
uniform morphology (with no evidence of forming Fe; Figure Ic). However, the
diffraction pattern of the 2 e sample changes dramatically, and only three peaks exist
and they can be indexed to (111), (200), and (220) of the rock-salt-structured FeO phase
(JCPDS card No. 0001-1223). This finding suggests that the FeO or FeO-like unit cells
were already formed at 2 e” reduction; but surprisingly no obvious change of the profile
was found even at 4 electron equivalents (curve D in Figure 1d), and, correspondingly,
the uniform morphology in sample D was sustained at such a high level of lithiation
(Figure 1c). It should also be noted that no Li2O was detected by electron diffraction at

the 4 electron stage of lithiation.

At the lithiation state of 6 electron equivalents, very fine nanoparticles (~1 nm or
smaller) were found in local areas, and further identified to be BCC Fe by SAED (E in
Figures lc, d), which is similar to the observation of conversion reactions in Fe,O3[?!!
and FeF».[22] Correspondingly, the diffraction peak of LioO(111) and Li,0O(220) started to
emerge at 6e reduction (curve E in Figure 1d). Owing to the nanosize effect, the
diffraction peaks of Fe phase were broad. The conversion reaction was inhomogeneous

across the electrode, and some nanoparticles still remained in the intermediate FeO
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phase. At the fully discharged state (8 electron equivalents), tiny nanograins, ~1 nm,
were commonly observed across large areas of the sample (F in Figure 1c), and
correspondingly, the diffraction pattern further confirmed that Fe and Li,O became

predominate phases (F in Figure 1d).

The typical morphology of the particles extracted from the fully charged sample is
shown by the ADF image G in Figure 1c. The fine Fe nanograins became invisible and
the particles appear to have coarsened. The intensity profile of the diffraction pattern
suggests the formation of FeO-like phase, as indicated by the similarity of the curves D
(for 4 e) and G (delithiated sample), but is completely different from that of the pristine
Fe304 phase, labeled as A in Figure 1d. The reconversion into FeO-like nanoparticles was
further confirmed by the EELS spectra of the oxygen K edge in Figure S3. In particular,
the O K-edge spectrum of the delithiated Fe3O4 nanoparticles displays a much weaker
prepeak at about 530 eV (compared to that of the pristine sample), suggesting the
re-formation of a FeO-like phase.[?’! The HAADF image recorded from a single
de-lithiated nanoparticle in Figure S4 shows the crystalline structure of FeO-like phase.
So all of the results led to the conclusion that, no Fe3Os, but FeO-like phase, was

re-converted after the 1% cycle.

2.3 Evolution of the co-ordination and valence of Fe in Fe30O4 electrodes XAS
measurements were made to Fe;O4 electrodes at several discharged states (Figure 2). The

spectra for the X-ray absorption near-edge structure (XANES) of the Fe K-edge, shows a
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gradual shift to lower energies (identified by the maximum of the first derivative of yu(E)
for each spectrum), falling from 7126 eV in the pristine state to 7122 eV at 8.0 e’
reduction; the chemical shift indicates the electrochemical reduction of Fe from initial
Fe’*/Fe?* to Fe’/Fe*" (Figure 2a). In addition, the pre-peak at about 7114 eV largely
reflects the presence of tetrahedrally coordinated Fe in the initial Fe3O4, wherein the
non-dipole (or quadrupole allowed) transition from 1s to 3d was induced by the
distortion from centro-symmetry. [?*! The magnitude of the pre-peak is slightly reduced
in the 0.7 and 2.8 e” discharged states, which is an indication of shifting Fe coordination
geometry from tetrahedral to octahedral sites (of increased centro-symmetry). 24231 Sych
a local shift may come from repulsion between Li and Fe ions sitting on the neighboring
octahedral and tetrahedral sites of the same plane, as explained by Thackeray et al.['3%]

At 4.0 e, this pre-peak is significantly suppressed (see Figure S5), and the edge position

is shifted to about 7123 eV, indicative of a significant change in Fe oxidation state.

The Fourier transform of x(k), |x(R)| from extended X-ray absorption fine structure
(EXAFS) for Fe is displayed in Figure 2b. The 1°' peak at about 1.4 A comes from the
backscattering of neighboring oxygen atoms, while the 2nd broad peak between 2.0 - 3.5
A contains multiple contributions, primarily from the nearest Fe coordination shell
(Fer-Fer, Fer-Feo, Feo-Feo). Due to the similar distances for multiple paths (six paths
within 0.2 A of each other), the peaks combined from each contribution create one broad

274 shell peak.
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Theoretical models were used to fit the EXAFS data. Example fits for samples at 0.7
e  and 8.0 e discharged states are shown in Figure 2c, and the detailed results for other
discharge states are in Tables S1, S2 and Figure S6. From the pristine electrode to the 0.7
e” discharged state, there is no clear change in the EXAFS profile compared to that of the
original Fe3;O4 structure, confirmed by modeling. At 2.8 e°, there is a minor component
with a FeO-like rock-salt structure, accounting for about 10-20% of the EXAFS
spectrum. At 4.0 e, there is clear transition into a FeO dominant structure, as indicated
by the shift in the average Fe-O bonding environment from the two distinct Fe-O
interatomic distances at 1.79 £ 0.01 and 1.97 = 0.01 A in the 0.7 e state, to a single Fe-O
distance of 2.06 = 0.02 A in the 4.0 e state. In addition, the Fe-Fe coordination
environment between 2.0 — 3.5 A transitions from three distinct Fe-Fe distances at 2.92 +
0.01 A, 3.42 £ 0.01 A, and 3.52 + 0.01 A in the Fe3;O4 structure to a single Fe-Fe
interatomic distance of 3.06 £ 0.03 A in FeO. This is indicated by a sharper 2"¢ shell

peak in Figure 2b compared to the broad peak in the preceding discharged states.

The EXAFS spectra of the materials lithiated to 6 and 8 e were fit using a
combination of FeO and metallic Fe crystal structures. There is clear observation of
metallic Fe at 6 e, accounting for about 20% of the EXAFS profile. The formation of Fe
at this electron level is consistent with observation by ADF and SAED (E in Figure lIc,
d). At 8e”, the metallic Fe content increases to about 50% of the observed spectrum. The

two Fe-Fe interatomic distances (2.55 + 0.02 A and 2.94 + 0.02 A) derived from the

13



metallic Fe structure and their contribution to |x(R)| are shown in Figure 2¢ and primarily
correspond to the 2" shell peak at about 2.5 A. In both the 6 and 8 e” spectra, the Fe-O
and Fe-Fe interatomic distances determined at 4.0 e  remained intact with minor
fluctuations, suggesting the retention of a robust ccp O-ion framework in the
intermediates throughout the multiple phases of the Li" reaction until the final stage of

conversion into metallic Fe.

2.4 Local ionic displacement and ordering in the intermediates In the electrodes
discharged to 2-4 electron equivalents, the intermediates containing rock-salt units were
formed. However, the rock-salt structure generally does not allow for direct Li"
intercalation. In order to better understand the Li" occupation and transport in the
intermediates, atomic HAADF and ABF images were recorded from single nanoparticles
in the samples discharged to 2 e and 4 e equivalents (Figures 3 and 4). The
nanoparticles in the 2 e” sample maintained a uniform structure (Figure S7). So atomic
HAADF and ABF images were recorded from a single particle along [110] direction, and
then the whole HAADF and ABF images (Figures S7b and c¢) were averaged based on a
single unit cell of Fe3;O4, to obtain statistically meaningful atomic arrangement of
alternating Li, O and Fe columns along the [001] direction (Figure 3a,b). While the
bright and dark spots in the averaged HAADF and ABF images correspond to the
positions of Fe ions, respectively; the other spots with weaker contrast in the averaged

ABF image reflect the positions of O and Li ions, which are well distinguished in the
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averaged intensity profiles from the scan lines (marked by dash line in Figures 3a and b)
in Figures 3c and d. The weak spots near the O columns indicate the occupancy of
lithium ions in the tetrahedral sites, such as 8a, 48f, and 8b. Note that only very few 8b
sites were occupied by Li*, and most of 8b sites were empty, labeled by [lgp in Figure 3d.
The occupation of the Li ions at the tetrahedral sites was also identified from the ABF
image along the [100] direction (Figure S8).

Based on the intensity distribution, the structure of lithiated Fe3O4 at 2 e state was
determined and illustrated in Figure 3e, indicating the ordering of Li ions within the ccp
O-anion framework. As illustrated by the structural model (Figure 3e), some Fe columns
fully consist of Feisc or Feisd, while other Fe columns are equally filled with Feisc and
Fei1sa. However, the intensity of Fe columns appears to be uniform across the whole unit
cell (Figure 3a and c), suggesting that the proportion of 16c¢ sites occupied by Fe ions is
the same as that of 16d sites. Such equal occupation of Fe ions at 16c and 16d sites
makes the structure close to that of rock-salt, giving rise to the FeO-like phase as was
detected by electron diffraction at 2 e (Figure 1d). Therefore, in comparison to the
structure of LiFe304, in which all the 16d sites filled with Fe ions while the 16c¢ sites are
equally occupied by Li and Fe ions, further lithiation may have led to Fe migration

from16d to 16c sites.

In the 4e” sample, the HADDF image shows a uniform rock-salt structure projected

along the [100] direction (Figures S9a,b), in which no metallic Fe clusters were detected.
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A magnified HAADF image from a local region within the nanoparticle is presented in

Figure 4a, in which all the bright spots represent the Fe/O columns (see also the

illustration in the inset), while the Fe atoms remain at the octahedral sites. In comparison

to the HAADF image, the ABF image from the same area presents some new features

(Figure 4b). Besides the Fe/O columns with dark contrast, faint but distinct dark contrast

can be observed in the tetrahedral sites (as marked by green dots). To clearly show these

dark spots, the intensity of the whole HAADF and ABF images (in Figures 4a and b

respectively) was averaged to one unit cell of Fe3O4. The averaged images are given in

Figures 4c and d, respectively, along with the averaged intensity profiles in Figure 4e. In

the ABF image, the weak reduction of intensity between Fe/O columns clearly

demonstrates the presence of Li in the tetrahedral sites. The non-uniform intensity

distribution in Figure 4e also indicates the presence of Li across the 1 X 1 cell, despite

its inhomogeneous distribution. Therefore, the results suggest that, the further lithiation

from 2 to 4 electron equivalents, led to the increase of Li occupancy at the tetrahedral

sites, i.e., firstly the 8a and 48f sites, and then the 8b sites.

With further lithiation (above 4 electron equivalents), ultrafine Fe nanograins were

generated. To reveal the phase transition process between Fe and FeO, an atomic HAADF

image was taken from the samples lithiated to 6 electron equivalents (Figure 5),

revealing mixed Fe and FeO phases in some local regions. Interestingly, the converted

ultrafine Fe grain has a coherent orientation relationship with neighboring FeO grains
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(indicated by the Fast Fourier Transform (FFT) pattern; Figure 5b), and they were
determined to align along the Fe [100] or FeO [110] direction, with a crystalline
orientation relationship: Fe [100] // FeO [110] and Fe (002) // FeO (002). The lattice
orientation relationship of the Fe and FeO crystallites is similar to that reported in
previous work on the growth of FeO from iron upon oxidization.?®! Similar
measurements were performed on the samples at 8 electron equivalents, indicating that

more FeO was converted to Fe, with interfacial coherency between the two phases

maintained throughout the reaction process (Figure S10).

The interfacial structure at the Fe/FeO boundary was further identified by the atomic
HAADF image (Figure 5c) from local region marked by the white box in Figure 5a. A
schematic illustration is given in Figure 5d to show the arrangement of Fe atoms near the
interfaces of Fe/FeO. The iron atom columns of Fe nanograins are marked by yellow
spots in the center of the HAADF image, while the surrounding iron atoms of the FeO
matrix are labeled with red spots, which were obtained directly from two typical areas
marked by the green and pink boxes in the image. Since the atomic distances and bonding
angles in the (002) plane of Fe are comparable to those in the (002) plane of FeO (as
illustrated in the blue box) with only ~ 6% lattice mismatch, these two phases match very
well with each other at this interface. In the pink box, the orientation FeO [1-11] // Fe
[011] was also observed around the other interface. The atomic configurations of planes

FeO (1-11) and Fe (011) are illustrated in Figure S11, which shows that the lattice misfits
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are about 6% along the [100] direction of Fe, and about 22% along the [11-1] direction.
Although such large misfit might yield high interfacial energy between Fe and FeO, it
can be accommodated by interfacial dislocations that were commonly observed (Figure

S12).

3. Discussion

The results from multiple characterizations (by XAS, SAED, ADF, HAADF, ABF and
EELS) on bulk electrode and single nanoparticles of Fe3Os4, suggest that several
intermediate phases were formed but with negligible structural/morphology changes
below 4 electrons, followed by a conversion reaction leading to a significant morphology
change with metallic Fe gradually formed. Assisted by DFT+U calculations, we propose
the mechanisms of ionic transport and correlated phase transformations, in a direct

correlation to MET reaction process in Fe3Oa.

3.1 Ionic transport/ordering coupled with phase transformations One striking
feature of MET reactions in Fe3;Og4 is that, despite complex phase transitions, the O-anion
framework was sustained throughout the entire lithiation and delithiation process, as
illustrated by the red lines linking each O ions in Figure 6. This ccp framework
establishes a stable network of interconnected tetrahedra and octahedra to accommodate
Li and Fe ions,[?”! allowing the displacement/ordering of cations (Li*, Fe*", Fe?") to take

place within it in the sequential (de)lithiation steps.
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i)  The intercalation process of one Li* ion to form LiFe3O4 (Figures 6a-c)

(Fe)y,(Fe,),s,0,+Li" +e — (LiFe) . (Fe,),s,0, (1)

In the inverse spinel structure of Fe™3(Fe"?Fe"?)04, the Fe™ ions occupy the tetrahedral
site (8a), while the mixed Fe*? and Fe™> ions are located at the octahedral site (16d), as
shown in Figure 6a. At 1 electron equivalent, the lithium ions will occupy the interstitial
octahedral sites (16¢), as shown in Figure 6b. Because of the short distance of only 1.8 A

between Liisc” and Fega®"

in the neighboring tetrahedral sites (8a), the repulsive
electrostatic force between the two displaces the Fes,®" ions to adjacent 16¢ sites (Figure
6¢). Correspondingly, the valence state of Fesa’' is reduced, to Feiec?". Indeed, DFT+U
geometry optimization of a starting structure with direct insertion of Li* at the 16¢ site,
i.e., LitscFega(Fe2)16d04, leads to severe lattice distortion and a substantially elongated
distance of 2.5 A between neighboring Liisc" and Fes.®",with the latter displaced into the
octahedral sites with a reduced magnetic moment of 3.7 ug, consistent with the expected
charge status of Fe?". The final structure, labeled as LiFe3O4 (I) in Figure S13, consists
of tilted LiOs octahedrons, whereas the neighboring FeOg octahedrons are aligned
perpendicularly. However, such a structure represents a local minimum-energy
configuration as a result of the low symmetry of the starting structure. Instead, for a
starting structure with both Li* and Fe®" occupying the 16¢ sites (i.e.

(LiFe)16c(Fe2)16404), the ccp O-anion framework is preserved in the final structure,

labeled as LiFe3O4 (II) in Figure S13, with the total energy lowered by 0.8 eV per unit
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formula of Fe304 compared to the former case. The magnetic moment of the Fe ions at
the 16¢ site was also computed to be 3.7 ug. The volume was computed to expand by
2.5%, consistent with the 1% increase in Fe-O distances from 0 to 0.7 e measured from

EXAFS (Table S1).

ii) The intercalation process of the 2" Li* ion to form Li,Fe3;04 (Figures 6¢-d)
(LiFe) 4. (Fe,) 4,0, +Li"+e — (Li, )8a/48ﬂ8h (Fe;) 601164 O (2)

As reported previously, excess lithium ions can occupy tetrahedral sites (8a and 48f).l134

This is also verified by our experimental results in Figure 3. Due to the strong repulsive
electrostatic force between Lije." and Lis.*, directly inserting the 2" Li* at the 8a site led
to a severe distortion of lattice symmetry and the ccp O-anion framework, as shown from
DFT+U calculations (labeled as Li»Fe304 (I) in Figure S13). Therefore, Lijsc” would be
forced to occupy the neighboring 48f or 8b sites, leaving behind empty 16¢ sites. It
allows the redistribution of Fe ions between 16c and 16d sites through the empty 16¢
sites, leading to the equal occupation of Fe ions at 16c and 16d sites, as indicated by the
uniform intensity of Fe ions in the averaged HAADF image (Figure 3a). In order to
examine such a structural model, Fe ions were set to occupy % of the 16c sites and % of
the 16d sites, whereas the Li ions are placed at the 8a sites and neighboring 8b sites
halfway between Li‘g, ions (labeled as Li2FesO4 (II) in Figure S13). Indeed the final
structure computed by DFT+U largely preserves the O-anion framework and the Li ions

at the neighboring 8a (or 8b) site pair up, forming linear Liga-Liga...Ligp-Lisp chains of
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interatomic distance of 1.9 A and 6.2 A, respectively. The lithium insertion is
accompanied by a volume expansion of 15%, in excellent agreement with the 5% increase
in Fe-O distances from 0.0 e to 2.8 ¢ measured from EXAFS (Table S1). Another model
(Li2Fe3O4 (IIT) in Figure S13) with non-uniform distribution of Fe ions at 16d and 16c¢
sites was calculated for comparison, and the final structure was found to be 2 eV per unit

formula higher than that of Li2Fe3;O4 (II).

111) Continuous intercalation of more lithium ions to form a composite LioOeFeO
(Figures 6d-e).

(L) garaspsr (F€3) 1601160 Oy +2Li" +2¢ — 2Li,0 FeO+Fe (3)

According to the STEM-ADF observations (Figure 1c), the integrity of a uniform
crystalline structure was retained for up to 4 electron equivalents. It suggests that the 3D
ccp O-anion framework, with O bonded with either Fe or Li ions, remains unchanged
during this step. In this framework, the excess lithium ions can occupy the tetrahedral
sites (48f and 8b) during the following intercalation in Li2Fe304, as evidenced by the
ABF image in Figures 3b and 4d. However, owing to the repulsive electrostatic force
between Lissyg” and neighboring Feiec/164>", the structure becomes more and more
unstable with the increasing insertion of lithium ions, and these Feis.>" ions are pushed
away from their original 16c/16d sites. Because all the Fe ions have been determined to
stay at octahedral sites by XAS measurements, it suggests that a local atomic

rearrangement may have occurred within the unit cells to stabilize the structure, as
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shown in Figures 6d. During this atomic rearrangement, the +2 oxidization state of Fe is
maintained, suggesting that one Fe ion is replaced by two Li ions. Such atomic
rearrangement would result in the segregation of Fe and Li ions in different local areas,
with the growth of two domains, one of which has a rock-salt structure, while the other
has Li2O structure in which Li ions prefer to remain at tetrahedral sites (8a, 48f and 8b),
as illustrated in Figure 6e. The possible formation of this proposed FeO-like structure
would be consistent with the XAS (Figure 2) and SAED (Figure 1d) measurements of
lithiated samples above 2 electron equivalents. The segregation of Li ions to form Li,O
domains is also supported by local structural analysis (Figure 4), which shows the
inhomogeneous distribution of Li ions across the whole nanoparticle. Owing to the
projected view in Figure 4, it is difficult to determine the thickness of LiO domains.
However, because one unit cell of Li;O is surrounded by 8b sites, taking up the 8b sites
by lithium ions would allow the Li,O domains to grow to a size larger than a unit cell.
We note that the insertion of two more lithium ions should reduce the oxidization state of
one Fe ion, to form metallic Fe. The XAS results showed that all the Fe atoms are located
at octahedral sites, and no metallic Fe were detected in the 4 e sample (Figure S6 and
Table S2), which seems to suggest the prohibition of the segregation of Fe’ atoms. By
considering the large lattice misfit at the interface between Li2O and FeO domains
(~6%), we propose that strain-induced large space at the interface may allow the Fe°

atom to stay at the octahedral sites.
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iv) Extra Li storage by conversion reactions, leading to metallic Fe (Figures 6e-f).

FeO+2Li" +2¢ — Fe+ Li,O (4)

With deep lithiation, lithium ions will further reduce FeO to metallic Fe’, accompanied
with the growth of Li2O domain. According to the crystalline orientation relationship
between Fe and FeO (Figures 5 and S10), this step takes place on the {100} plane of the

FeO structure because of the small misfit (~6%) between these two planes.
v) Delithiation process through reconversion reaction (Figures 6f-g):
F€+Li20—)F€O+2Li+ (5)

According to the structure determined by SAED measurement (Figure 1d), the Fe ions
occupied the octahedral sites of the O-anion array, forming the rock-salt FeO structure.
Presumably, at the end of delithiation some Fe ions at the octahedral sites of FeO phase
may be substituted by Li cations, forming LixFei;-xO. A similar phenomenon was recently
reported in the FeF> upon delithiation, wherein a rock-salt phase FexLi>.xF2 was detected
by pair distribution function (PDF) technique.!?®] Therefore, the delithiated phase should
be considered to possess a FeO-like structure but likely with lithium in the structure.

(211 which is

Notably, in Fe2O3, the reconversion also led to formation of FeO, not Fe,03,
similar to our observation concerning delithiation in the Fe3O4 system. As for
morphological evolution, we note that the multiple ultrafine Fe nanograins are coalesced

to form larger particles, Figure 1¢(G). During coalescence, these ultrafine Fe nanograins

may align along certain planes to achieve a low-energy configuration.[?’! Given the
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sufficiently small particle size (~ 1 nm), the increased diffusion coefficient will facilitate
the movement of surface atoms to complete this process.[’°! One possible driving force

for coalescence is to reduce surface energy.l>!!

3.2 Structure-determined ionic transport and electrochemical behaviors The
structural stability of the electrode materials is critical to the practical application in
batteries, to ensure good cycling performance and a long lifetime. During the first
discharge of inverse spinel structure Fe3;Os, the robust ccp O-anion framework was
sustained throughout the lithiation process, which is supported by the retention of Fe-O
and Fe-Fe coordination shown in Figure 2b. For example, rock-salt FeO can be described
using Fd-3m (spinel) with O at 32e, and 16¢c and 16d being fully occupied by Fe, while
all of the tetrahedral sites are empty. Li2O can also be described by Fd-3m with O at 32e,
and 8a, 8b and 48f being fully occupied by Li (in this case, all octahedral sites are
empty). Such a ccp O-anion framework appears to be robust, as a result of low mobility
of O anions relative to Li/Fe cations. Before the full conversion of FeO into metallic Fe,
Li2O domains were already generated within the O-anion framework but had coherent
connection with FeO domains, assuring the integrity of the crystalline structure. Since
Li2O is an electrochemically inactive material, generating Li2O domains inside the
nanoparticles (not surrounding them), is important to maintaining the electrochemical
reactivity of the nanoparticles. During the delithiation process, the ccp O-anion array

provides a framework for reconversion back to the rock-salt FeO phase. The following
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reversibility is reminiscent of other transition-metal oxides with a rock-salt structure,

such as CoO, FeO, and NiO.[*c]

The reversibility of conversion reaction in transition metal oxides is similar to that
found in metal fluorides although F- anions were involved in the latter case.l*® ¥ It
should be noted that, similar to the maintaining the ccp O-anion framework in metal
oxides, a ccp F-anion framework is expected to retain during conversion and
reconversion reactions in metal fluorides despite multiple phase transformation and local
cation displacement and ordering. As suggested by recent PDF measurements by Ko et
al.,[?8) Fe may be incorporated into LiF forming a rock-salt phase (Li-Fe-F) during
re-conversion, so we expect that Li-Fe-O, with Fe-O like rock salt structure may form in
the delithiated Fe3O4 electrodes. To this end, we believe the conservation of the ccp
anion framework is essential to reversibility of conversation/reconversion reaction in

metal fluorides, oxides and even other spinel-type (or like) electrodes.

The inverse spinel oxides are characterized with a unique 3D framework for the fast
diffusion of lithium. However, when the inverse spinel structure is turned into
rock-salt-like phases, the ionic transport and reaction kinetics are altered. During step (1)
of lithiation, the lithium ion diffusion takes place via the 8a + 16c network. However,
when Li ions firstly migrate to 8a sites, it results in the formation of a metastable phase,
LiiscFesa(Fe2)16a04. Transforming this Lije¢cFesa(Fe2)164¢04 structure to the final

(LiFe)isc(Fe2)16a¢04 phase is necessary to overcome an energy barrier with a structural
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rearrangement. During step (ii), the distorted structure may facilitate lithium’s ionic
transport, according fo ab initio computations.*?] But in the subsequent lithiation,
forming the Li2O and FeO domains requires not only the diffusion of Li ions, but also Fe
ions, being re-arranged between neighboring cells, which would also cause the increase
of energy barriers. This sluggish displacement of ions in the plateau region of the first
discharge becomes the limit for high-rate capability in spinel-type materials. After the
formation of the cation-segregated Li2OeFeO phase, the interface between Li2O and FeO
domains facilitates the diffusion of Li ions. Thus, the diffusivity would rise after this
structural re-ordering, causing the decrease of polarization as observed in the GITT type
test (Figure 1b). In general, the kinetics of the intercalation reaction is low, but an
unexpected improvement in kinetics during conversion was found in this inverse spinel
Fe3O4, which may be attributed to the unique structural ordering, particularly the

formation of a Fe-FeO coherent network, facilitating the electronic and ionic transport.

4.Conclusion

In this work, we investigated the atomistic structural evolution in Fe3O4 during multiple
electron transfer (MET) electrochemical reactions, using complementary synchrotron
X-ray/TEM-EELS spectroscopy and imaging techniques and with assistance of
first-principles calculations. The results from this study revealed that the MET reaction

was enabled by the retention of the ccp O-anion framework throughout the whole
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discharge and charge processes. It is within a robust ccp O-anion framework that local

cation displacement/re-ordering occurred in response to the lithium insertion and

extraction, which led to a series of phase transformations from inverse spinel, to

rock-salt-like phases (LixFe3O4; 0<x<2), then to cation-segregated phase (Li2OeFeO),

and finally to Fe/Li2O nanocomposite phase formation and then reconversion into a

FeO-like phase. The findings from this study offered new insights into the structural

origin of the ion transport and reaction kinetics in Fe3Os electrodes, which provide a

direct explanation for the reversibility and rate capability of the material during cycling.

Understanding the structural evolution of the active material upon discharge and

charge as described here is an important first step toward ultimately designing practical

full cells based on Fe304. Developing a mechanistic understanding of the side reactions

leading to formation of solid electrolyte interphase (SEI) which contribute to irreversible

capacity in Fe3Og4 cells, including contributions to fade over extended cycling, is a topic

of future study.

The observation is also fundamentally interesting, particularly in identifying the

sustained ccp O-anion framework in Fe3;Os4 (despite multiple phase transformations),

since it may also be relevant to other electroactive materials that possess a ccp anion

framework, including metal oxides and fluorides. In combination with the insight

provided by many previous studies, our model may prove to be a paradigm for further

interpretation of previous battery work involving lithium intercalation and conversion

reactions as well as for the rational design of new electrodes for high-energy Li-ion
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batteries.

5. Materials and Methods

5.1 Synthesis Nanocrystalline Fe3O4 powders were prepared by a co-precipitation

(331 Briefly, aqueous solutions of iron (III) chloride

approach as previously reported.
hydrate, and iron (II) chloride tetrahydrate were added dropwise to a stirred solution of

degassed water and triethylamine. Samples were isolated by centrifugation, washed with

deionized water, and dried under vacuum at 60°C.

5.2 Electrochemical tests Samples for STEM measurements were binder-free
electrodes fabricated by mixing Fe3O4 powders with Super P carbon (1:1 ratio). Coin
cells were constructed, using lithium-metal anodes and an electrolyte (1M LiPF¢ in 1:1
volume ratio of dimethyl carbonate and ethylene carbonate). The theoretical discharge
capacity of 8 electron equivalents was defined as the complete discharge of the cathode
to 0.2 V versus Li. The total capacity at this voltage includes the capacity of the
conductive carbon black additive, and capacity due to the formation of SEI. The other
discharged samples were obtained by discharging the cathode to voltages of 1.6 V, 1.0V,
0.87 V, and 0.7 V, and were defined, respectively, as 0.6 e, 2 e, 4e, and 6¢e discharge
levels. Charged samples were obtained after first discharge and then charge to an ending
voltage of 3 V. Additional electrodes with a composition of 45% Fe304, 45% Super P, and

10% PVDF were cycled between 3.0 — 0.2 V for comparison with the binder-free
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electrodes. GITT type measurements were performed by applying an intermittent current
for 5 h followed by a 5-h relaxation period. All the cells were (dis)charged at the same

rate of C/80.

5.3 Structural characterization by STEM-EELS The ADF images, ABF images,
HAADF images, EELS data and SAED patterns were recorded in both a JEOL 2100F
microscope and a JEOL ARM 200F microscope equipped with two spherical-aberration
correctors, a cold-field-emission electron source and a high-resolution dual-EELS
spectrometer. The discharged- and charged-coin cells were de-crimped right after
completing the electrochemical reaction. The Fe3O4 materials for STEM measurements
were dispersed in dymethyl carbonate and loaded on to a copper grid in the glovebox and
then sealed in an Ar-filled bag for transferring to the TEM column to minimize air
exposure. The ABF/HAADF images were obtained by averaging over multiple images,
each of them was acquired from local regions corresponding to a unit cell of Fe3Oq.
Therefore, the averaged ABF/HAADF images show the statistical distribution of atomic
positions.

5.4 XAS measurements XAS measurements were collected on Fe3O4 electrodes that
were discharged to 0, 0.7, 2.8, 4, 6, and 8 e". Each EXAFS spectrum was background
subtracted, aligned, merged, normalized and de-glitched using Athena.?* The built-in
AUTOBK algorithm was used to minimize the background below Rykg = 1.0 A.

Theoretical models generated through FEFF6 [*°] were utilized in modeling the
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experimental data to yield detailed information about the local atomic environment
around Fe atoms as a function of the discharged state. The theoretical models were
generated from Fe3;Ou4, % FeO 371 and metallic Fe [3%] crystal structures. The fits were
conducted in a k-range of 2 — 10 A-! in k, k?, and k® -weightings simultaneously, and in
an R-range that fully encompassed both the 1st and 2nd shell peaks (either 1.0 — 3.5 A or
1.0 — 3.0 A). Each spectrum was fit using an appropriate model determined by the
R-factor of the fit, along with the statistical significance of the variables used.
Combinations of Fe3O4, FeO, and metallic Fe were initially used to fit all but the pristine
discharged state. Phases that resulted in either unrealistic or statistically insignificant

results were removed from the model.

5.5 DFT calculations Spin-polarized DFT+U calculations were carried out with the
projected augmented wave method!*°! implemented in the Vienna ab initio simulation
package,!*®) using the PBE exchange-correlation functional and a kinetic energy cutoff of
520 eV. A Hubbard U correction of Uerr = 5.3 eV was applied to the Fe d orbitals. The
pristine and lithiated Fe3O4 crystal structure was modeled using Fd-3m primitive cell
containing two Fe3O4 formula units, and the first Brillouin zone was sampled using a 4 x 4
x 4 k-mesh. For pristine Fe304, DFT+U calculations yielded a lattice parameter of a=8.5 A
(aexp=8.4 A), with computed magnetic moments of 4.3 pg for Fe*>" (opposite signs on

tetrahedral and octahedral sites) and 3.7 up for Fe?" respectively.

Supporting Information. Electrochemistry measurements of general Fe3O4 electrodes
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with binder, XAS data processing and extract coordination, bond information, original
electron diffraction data, EELS data, ADF images, structural model of FeO and Fe,
identified local dislocations, high-resolution HAADF image of the delithiated samples,
and results of the DFT calculations, are included in Supporting Information. This
material is available from the Wiley Online Library or from the author.
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Figure 1. Multiple-electron transfer reactions and structural evolution in magnetite
(Fe304) nanoparticles during discharge and charge. (a) Voltage profiles of the
Fe;04/C electrode during galvanostatic cycling (at a current rate equivalent to 1/80 C)
and (b) voltage profiles from galvanostatic intermittent titration technique (GITT)
measurements (at 1/80 C for 5 h followed by a 5 h rest), showing steady-state voltages
(at quasi-equilibrium states; red dashed line), and transient voltages (black). (c)
Representative annual dark-field (ADF) images of the (de)lithiated Fe3O4 nanoparticles
recorded at different electron equivalents (as indicated in the voltage profiles). The inset
in A shows a high-angle ADF image from the local area of a single Fe3O4 nanoparticle
along [001] zone axis (marked by blue box in (A)), with a structural model of Fe3O4,
where blue, brown and red spheres representing the Fega, Fei6a and O atoms, respectively.
(d) Integrated intensity profiles of electron diffraction patterns (given in Figure S2),
obtained from the regions of A-G in (c).
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Figure 2. Local coordination and valence states of Fe in Fe3O4 discharged to certain
electron equivalents. (a) X-ray absorption near-edge structure (XANES) of Fe K-edge,
x(E). The dashed black lines indicate the shift of energy positions after 4.0 e” reduction.
(b) The magnitude of k* weighted extended X-ray absorption fine structure (EXAFS),
|x(R)|. The vertical pink dashed line indicates characteristic features observed in the FeO
structure while the vertical blue dashed line indicates features in metallic Fe. The red
spectrum at 4.0 e indicates observation of FeO-like structure, and blue spectra (6.0 e-
and above) indicate observation of metallic Fe. (c) Examples of fitting for the samples at
0.7 e and 8.0 e discharged states. Black line represents experimental data and the red
line is the corresponding fit in both |x(R)| and k3y(k). Blue curves represent the metallic
Fe-Fe contributions to the |y(R)| spectrum.
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Figure 3. Ionic ordering within a single Fe3O4 nanoparticle discharged to 2 e". (a, b)
Averaged HAADF and ABF images of lithiated Fe304 viewed along the [110] direction,
showing different contrast between individual Fe, O, and Li columns, from which the
atomic positions of anions (O?") and cations (Li*, Fe?") were determined. (c, d) Intensity
profiles from the line scan along the dash lines in (a, b), showing the Li occupation at the
8a, 48f, and 8b sites. The intensity peaks represent the positions of Fe ions in the
HAADF image of (c), while the intensity valleys represent the positions of O%  and Li" in
the ABF image of (d). The presence of Li" ions is shown by the asymmetric distribution
of intensity peaks around the O ions (due to the lower scattering of Li* ions). The error
bar was obtained from the original data in Figs. S7 b and ¢. The occupied and empty 8b
sites were labeled as Ligy, and Osp, respectively. The corresponding structural model (e),
with gray, brown, green and red spheres representing Fe at 16c¢ site, Fe at 16d site, Li,

and O, respectively.
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Figure 4. Ionic ordering within a single Fe3O4 nanoparticle discharged to 4 e". (a, b)
HAADF- and ABF-images from a same local region of Fe3;O4 particle, viewed along the
[100] direction. Atomic occupancy is illustrated in the inset (with brown, red, and green
spheres representing the Fe, O, and Li atoms respectively). (¢, d) HAADF and ABF
images averaged over one unit cell of Fe304. (e) Averaged intensity profiles from the line

scan along the dashed lines in (a, b), showing the positions of the Fe/O and Li columns.
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Figure 5. Structural correlation between converted Fe and FeO nanograins in the
Fe304 electrodes discharged to 6 electron equivalents. (a, b) A HAADF image of the
FeO/Fe nanoparticles, and corresponding FFT pattern produced from the region marked
by the white box in (a), indicating the coherent orientation relationship between Fe and
FeO. (c) A magnified HAADF image taken from the local region marked by white box in
(a). A tiny BCC-structured Fe nanograin nucleated in the center of the image, is marked
by yellow spots. (d) A schematic directly obtained from the interfacial areas marked by
the blue and pink boxes in (c). The atomic arrangements at two different interfaces are
clearly observed. The short red and yellow lines respectively represent the planes of Fe
and FeO with the directions perpendicular to the page.
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Figure 6 Schematic illustration of the ionic transport/ordering and resulting phase
transformations in Fe3O4 during the 15t cycle. The O-anion array (red lines) provides
the framework for the multiple lithium intercalation and reversible conversion processes
with displacement/re-ordering of Li and Fe ions that lead to multiple phase
transformations (from (a) to (g)). The Li occupation at 16c sites and the following atomic
arrangement of Fe ions from 8a to 16c¢ sites occur during stage I (a-c), After Li
occupying 8a, 48f and 8b sites in stage II (c-d), segregation of Fe and Li ions led to Li,O
and FeO domains in stage III (d-e). FeO was finally converted to metallic BCC-Fe during
stage IV (e-f), while reconversion back to FeO-like rock-salt structure took place during
stage V (f-g). Blue, brown and pink colors are used to represent the different oxidization
states of Fe ions, namely Fe®*, Fe?" and Fe®.

40



