Published on 17 July 2017. Downloaded by BNL Research Library on 11/08/2017 09:31:26.

ROYAL SOCIETY

OF CHEMISTRY

PCCP

View Article Online

View Journal | View Issue

Size dependent behavior of FesO4 crystals during
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The iron oxide magnetite, FesO,, is a promising conversion type lithium ion battery anode material due
to its high natural abundance, low cost and high theoretical capacity. While the close packing of ions in
the inverse spinel structure of FezO4 enables high energy density, it also limits the kinetics of lithium ion
diffusion in the material. Nanosizing of FesO4 to reduce the diffusion path length is an effective strategy
for overcoming this issue and results in improved rate capability. However, the impact of nanosizing on
the multiple structural transformations that occur during the electrochemical (de)lithiation reaction in
FezO,4 is poorly understood. In this study, the influence of crystallite size on the lithiation-conversion
mechanisms in FezO, is investigated using complementary X-ray techniques along with transmission
electron microscopy (TEM) and continuum level simulations on electrodes of two different FesO4
crystallite sizes. In situ X-ray diffraction (XRD) measurements were utilized to track the changes to the
crystalline phases during (de)lithiation. X-ray absorption spectroscopy (XAS) measurements at multiple
points during the (de)lithiation processes provided local electronic and atomic structural information.
Tracking the crystalline and nanocrystalline phases during the first (de)lithiation provides experimental
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evidence that (1) the lithiation mechanism is non-uniform and dependent on crystallite size, where
increased Li* diffusion length in larger crystals results in conversion to Fe® metal while insertion of Li*
into spinel-FezOy4 is still occurring, and (2) the disorder and size of the Fe metal domains formed when
either material is fully lithiated impacts the homogeneity of the FeO phase formed during the
subsequent delithiation.
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Introduction

Magnetite (Fe;0,) is a promising electrode material for the next
generation of lithium ion battery systems due to its low toxicity,
low cost, and high specific capacity (ca. 924 mA h g %) arising
from multiple electron transfer reactions." Fe;O, has an
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inverse-spinel structure, with Fe®* ions partially occupying
tetrahedral (8a) sites and other Fe’" along with Fe*" occupying
octahedral (16d) sites in a cubic close packed array of 0>~ ions.?
The lithiation process during the first cycle in Fe;O, has been
investigated using X-ray diffraction (XRD),*” indicating that
initial lithiation proceeds via insertion resulting in Li,Fe;0,
(0 < x < 2), arock salt like phase,®® and ultimately conversion
to Li,O and Fe metal,® as also supported by recent X-ray
absorption spectroscopy (XAS) and TEM studies.®® However, there
is limited literature regarding the structural changes occurring in
the lithiated electrodes upon subsequent delithiation,® which is
crucial information for complete understanding of the electro-
chemical behavior of Fe;0,.

While the close packing of ions in Fe;O, enhances energy
density, it can be detrimental to the lithium ion transport
process. Lithium ion transport kinetics are expected to be the
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rate-limiting factor in the electrochemical reaction, since Fe;O,
has a sufficiently high electronic conductivity (2 x 10 Q™ m™").*°
Nanosizing has been utilized as means of shortening the lithium
ion diffusion path length in Fe;0,, improving rate capability and
increasing utilization of the active material.>''° Furthermore,
the use of conductive polymers has been found to enhance
conductivity between active material particles, resulting in
improved performance.>>* Despite these advances, however,
ion transport limitations still exist during the initial insertion
process, especially in larger nanocrystallites (ca. 30 nm).>® Within
the rock salt like phase and during the later conversion process to
form iron metal, the prevalence of transport limitations and
the impact of structure on transport is not well understood.
Furthermore, limited literature exists regarding the structural
changes that occur in the lithiated electrodes upon subsequent
delithiation,” which is crucial information for complete under-
standing of the electrochemical behavior of Fe;O,. Thus, a
detailed analysis of the dependence of electrochemically induced
structural changes on Fe;0, crystallite during (de)lithiation processes
is warranted to fully comprehend the impact of nanosizing on the
kinetics of lithium ion transport.

Due to the complexity of electrochemical reactions in Fe;0,
electrodes involving both insertion and conversion processes,
understanding of the intricate structural changes occurring
within the material benefits from the use of multiple character-
ization techniques.”® X-ray diffraction (XRD) is an excellent
method when studying crystalline materials, facilitating obser-
vations of changes in the crystal lattice, crystallite size as well as
identification of new crystalline phases that may evolve during
battery operation.””>° However, when the battery electrode
material becomes amorphous or sufficiently nanocrystalline,
structural information obtained from XRD can be limited.?>*"?
X-ray absorption spectroscopy (XAS) in contrast is an element
specific technique that can be utilized to study the local structure
(within ca. 6 A) around all specific metal elements within the
sample. XAS, specifically X-ray absorption near-edge structure
(XANES) and extended X-ray absorption fine structure (EXAFS)
spectroscopies, can determine both local electronic and atomic
structural information respectively. XAS has proven to be a
powerful technique to investigate battery materials in a variety
of complex lithium ion battery electrode systems.*** Thus, the
utilization of both XRD and XAS has shown to be an important
combination to gain a more comprehensive understanding of the
structural changes occurring in crystalline and amorphous/nano-
crystalline phases in battery materials.***

In this study, in situ XRD using a laboratory Cu Ko radiation
source, combined with synchrotron ex situ XAS measurements
at the Fe K-edge and ex situ scanning transmission electron
microscopy (STEM) images facilitated a thorough structural
characterization of the (de)lithiation process in electrodes of
two different Fe;O, crystallite sizes as anodes for lithium ion
batteries. In particular, the variations in structural changes
around iron atoms as a function of lithium insertion/removal are
correlated to observed electrochemistry. Tracking the crystalline
and nanocrystalline phases during the first (de)lithiation in two
different Fe;0, crystallite sizes provides experimental evidence
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for several significant findings: (1) the lithiation mechanism is
non-uniform and dependent on crystallite size, where increased
Li" diffusion length in larger crystals results in conversion to Fe’
metal while insertion of Li* into spinel-Fe;0, is still occurring,
and (2) the disorder of the Fe metal domains formed when either
material is fully lithiated impacts the homogeneity of the FeO
phase formed during the subsequent delithiation.

Experimental
Synthesis and characterization

A previously reported co-precipitation method'”*® was used to
synthesize Fe;O, with crystallite size of ca. 11 nm. Fe;0, of
larger size (ca. 39 nm) was purchased through Alfa Aesar.
Synthesized and commercially obtained Fe;O, materials are
denoted Fe;0,4-S and Fe;0,4-C, respectively. The pristine materi-
als were identified by X-ray powder diffraction (XRD) using a
Rigaku Miniflex diffractometer, equipped with a D/teX 1D
silicon strip detector. The XRD data were measured in a 20
range of 5 to 90° with a step width of 0.02° and a scan rate of
5° min~’. Patterns were indexed to the reported Fe;O, reference
pattern (PDF #01-088-0315). Isotropic crystallite sizes size of the
samples were determined via Rietveld refinement performed
using the GSAS II software package.*® Multipoint BET (Brunauer,
Emmett, Teller) surface area data were collected using a Quanta-
chrome Nova 4200e instrument on both Fe;0,-S and ca. Fe;0,-C
nanoparticles using N,(g) as adsorbent.

Electrochemistry

Fe;0, electrode coatings were prepared on copper foil sub-
strates with a 80:10: 10 ratio of Fe;0,: acetylene black carbon:
polyvinylidene fluoride binder (PVDF). Resulting electrodes
were used as the cathode in coin-type electrochemical cells
with lithium metal anodes, polypropylene separators, and 1 M
LiPF¢ in 30: 70 ethylene carbonate : dimethyl carbonate electrolyte.
Coin cells were delithiated and lithiated at a 0.1C current rate to
various dis(delithiation) and cycled states for further XAS analysis.
Specifically, Fe;0,-S electrodes were lithiatedto1e ,2e ,4e",
6e,8e,or 0.2V (fully lithiated) then delithiated to2 e, 4 e~
or 3.0 V (fully delithiated). Fe;0,4-C electrodes were lithiated to
4 e and 0.2 V (fully lithiated) then delithiated to 4 e” and 3.0 V
(fully delithiated).

In situ XRD

In situ XRD diffraction patterns were acquired from both Fe;0,-S
and Fe;0,-C electrodes by utilizing a novel vacuum-sealed plastic
pouch electrochemical cell positioned within a Rigaku Miniflex
diffractometer with Cu Ko radiation source, equipped with a
D/teX 1D silicon strip detector to enable high-resolution XRD
diffraction patterns with minimal data collection time. The
pouch cells were secured within a specially designed sample
holder to ensure proper sample height and alignment with
respect to the incident X-rays and detector, leading to accurate
measurements of 20. XRD scans were continuously collected in
a 20 range of 25-70° with step size of 0.03° and a scan rate
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of 3° min~! for the Fe;0,-C electrode and 2° min~* for the
Fe;0,-S electrode. All measurements were conducted in a low
humidity dry room environment. After an initial XRD scan at open-
circuit voltage (OCV) the pouch cell was lithiated and delithiated at
0.1C rate using a Bio-Logic multichannel potentiostat/galvanostat.
After data acquisition, the XRD scans were correlated to the
electrochemistry of the cell by comparing time-stamps of the
electrochemical data and XRD scans respectively.

Performance modeling

The electrochemical experiments used to generate the in situ
diffraction data with Fe;0,-S and Fe;0,-C were simulated using
a previously published, multi-scale model.® This continuum-
level model simulates the electrochemistry of a single agglomerate
of nanocrystals by coupling ion diffusion on both length scales
(agglomerate and crystal) with descriptions of the thermodynamics
and reaction kinetics.

Ex situ X-ray absorption spectroscopy

Fe;0, electrodes were removed from coin cell testing at specific
electron equivalents during initial lithiation and delithiation
and were sealed between polyimide tape and stored in an inert
Ar atmosphere. XAS spectra were acquired at sector 12-BM at
the Advanced Photon Source at Argonne National Laboratory,
IL. All measurements were collected at the Fe K-edge (7.112
keV) in transmission mode using a Si (111) double crystal
monochromator with incident and transmission ion chambers
filled with 100% N,. A Fe metal foil reference was used for initial
X-ray beam energy calibration and was measured simultaneously
with all experimental measurements to ensure proper energy
alignment of individual spectra during data analysis.

Each XAS spectrum was aligned, merged, and normalized
using Athena.*>*" The built-in AUTOBK algorithm was used to
limit background contributions below Ryyg = 1.0 A. Each Fe;0,
electrochemical state was fit utilizing Artemis with theoretical
structural models created with FEFF6.*'** The series of EXAFS
fits were conducted using a combination of inverse-spinel
Fe;0,,** rock-salt FeO* and body-centered cubic (bcc) Fe
metal®® crystal structures based on the level of lithiation or
delithiation. Each fit was conducted in a k-range of 2-11 A™*
with a Hanning window (dk = 2) in k, ¥* and &* k-weights
simultaneously. An R-range of 1.0-3.7 A or 1.0-3.1 A was
typically used to fully encompass the first and second shells
of |x(R)| (Fourier transform of y(k)). To account for intrinsic
losses from the scattering process that governs XAS, the S,
parameter was determined from fitting a Fe metal reference,
and was applied to all fits.

For fully lithiated Fe;O,-S and Fe;0,-C samples, the contributions
of higher order coordination shells were obtained by multiple-
scattering EXAFS analysis. Theoretical phases and amplitudes were
obtained in self-consistent ab initio calculations with FEFF8.5"” code
for bulk iron material. The complex exchange-correlation
Hedin-Lundqvist potential and default values of muffin-tin
radii as provided within the FEFF8.5 code were employed.
Fitting of EXAFS spectra y(k)k> was carried out in R-space in
the range from Rin = 0.8 A Up t0 Riyay = 5.2 A. Fourier transform
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was carried out in the k range from 3.0 A up to 12.5 A™*. The
bece structure model was used to generate theoretical amplitudes
and phases for all paths included in the fit. We included the
nearest single-scattering (SS) and the most important multiple-
scattering (MS) paths: linear double and triple scattering paths
and double-scattering (DS) paths within the first coordination
shell. To reduce the number of independent fitting parameters,
all half path lengths R; of all the (SS and MS) paths used in
the fit were constrained to be R; = r,(1 + ¢), where r; is the
corresponding value for a model bec structure and ¢ is an
isotropic lattice expansion/contraction parameter. Coordination
numbers for SS contributions were fitted independently, but we
constrained MSRD factors for the 2nd Fe-Fe path to be equal to
that of the 1st Fe-Fe path, and, similarly, we required MSRD
factors of all more distant coordination shells to be equal to the
MSRD factor of the 3rd coordination shell. Coordination numbers,
distances and disorder parameters in collinear multiple-scattering
paths were constrained to be related to those in the corresponding
single scattering paths. In addition, to model the oxidation effect,
we included in the analysis one Fe-O path, whose coordination
number, distance and disorder were also used as fit variables.

Scanning transmission electron microscopy (STEM)

High-angle annular dark-field (HAADF) images were collected
on both Fe;0,-S and Fe;0,-C nanoparticles in fully lithiated
and delithiated states using a JEOL ARM 200F microscope
equipped with two spherical-aberration correctors and a cold-
field-emission electron source. Fe;O,4-S or Fe;0,-C material and
acetylene carbon black were mixed in a 1:1 ratio in a ball-
mixing mill. The mixed powder composites were lithiated and
delithiated in coin-type cells with lithium metal anodes and
glass fiber separators. Utilizing powder without PVDF binder in
the electrode composition facilitated less ambiguity in STEM
imaging after electrochemical characterization. Fe;0, particles
were removed from electrochemical coin cells, dispersed in
dimethyl carbonate and loaded onto a copper grid in an inert Ar
atmosphere glovebox. The samples were then sealed within an
Ar-filled bag for transferring to the STEM column in order to
minimize air exposure.

Results and discussion
Materials characterization

Magnetite, Fe;O, was synthesized using a previously reported
coprecipitation approach'”*® while larger crystallite sized
Fe;0,4 was purchased. Synthesized and commercially obtained
Fe;0,4 materials are denoted Fe;0,-S and Fe;0,-C, respectively.
The Fe;0, samples were characterized by X-ray diffraction and
the patterns were indexed to the reported Fe;O, reference
pattern (PDF #01-088-0315). Isotropic crystallite sizes were
extracted from Rietveld refinement of the data and were
determined to be 11.2 nm for Fe;O,-S and 39.4 nm for Fe;0,-C
(Fig. S1, ESIt). The crystallite size of the Fe;0, in the composites
was also estimated from the XRD data by applying the Scherrer
equation®® to the FWHM of the (311) peak. Crystallite sizes
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estimated using this method were 9 nm and 30 nm for Fe;O,-S
and Fe;0,-C, respectively. From BET surface area measurements,
the Fe;O,-S and Fe;0,-C materials have surface areas of 133 + 7
and 32 4+ 4 m* g ', respectively. Assuming spherical and non-
porous patrticles, these surface areas correspond to average particle
diameters of 8.9 = 0.4 nm for Fe;0,-S and 36 + 4 nm Fe;0,-C
samples respectively, showing reasonable agreement to the values
determined by XRD.

Electrochemistry

Fig. 1 shows representative voltage vs. electron equivalent
profiles for Fe;O,-S and Fe;0,-C electrodes. While theoretical
lithiation capacity is 924 mA h g~' or 8 electron equivalents,
Fe;0,4-S and Fe;0,-C samples have typical lithiation capacities
of 1220 mA h ¢ " and 1130 mA h g™, respectively. The additional
capacity beyond the theoretical value is ascribed primarily to
electrolyte decomposition and solid-electrolyte interface (SEI)
formation on Fe;0, at low voltage.”>° Lithiation of the carbon
black conductive additive also contributes ~40 mA h g~* to the
overall capacity of the electrode.

Through ~2.5 electron equivalents, the smaller crystallite
size Fe30,4-S (ca. 11 nm) has a higher loaded voltage relative to
Fe;04-C (ca. 39 nm). This result is consistent with previous
reports which attribute reduced polarization to nanosizing, which
results in reduced Li" diffusion path length.®'>'" %132 polarization,
or overpotential, is the deviation of the observed loaded voltage from
the thermodynamic open circuit potential.>> The difference in
polarization between the samples is pronounced at lower depths
of lithiation, during which lithiation proceeds via an insertion
process.>* Interestingly, the lithiation plateau at ca. 0.83 V associated
with the conversion reaction to Li,O and Fe® metal®® is reached at a
lithiation level for Fe;0,-C, ca. 2.2 electron equivalents, versus ca.
3 electron equivalents for Fe;0,-S. The data suggests that Li"
concentration polarization may cause the conversion reaction to
occur at lower depth of discharge (DOD) in the larger sized Fe;0,.

In situ X-ray diffraction

Fig. 2 and 3 show the in situ XRD diffraction patterns for
the Fe;0,-S and Fe30,-C electrodes respectively. The in situ
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Fig. 1 Representative voltage vs. electron equivalent profiles for FezO4-S
and Fez04-C electrodes lithiated and delithiated at a 0.1C rate in the
voltage range 0.2-3.0 V.
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measurements were collected on a laboratory XRD using Cu Ko
radiation. The large diffraction peaks observed in both series of
XRD diffraction patterns at ca. 36°, 52° and 65° correlate to the
(110), (200) and (211) Li metal Bragg reflections respectively.>’
At OCV, both the Fe;0,-S and Fe;0,-C electrodes are in the
inverse-spinel Fd3m Fe;0, crystal structure with Bragg reflections
atca. 30°, 35.5%, 43°, 53.5, 57°, and 63° corresponding to the (220),
(311), (400), (422), (511), and (440) lattice planes respectively. All
other low intensity, unchanging peaks are attributed to Al foil
current collector, Ni current collector tabs, Li metal, separator,
and plastic housing directly from the in situ experimental set up,
as shown by the green trace in Fig. 2 and 3. All unchanging
peaks in the XRD patterns align with peaks from the experimental
setup. Differences in peak intensity in the green trace representing
experimental setup are due to the lack of electrode coating within
the cell, particularly for Al foil peaks at 37° and 44.5°.

Fe;0, Fe,0, Li FeO Fe;0, Li Fe,0, FeO Fe;0, Li
(220) (311)110) (200)400) (200) (511) _ (220)(440)(211)
T T T T T T

Electron Equivalents

=

30 35 40 45 50 55 60 65 3 2 1 0

20 (degree) Voltage (V)

Fig. 2 In situ XRD of FezO4-S during the initial lithiation. XRD scans with
blue and red traces show the unlithiated and fully lithiated diffraction
patterns. The green trace shows an XRD scan of the experimental setup
without the FesO4 electrode, but including pouch plastic, separator, Al
foil, Ni current collector tabs, and Li metal. Peaks attributed to Bragg
reflections from FesO,, Li, and FeO are highlighted in blue, red, and green,
respectively.

Fes0, Fe,0, Li FeO Fe;0, L Fe,0, FeO Fe.0, Li
(220) (311)110) 200)400) (200) (511)  (220)(440)(211
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Fig. 3 In situ XRD of Fez04-C during the initial lithiation. XRD scans with
blue and red traces show the unlithiated and fully lithiated diffraction
patterns. The green trace shows an XRD scan of the experimental setup
without the FesO,4 electrode, but including pouch plastic, separator, Al
foil, Ni current collector tabs, and Li metal. Peaks attributed to Bragg
reflections from FezOy, Li, and FeO are highlighted in blue, red, and green,
respectively.
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As both the Fe;0,4-S and Fe;0,4-C electrodes begin to lithiate,
an expansion of the unit cell is observed from Rietveld analysis
as shown in Fig. S5 in the ESILf with the lattice constant
expanding ca. 0.7 £ 0.1% for the Fe;0,-S and 0.2 £+ 0.05%
for the Fe;0,-C electrode when lithiated up to ~1 e™. This
correlates to an average volumetric expansion of the unit cells
of ca. 2% and 0.8% respectively, in excellent agreement with
previous density functional theory calculations on lithium
insertion into the Fe;O, crystal structure.’ This difference in
crystal lattice expansion is attributed to the increased surface
area and smaller crystallite size of Fe;0,-S compared to the
Fe;0,-C. The smaller crystallite size allows lithium ions to
penetrate the crystal more effectively due to reduced lithium
diffusion path length, and has been observed previously in
other reports of lithiated Fe;0,.%'>'7 719152 Ag 3 result, the
crystal lattice undergoes greater expansion in Fe;O4-S versus
Fe;0,-C. This hypothesis is supported by the voltage profiles in
Fig. 1 which show pronounced polarization at 1 electron
equivalent of reduction, indicating that lithium insertion is
more kinetically facile into Fe;0,-S compared to Fe;0,-C.

During the initial lithiation, the expansion and overall
retention of the Fe;O, crystal structure is in agreement with
previous studies which report that lithium is primarily inserted
into vacant sites within the inverse-spinel crystal (likely the 16¢
site) below ca. 1 e~ lithiation,>* along with XRD investigations
of similar inverse-spinel crystal structures.>®

Once both the Fe;0,-S and Fe;0,-C electrodes are lithiated
to ca. 2 e, conversion to an Fm3m FeO-like rock salt structure is
observed with Bragg reflections at ca. 43° and 62° corresponding
to the (200) and (220) lattice planes respectively. The (111)
reflection, located at ca. 35.7° is also observed as a shoulder
that forms on the 35.5° Li metal peak. The lattice constant of
this FeO-like phase as determined from Rietveld analysis is
4.2360 + 0.0005 A for the Fe;0,-C and 4.243 + 0.003 A for the
Fe;0,-S, both of which are smaller than the nominal value of
4.341 A for standard FeO, suggesting a distorted FeO-like phase
is present in each case. When both the Fe;0,-S and Fe;0,-C
electrodes reach the long plateau at ca. 0.83 V on the initial
lithiation (Fig. 1), the FeO-like diffraction peaks are the most
intense during the lithiation, suggesting the maximum amount
of crystalline FeO-like phase is present at the onset of the long
lithiation plateau, as shown in Fig. 4. The Fe;0,4-S and Fe;0,-C
electrodes reach this plateau at different levels of lithiation, ~3
and 2.2 electron equivalents respectively, indicating a difference
in the lithiation mechanism with respect to crystallite size
during the initial stages of the first lithiation. This FeO-like
phase results in similar unit cell parameters as the Li,Fe;0,
phase previously discussed in the literature in which all Fe
atoms transition to vacant octahedral sites during the initial
lithiation process.” Example unit cells and corresponding XRD
patterns of both standard FeO and a Li,Fe;O, phase are shown
in Fig. S6 (ESIY). As the lithiation progresses, the intensity of the
FeO-like diffraction peaks begin to reduce in intensity with no
appreciable changes in lattice constant, remaining at 4.237 +
0.009 A and 4.232 =+ 0.002 A for Fe;0,-S and Fe;0,-C respectively
at ca. 6.5 e . In addition, no peak broadening determined from
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Fig. 4 Relative XRD intensities of FesO,4 and FeO phases in FesO4-S and
Fes04-C as a function of lithiation. Both phases are normalized to the
maximum peak intensity observed during lithiation.

the full-width half maximum is observed (i.e. no statistically
significant crystallite size changes).

As the FeO-like phase reflections decrease in intensity in the
in situ XRD pattern, there are no new diffraction peaks that
emerge, suggesting that the FeO-like phase is converted to an
amorphous or nanocrystalline phase that is unidentifiable
through XRD, i.e. with no appreciable crystal lattice changes
with lithiation of the FeO-like phase, the particles are converted
to an amorphous or nanocrystalline phase when fully lithiated.
This is fully consistent with the formation of finely divided
Fe metal and Li,O. As both the Fe;O,-S and Fe;O,-C are
delithiated, Fig. S2 (ESIf), there are no significant peaks
that evolve in the XRD diffraction patterns even when fully
delithiated to 3.0 V. This indicates that the process of lithium
removal does not revert the material to a crystalline state, rather
it remains in a primarily amorphous or nanocrystalline phase
that is not directly detected by XRD. This underlines the
necessity of utilizing complementary XAS measurements to
accurately characterize the newly formed amorphous/nano-
crystalline phases that are difficult to observe using XRD alone.

Recently, a Fickian diffusion based multiscale mathematical
model which accounts for mass transport in Fe;0, was developed
and validated against experimental discharge and voltage
recovery data for Fe;O, electrodes.” The study indicated that
Li* mass transport limitations in the Fe;0, crystals are significantly
higher for larger (ca. 32 nm) vs. smaller (ca. 8 nm) crystals. A recent
TEM study has also indicated that as a result of the kinetic
restrictions through the crystal, conversion reaction to Fe® and
Li,O begins before the intercalation reaction is complete, such that
lithiated Fe;O as well as Fe® + Li,O phases exist simultaneously.>* In
the current work, this proposed mechanism can be used to support
the observed differences in the lithiation profiles and in situ XRD
results between the smaller Fe;0,-S and larger Fe;O,-C crystals. Due
to kinetic restrictions, it is reasonable that conversion to Fe® + Li,O
will occur on the surface of the crystal before the intercalation
process (to form the FeO-like rock salt structure) is complete.
Furthermore, the non-homogenous lithiation mechanism is more
likely to occur in the Fe;04-C relative to Fe;0,-S due to the longer Li"
diffusion path length in the larger crystal. The lithiation plateau at
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ca. 0.83 V associated with the conversion reaction is reached at a
lower DOD for Fe;0,-C, providing evidence that the conversion
reaction does occur earlier in the larger sized material. The
depressed lithiation voltage of Fe;0,-C relative to Fe;0,-S below
ca. 2 electron equivalents suggests that conversion may be
occurring on the surface of the 30 nm crystals at even lower
DODs, since conversion reaction occurs at a lower voltage
relative to the intercalation step and thus would reduce the
observed voltage. Occurrence of the conversion to Fe® and Li,O
before FeO phase formation is complete in Fe;0,-C also can be
used to explain the in situ XRD results, which indicates that the
maximum intensity of the FeO-like rocksalt phase occurs at a
lower electron count for Fe;O,4-C relative to Fe;O,-S. Thus, the
electrochemical data and in situ XRD results are consistent with
a non-homogenous lithiation mechanism which is dependent
on Fe;0, crystal size, where increased Li" diffusion length in
larger crystals results in occurrence of the conversion reaction
before the intercalation reaction is complete.

To evaluate further the validity of the non-homogeneous
lithiation mechanism, the initial stages of the experiment (up
to two electron equivalents of lithiation, x in LiFe;0,) were
simulated using a multi-scale model previously developed for
the Fe;0, system.>>*”~>° A comparison of the simulated voltage
to the experimental data is shown in Fig. 5 which also includes
the maximum local concentration predicted by the model
at different depths of lithiation. The results indicate that, due
to transport limitations, the larger Fe;O, crystallites in the
Fe;0,-C electrode locally reach higher degrees of lithiation
compared to the smaller Fe;0, crystallites in the Fe;0,4-S electrode.
Therefore, the conversion reaction is expected to initiate at earlier
depths of lithiation for the Fe;0,-C, in excellent agreement with
the observed electrochemical characterization.

X-ray absorption near-edge structure (XANES)

Fig. 6 shows the XANES of the Fe;O,-S and Fe;0,-C during
(de)lithiation. During the initial lithiation of the Fe;0,-S, as
lithium is inserted into the material the edge energy (defined as

— — Experiment Fe O,-S
— Simulation Fe,O,-S
— = Experiment Fe,O,-C
— Simulation Fe,O,-C

Voltage (V)

0.0 Y T 3 T ¥ T T T

0.0 0.5 1.0 1.5 2.0
Electron Equivalents

Fig. 5 Comparison of multi-scale model to lithiation data from in situ XRD

experiment. Numbers on each curve indicate the maximum solid-lithium

concentration (x in Li,FesO4) predicted by the model.
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the maximum of the first derivative of xu(E)) systematically
shifts from 7.127 keV in the unlithiated Fe;O, state to lower
energy, indicating an average reduction of the oxidation state of
Fe, reaching 7.124 keV by 4 e~ and shifting to a metallic-like
edge energy of 7.112 keV when fully lithiated, indicating a
primarily Fe’ oxidation state. Once the material is lithiated
past 1 e, the subsequent XANES spectra share isobestic points
at ca. 7.147 and 7.168 keV indicating the material consists of a
mixture of two distinct Fe oxidation states past the initial stages
of lithium insertion, signifying a direct conversion from an
oxidized state to a metallic oxidation state with no intermediate
phase.®”®! The XANES of both the Fe;0,-S and Fe;04-C electrodes
during the initial lithiation are in agreement with each other,
indicating the general lithiation reaction is similar in both
crystallite sizes.

As the Fe;0,-S electrode is delithiated, XANES spectra at
both 2 e and 4 e~ appear to be a mixture of metallic and
slightly oxidized phases evidenced by the edge positioning.
Since spectra at both electron equivalents are nearly identical,
it suggests minor fluctuations in the average iron oxidation
state in this portion of the charging process. When the Fe;0,-S
is fully delithiated however, the edge energy reaches 7.124 keV
which is slightly lower than the unlithiated edge position of
7.127 keV, revealing the material does not delithiate to form the
initial FezO, crystal structure. The XANES of the Fe;04-C
electrode does not mirror that of the Fe;0,-S electrode when
delithiated as it did during lithiation. In particular, the white
line intensity (at ca. 7.131 keV) is significantly reduced in Fe;0,-C
when fully delithiated compared to that of Fe;0,-S. This suggests
that these materials are in different local atomic arrangements
when fully delithiated, as the XANES region is sensitive to longer-
range structures than the EXAFS region due to the energy depen-
dence of the photoelectron mean free path.®>*

1st delithiation

1st lithiation 1st lithiation

Normalized xp(E) (arb. units)

Unlithiated
1e-

2ie-

sewedigs

----6e-

weRagie-

—— Full lithiation
Full delithiation

1 1 1 1 1
7140 7160 7120 7140 7160

Energy (eV)

Fig. 6 XANES of Fez04-S and FezO4-C electrodes during the lithiation
and delithiation.
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Extended X-ray absorption fine structure (EXAFS)

The |x(R)| (Fourier transform of y(k)) of all XAS spectra for the
lithiation and delithiation of the Fe;O,4-S are shown in Fig. 7. As
was suggested by the XANES and in situ XRD results, the initial
inverse-spinel Fe;O, structure is maintained through 1 e~
lithiation with no substantial changes in |y(R)|. However, once
the material is lithiated to 2 e, there is a dramatic change in
crystal structure, converting from Fe;O, to an FeO-like phase as
evidenced by a shift in Fe-O peak position at ca. 1.4 A as well as
a change in the second shell peak centered at ca. 2.5 A (the
distances displayed in Fig. 7 are not corrected for phase shifts
from the scattering process that governs XAS measurements
and are ca. 0.3 A shorter than the phase-corrected interatomic
distances determined from modeling). The observation of this
FeO-like phase in |¢(R)| at 2 e~ is in excellent agreement with
the in situ XRD results (Fig. 2). As the material continues to
lithiate, metallic Fe is first observed in the EXAFS spectra
beginning at 6 e . Once fully lithiated, a strong metallic Fe
peak emerges at ca. 2.3 A in Fig. 7. This corresponds well to the
XANES analysis that suggested a primarily metallic oxidation
state when fully lithiated (Fig. 6).

As the Fe;0,-S electrode is delithiated, the local atomic
environment at 2 e~ and 4 e~ are very similar. Visual inspection
of |x(R)| suggest the electrode is a mixture of oxidized and
metallic Fe at these stages of delithiation. However, once the
material is fully delithiated at 3.0 V, the peak positions suggest
the formation of a FeO-like structure, similar to the FeO-like
phase formed during the initial lithiation at 2 e~ and 4 e".
Since there is no observation of the reformation of a FeO-like

Fe,0,-S

Full delithiation

2 ¢’ delithiation

Full lithiation

[x(R)] (A°)

6 e lithiation

4 e lithiation

2 ¢’ lithiation

1 e’ lithiation

Unlithiated

1 1 1
0 1 2 3 4 5

Distance (A)

Fig. 7 k* weighted |(R)| of the 1st lithiation and delithiation of Fe304-S.
Lithiated states are indicated as black lines while the delithiated states are
in red lines. Distances indicated are not corrected for phase shifts, causing
the peak positions to be ca. 0.3 A shorter than the phase-corrected
interatomic distances determined from modeling.
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phase from the in situ XRD measurements, this suggests this
reformation is highly disordered or nanocrystalline.

The EXAFS spectra were fit using theoretical structural
models to determine the interatomic distance between Fe and
neighboring O or Fe atoms along with the corresponding
relative amplitude of each phase (defined as the scaled number
of near neighbors in each phase, with a bulk crystallite having
the relative amplitude of 1), shown in Fig. 8. Contributions
from neighboring O (green, Fe-O from Fe;O, and FeO-like
phases), Fe from Fe;0, (black, Fe-Fe), Fe from the FeO crystal
structures (red, Fe-Fe) and Fe from metallic Fe (blue, Fe-Fe
metal) are presented. For Fe-Fe paths from Fe;0,4, octahedral
paths are denoted as filled square icons and tetrahedral paths
are denoted as open square icons. The fitted relative amplitudes
of all Fe;O, Fe-Fe paths were equivalent, thus the for the relative
amplitude portion of the figure, only one set of points is visible.
Full detailed fitting parameters results are presented in the
ESL{ The reported relative amplitude of each phase is lower
than the expected values due to the sufficiently small particle
sizes. With a larger surface-to-bulk ratio, the average number of
observed neighboring atoms is intrinsically lower than the bulk
values, resulting in a lower observed amplitude/average number
of neighboring atoms determined from modeling. When two
distinct phases are present, the relative amplitudes can provide
an estimate of the relative ratio of phases present in the
material. When a single phase is present, the reduced amplitude

. . . . . 64-69
can be indicative of the average particle size/morphology.
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Fig. 8 Interatomic distance and relative amplitudes of FezO4, FeO and Fe
metal phases determined from EXAFS modeling results for FezO4-S during the
initial lithiation and delithiation. Contributions from neighboring O (green, Fe—O
from FezO,4 and FeO-like phases), Fe from FezOy, (black, Fe—Fe), Fe from the FeO
crystal structures (red, Fe—Fe) and Fe from metallic Fe (blue, Fe—Fe metal) are
presented. For Fe—Fe paths from FezO,4, octahedral paths are denoted as filled
square icons and tetrahedral paths are denoted as open square icons. The fitted
relative amplitudes of all FesO,4 Fe—Fe paths were equivalent, thus the for the
relative amplitude portion of the figure, only one set of points is visible. All results
are presented in full in the ESL.{ In the upper panel, error bars are included but
are smaller than the symbols for the reported interatomic distances.
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As was observed in the Rietveld analysis of the in situ XRD
spectra, an expansion in interatomic distances is observed
between the unlithiated and 1 e~ lithiated state, particularly
between the tetrahedrally coordinated Fe (located at 8a sites)
and the octahedrally coordinated Fe (16d sites) expanding from
3.59 £ 0.02 A in the unlithiated state to 3.64 £ 0.02 Aat 1 e”
lithiation (ca. 1.4% expansion in interatomic distance that
correlates well to the calculated volume expansion of ca. 2%
from in situ XRD Rietveld analysis). When lithiated to 2 e the
EXAFS spectrum could no longer be modeled using the inverse-
spinel Fe;0, crystal structure, rather a FeO crystal model was
adopted. From this structure, two Fe-O contributions and one
Fe-Fe contribution was used. Fitted distances of 2.07 & 0.01 A,
and 3.06 + 0.01 A were found for nearest neighbor Fe-O and
Fe-Fe paths respectively, which correspond well to the expected
contraction of the standard FeO structure from the reduced
lattice parameters determined from in situ XRD measurements
(Fe-O and Fe-Fe interatomic distances of 2.17 A and 3.07 A
respectively). An additional long Fe-O path associated with the
FeO structure at 3.79 + 0.05 A was needed to produce a fit with
R-factor < 2.0. For samples further lithiated to 4, 6, and
8 electron equivalents, the path at ca. 3.79 A was no longer
necessary to model the data; however, an Fe-O path at ca. 2.7 A
was needed to produce an acceptable fit due to residual signal
in the second coordination shell. The extra Fe-O path is not
associated with the FeO crystal structure and has previously
been used in conjunction with the FeO phase to model dis-
charging Fe;O, electrodes.”® The path is postulated to arise
from the formation of the Li,O phase during discharge, where
the contribution of Li,O is significant due to the large percentage
of surface iron atoms on the surface of the discharging FeO
particle.

Once the Fe;0,4-S electrode is lithiated to 6 e, a mixture of
Fe metal and FeO is first observed. The Fe metal that forms has
a Fe-Fe interatomic distance of 2.49 + 0.01 A (crystalline bcc Fe
metal has a Fe-Fe distance of 2.48 A).*® Continued lithiation
results in the disappearance of the FeO-like structure past 8 e™,
leaving only metallic Fe with a relative amplitude of 0.46 +
0.09 with an interatomic distance of 2.46 =+ 0.02 A in the fully
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lithiated state. As the Fe;0,-S electrode is delithiated the FeO-
like structure begins to form. Neighboring Fe atoms reemerge
at an interatomic distance of 3.10 + 0.04 A, similar to the Fe-Fe
distance observed during initial lithiation (3.10 + 0.02 A at 8 e~
lithiation) for the FeO-like phase. The local atomic structure at
both 2 and 4 e~ during lithium removal are remarkably similar,
with all interatomic distances and relative amplitudes of the
FeO-like and Fe metal phases within estimated standard devia-
tions of each other. Once the material is fully delithiated, Fe
metal is no longer observed in the EXAFS spectrum resulting in
only a FeO-like structure. The delithiated FeO-like structure has
a shorter Fe-O distance (1.97 & 0.01 A) compared with the FeO
structure used to model the lithiation process (2.05 4 0.01 A at
4 electron equivalents of lithiation). The contraction of the
Fe-O distance suggests that the delithiated phase is less crystal-
line and more disordered than the structure during initial
delithiation. A higher Debye-Waller factor associated with the
Fe-O bond for the delithiated phase (0.011 £ 0.002 for
delithiated phase vs. 0.007 = 0.002 for 4 electron equivalents
of lithiation) also indicates a greater degree of disorder for the
delithiated phase. Furthermore, the XRD result supports the
hypothesis that the reformed phase is nanocrystalline, as it is
not detected by diffraction.

The Fe;0,-C electrode follows a similar trend as the Fe;O4-S
electrode during the 1st lithiation, as shown in Fig. 9, which
includes k¥* weighted |y(R)| comparison of the Fe;0,-S and
Fe;0,-C in Fig. 9a and the relative amplitude of Fe;O,, FeO,
and Fe metal phases for both electrode types shown in Fig. 9b.
From the initial Fe;O, crystal structure, the material converts to
a FeO-like phase by 4 e, analogous to the discharge of Fe;0,-S.
However, unlike the Fe;O,-S electrode, there is also an indication
of Fe metal at this state of lithiation as shown by a shoulder
forming in |¢(R)| at ca. 2.2 A (Fig. 9a) that is not observed in the
Fe;0,4-S electrode. The Fe metal contribution is reflected in the
EXAFS fit at 4 e~ for Fe;0,-C (Fig. 9b), with relative amplitude of
0.25. In agreement with the first cycle lithiation profile, in situ
XRD results, and multi-scale simulations, the data suggests that
conversion to Fe metal occurs in the larger Fe;0,-C crystallites at
a lower DOD relative to the smaller Fe;O,-S crystallites. This is
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Fig. 9 (a) k? weighted |¢(R)|] comparison of the Fes04-S and Fes04-C. The initial lithiation is shown in black, and initial delithiation in red. (b) Relative
amplitude of FezO4 (black), FeO-like (red) and Fe metal (blue) phases determined from EXAFS fitting results for both FezO4-S and FezO4-C nanoparticles
during various (de)lithiation states. The solid symbols connected by solid lines are the Fes04-S results, while the open symbols connected by dashed lines

are the FezO4-C results.
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further evidence that the initial lithiation process in Fe;O,
happens via a non-homogenous lithiation mechanism which is
dependent on Fe;O, crystal size. Because of kinetic restrictions
associated with longer Li* diffusion length in the larger Fe;0,4
crystallites, in order to accommodate the flux of electrons the
conversion reaction must occur concurrent to the insertion reaction.
Upon full lithiation in the Fe;0,-C, the |x(R)| suggest a
primarily metallic local atomic environment around Fe, similar
to the fully lithiated Fe;0,4-S electrode. Conversely, when the
Fe;0,-C is fully delithiated, it is clear that it does not return to
the same local crystal structure as the Fe;O,-S as seen from the
relative peak heights at ~1.4 A and 2.7 A in Fig. 9 at both 4 e~
and fully delithiated electrochemical states. During delithiation,
the Fe;0,-S fully re-converted to a FeO-like structure, similar
to that observed during the initial lithiation, while the fully
delithiated Fe;04-C does not have a discernable crystal structure.
Only neighboring oxygen atoms (with no statistically significant
neighboring Fe contributions) could be determined from the
EXAFS spectrum. The lack of Fe-Fe neighboring atoms and
differences in interatomic distances compared to the Fe;O,-S
suggest that the Fe;0,-C delithiations to a primarily amorphous
or nanocrystalline iron oxide state, while the delithiated Fe;O,-S
exhibits some degree of crystallinity of a FeO-like rock salt
structure. Furthermore, additional Fe-O paths in the second
coordination shell were needed to produce good fits for the
delithiated samples, with Fe;O0,-S and Fe;O,-C having Fe-O
interatomic distances of 2.59 + 0.05 A and 3.04 + 0.02 A
respectively. These second shell Fe-O oxygen paths are
hypothesized to be due to the highly disordered state nature
of the re-oxidized iron oxide. Similar second-shell Fe-O paths
have been observed in the charged state of other spinel-type
conversion materials CuFe,O, and ZnFe,0, via EXAFS.”%"?

EXAFS analysis of distant coordination shells in fully lithiated
samples

In order to further investigate the differences between the Fe
metal phase formed in the fully lithiated state between Fe;0,-S
and Fe;0,-C crystallites, for these 2 samples the contributions
of higher order coordination shells were determined by
multiple-scattering EXAFS analysis in the R-space range from
Rumin = 0.8 A Up t0 Riay = 5.2 A. Details of the fitting procedures
are provided in the Experimental section. The data were compared
with Fe K-edge EXAFS data for bulk reference compounds, as well
as for previously published Fe nanoparticle EXAFS data.”® In this
previous work, high temperature H, treatment of an iron based
oxygen reduction catalyst size resulted in Fe NPs that were
estimated to be ~1.0-1.5 nm, based on fitted coordination
numbers for nearest neighbor Fe-Fe shells and assuming
bee-type structure and cubic shape.”® EXAFS fitting results are
shown in Fig. 10 and structural parameters obtained from the
fits are shown in Table 1.

As shown in Table 1, the Fe-Fe and Fe-O distances for Fe
NPs, Fe;0,4-S and Fe;0,4-C agree within error bars. The obtained
Fe-Fe distances for Fe;0,-S and Fe;0,4-C also agree well with the
Fe-Fe distances in bulk Fe metal. Also, the Fe-Fe coordination
numbers are significantly smaller than could be expected for NPs
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Fig. 10 EXAFS fitting results of Fe metal nanoparticles and fully lithiated
Fez04-S and FezO4-C electrodes.

of sizes ca. 11 and 39 nm. This indicates that the sample is
significantly non-homogeneous, with a large contribution of ultra-
small (<nm) Fe clusters. Furthermore, it is notable the bond
length disorder factor is consistently higher for lithiated Fe;O4-S
particles compared to lithiated Fe;0,-C particles.

The contribution of oxide phase is relatively small, as
evidenced by small average Fe-O coordination number. We
can estimate the fractions of oxide and metallic phase using the
obtained value for Fe-O coordination number. By definition
this coordination number should be equal to:

_ NFe-0

No=——=
NFe NFe

XNge X 6 ~6x
- b

where ng, total number of Fe atoms in the sample, ng_o total
number of Fe-O bonds, x is molar concentration of oxide
phase, and it is assumed that each Fe atom in oxide phase is
surrounded by 6 oxygen atoms. Thus, the concentrations of

Table 1 Structure parameters (coordination numbers N, interatomic
distances R, and disorder factors ¢°), obtained in fitting of experimental
EXAFS data for Fe nanoparticles

Ro(A)  Ree,(A) Rge,(A) Rpe,(A) Ree, () Rge, (A)
Iron foil — 2.47(1)  2.85(1) 4.03(1) 4.73(1) 4.94(1)
Fe NPs 1.981(2) 2.481(3) 2.865(3) 4.053(5) 4.753(5) 4.964(6)

Fe;0,4-S

3 ( ) 4.964(9)
Fe;0,-C 1.981(2) 2.482(

2.865(5) 4.053(73 4.753(8
) 4.755(6) 4.966(6)

% 2.866(3) 4.054(5

6> (Az) aFelz (AZ) O'FEZZ (AZ) apesz (AZ) aFef (Az) JFeSZ (Az)
Tron foil — 0.004(1) 0.005(1) 0.007(2) 0.010(1) 0.004(1)
Fe NPs”® 0.01(1)  0.005(1) 0.005(1) 0.009(3) 0.009(3) 0.009(3)
Fe;04-S 0.006(3) 0.007(1) 0.007(1) 0.014(5) 0.014(5) 0.014(5)
Fe;0,-C  0.006(14) 0.006(1) 0.006(1) 0.012(3) 0.012(3) 0.012(3)

NO I\]Fe1 I\,Fe2 I\]Fej N'Fe4 ]\IFe5
Iron foil — 8 6 12 24 8
Fe NPs”® 0.7(4) 5.8(7)  2.3(5)  7(3) 15(4) 1(1)
Fe;0,-S 1.3(3)  3.3(5) 0.5(3)  4(2) 6(4) 2(1)
Fe;0,C 1.3(3) 3.7(4) 1.3(3)  5(2) 8(3) 2(1)
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oxide phase are about 11% in sample from ref. 73 and about
22% in both Fe;0,-S and Fe;0,4-C nanoparticles.

The coordination for Fe-O atoms, as measured by EXAFS, is
reduced 1/x times due to presence of other phase in the sample.
Similarly, the true coordination numbers for Fe-Fe bonds are
reduced 1/(1 — x) times with respect to those given in Table 1.7
The corrected values of coordination numbers for the first five
coordination shells are summarized in Table 2.

The coordination numbers for 2nd and 5th coordination
shells correlate strongly with other fitting parameters. Coordination
numbers for the 1st, 3rd and 4th coordination shells are less
sensitive to the details of used fitting scheme and are therefore
used to estimate approximately the Fe nanoparticle sizes. Fig. 11
displays calculated behaviors of the coordination numbers for 1st,
3rd and 4th shell as a function of nanoparticle size, corresponding
to cubic shape and bec structure of the model particles.”> The
corresponding best fit values, together with their error bars, are
shown as well. The intercepts of the experimental values and model
curves define the region of sizes where experiment and model are
generally consistent.”> For the lithiated Fe;04,-S sample, the
regions corresponding to different coordination shells overlap
in the 0.5-1.0 nm range, which indicates that the Fe particles
are, on the average, approximately 0.5-1.0 nm in size. Similarly,
particles in the lithiated Fe;0,-C sample are estimated to be, on
the average, approximately 0.7-1.0 nm in size.

The EXAFS analysis of the fully lithiated Fe;0,-S and Fe;0,-C
particles and associated modeling of the apparent sizes of the
reduced Fe nanoparticles formed indicate that the main differ-
ence between the fully lithiated Fe;0,-S and Fe;0,-C particles is
the larger bond length disorder in the Fe;0,-S sample. This
greater disorder, together with the slightly smaller size of the Fe
domains, may allow the Fe;0,-S material to more effectively
delithiate to a uniform FeO-like structure in the fully delithiated
state compared to the Fe;0,-C sample.

Scanning transmission electron microscopy (STEM)

Fig. 12 shows the HAADF images recorded from the two samples
containing Fe;0,-S and Fe;0,-C nanoparticles that have been
fully lithiated and fully delithiated. Metallic Fe nanograins were
observed in both samples when fully lithiated (Fig. 12a-d). The
Fe metal that is formed in both the lithiated Fe;O,-S and
lithiated Fe;O0,-C appear to be irregularly shaped nanograins
and not a uniform morphology. These results correspond well
with the EXAFS analyses, which indicate the formation of highly
nanocrystalline Fe metal upon lithiation.

The HAADF images from the fully delithiated samples show
a considerable difference in the microstructure of the formed
FeO-like phase. In the Fe;0,-S sample homogeneous FeO-like

Table 2 Coordination numbers N for Fe—O and Fe—Fe bonds in Fe NPs,
corrected for presence of oxide phase

NO IVFe1 IVFeZ NF93 IVFeAl I\IFe5
Iron foil — 8 6 12 24 8
Fe NPs”® 6 6.6(8) 2.6(6) 8(3) 17(5) 1(1)
Fe;0,-S 6 4.2(9) 0.6(4) 5(3) 8(5) 3(1)
Fe;0,-C 6 4.7(5) 1.7(4) 6(3) 10(4) 3(1)
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Fig. 11 Red, green and blue dots and solid lines show calculated dependencies
of coordination numbers Ni(d), N3(d) and N4(d) on particle size d for cubic
particles with bcc-type Fe structure. Vertical positions and heights of filled
rectangles correspond to the best fit values for coordination numbers Ny
(red), N3 (green) and N4 (blue) and their uncertainties for Fe NPs material.
The area between two vertical green lines shows the range of particle sizes,
consistent with the values for Ny, N3 and Ng4, obtained from fit.

crystallites were formed with uniform microstructure (Fig. 12e).
This matches well with the EXAFS modeling results, which
reveal a FeO-like structure similar to that observed in the initial
lithiation (Fig. 8). However, the FeO-like phase that is formed in
the Fe;0,4-C electrode exhibits a high degree of disorder, with
clear misalignment of a ca. 11° rotation between neighboring
FeO-like sub-grains (Fig. 12f). This observation appears to be
consistent with EXAFS modeling results showing considerable
disorder in the delithiated FeO-like phase in the Fe;0,-C electrode
compared to the delithiated state of the Fe;0,-S electrode (Fig. 9).

Modeling of Fe nanograin sizes as a function of shape

Motivated by the EXAFS analysis and TEM results, we considered
different structural models of the Fe clusters generated from the

FeO [100]

Fig. 12 Microstructures of FezO4-S and FezO4-C nanoparticles after full
lithiation and delithiation. (a and b) HAADF images showing Fe nanograins
in the lithiated FezO04-S and FezO4-C nanoparticles, respectively. Several
Fe nanograins were formed within the local area marked by white circles in
(b). (c and d) Fast Fourier Transform (FFT) patterns obtained from the local
regions in (a) and (b), indicating the presence of Fe phase. (e and f) HAADF
images showing the formation FeO-like structure of the delithiated FezO4-S
and FezO4-C nanoparticles, respectively. The inset FFT pattern in (e) indicates
that the nanoparticle was projected along the [100] zone axis. The rotation
between FFT patterns in (g) and (h), which were obtained from two
different FeO-like sub-grains in the yellow and purple boxes in (f), shows
the misorientation of about 11° rotation between these two sub-grains.
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bulk bcce structure. In addition to the cubic shape assumed in the
previous EXAFS analysis (Fig. 11), we also examined spherical and
square cylindrical shapes. The latter is included to better capture
the structural characteristics of the irregularly shaped Fe nano-
grains that are only a few atomic layers thick, and the cylindrical
axis is taken to be along the [100] direction as suggested by TEM
(Fig. 12). The height of the cylinder is defined in unit of the bulk
lattice constant, & = m-a,, with a, = 2.87 A, and we only consider
cases with & equal to or smaller than lateral size of the cluster.
Fig. 13 plots the average coordination number of 1st coordination
shell (N;) as a function of cluster size for spherical, cubic and
square cylindrical shapes. For the spherical case, the approximate
form derived by Calvin et al.®® was adopted, with Ny = [1 — 3/4
(do/R) + 1/16(do/R)*INpui, Where Ny = 8 for bee Fe and d, is
taken to be the bulk Fe-Fe distance dy = v/3a / 2. When the size
of the cluster becomes larger than 1 nm, (Npyi — Ni) is
dominated by the 1/D behavior with D = 2R. A similar trend is
found for the cubic case, for which N; takes an exact analytical
form of Ny = 16n*/(1 + 3n + 3n” + 2n%), where D = na, is the cluster
size (edge length) of the cubic cluster. As the thickness of a cubic
cluster decreases, ie. changing into a square cylindrical shape,
contributions to N; from low-coordinated surface atoms becomes
more important, leading to an overall reduction of Ny, as clearly
demonstrated in Fig. 13 for m = 1-4. Here m = 1 correspond to a
trilayer nanofilm with height equal to a,.

If we consider square cylindrical shapes in the EXAFS
analysis, the upper limit of the fitted Fe cluster size may be
further extended. For example, for the Fe;0,-C nanoparticles
(N1 = 4.7(5) from Table 2), the fitted Fe cluster size by assuming
a cubic shape (filled red rectangle in Fig. 13) is increased by
nearly 0.5 nm by including square cylindrical shape with m = 2
(open green rectangle). If m = 1 is also considered, the fitted
size range will be even larger. Of course, an accurate estimate of
the Fe cluster size requires taking into considerations all other
constraints, such as those provided by higher neighbor coordination
numbers. Based on these calculations, the low values of N; of
the Fe;0,4-S and Fe;0,-C nanoparticles are likely caused by both

8 — - - —— T T T
7k ~]
r I
0.7 == w*’*“'*‘”'”r
sk Salpr i
= f v IS T S S
N X o - -
4+ ] - B
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b //' -8 cubic
3 )(/ ¥ =% m=1 =
r ’ *-% m=2 ]
*-% m=3 ]
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Particlg Size D (nm)

Fig. 13 Average coordination number for the 1st coordination shell (N;) of
cubic, spherical and square cylindrical bcc Fe clusters of different sizes.
The filled red and open green rectangles correspond to fitting N; of the
FesO4-C nanoparticles to cubic shape and square cylindrical shape (m = 2)
respectively.
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the size and shape of the Fe nanograins formed when fully
lithiated. Since the nanocrystalline nature of the Fe nanograins
may be critical for reversibility back to the delithiated state, Fe
nanograin dimensions will be further considered as a part of
future studies on Fe;0, electrodes.

(De)lithiation mechanism

The combination of in situ XRD, continuum-level simulations,
ex situ XAS and STEM images has permitted a comprehensive
study of the structural differences in the (de)lithiation mechanisms
of Fe;0,S (ca. 11 nm Fe;0,) and Fe;0,-C (ca. 39 nm Fe;0,)
nanoparticles. Regardless of crystallite size of Fe;O,, the first
lithiation follows a similar mechanism. During initial lithiation
(below ~1 e7), lithium is inserted into the vacant sites within the
Fe;0, inverse-spinel crystal structure, resulting in the expansion of
the crystal structure but an overall retention of the crystal symmetry
and occupancy as determined from Rietveld refinement of the
in situ XRD spectra. As the material lithiation continues, a
phase change occurs, converting Fe;O, to a FeO-like rock salt
structure at ~2 e .

Further lithiation initiates another phase change from the
FeO-like structure to an amorphous or nanocrystalline metallic
Fe’ accompanied by Li,O formation. The metallic Fe° that is
formed was not directly observable by XRD measurements, but
XANES and EXAFS analysis clearly show an average reduction in
the oxidation state of the Fe centers towards a Fe® oxidation
state. Notably, the XANES of the Fe;O,-S exhibits several
isobestic points from the FeO-like phase at 2 e™ until it is fully
lithiated to primarily metallic Fe’, suggesting that only two
distinct Fe oxidation states are present within the sample (i.e.
the FeO-like phase and metallic Fe). For this observation to
hold true a direct conversion from the FeO-like phase to
metallic Fe must occur with no intermediate phase. From the
in situ XRD spectra and subsequent Rietveld refinement, there
is no significant change in the unit cell parameters during this
conversion, rather a reduction in overall intensity of the observed
Bragg reflections in both the Fe;0,-S and Fe;0,-C electrodes of
the FeO-like phase. Moreover, the EXAFS modeling results
indicate that both the Fe;0,-S and Fe;0,-C electrodes exhibit
no appreciable deviation in the interatomic distances related to
the FeO-like phase until nearly full conversion to Fe metal at
8 e”. As noted, a reduction in the relative amplitude of the
FeO-like phase is observed with further lithiation. This suggests
the individual FeO-like crystallites are directly converted to Fe
metal and Li,O, ie any structural changes that may occur
during this transition are small compared to the bulk of the
electrode which remains unaltered.

The conversion to Fe metal does not occur homogenously
and is dependent on the Fe;O, crystallite size. In situ XRD
results indicate that the maximum intensity of the FeO-like rocksalt
phase occurs at a lower electron count for Fe;04-C relative to
Fe;0,-S, while at the same time the first cycle lithiation curves
and continuum-level simulations suggest that Fe conversion
occurs earlier for Fe;0,-C. Furthermore, Fe metal is observed at
lower DOD for the Fe;0,-C via EXAFS analysis. These observations
all suggest that kinetic restrictions of Li" diffusion in the larger
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sized Fe;0,-C crystals necessitate initiation of the conversion
reaction before the process of lithium insertion into Fe;O,
inverse-spinel crystal structure is complete. This type of non-
uniform lithiation mechanism underscores the importance of
lithium ion diffusion kinetics in nanosized Fe;0,.

Multiple-scattering EXAFS analysis of Fe;0,-S and Fe;0,-C
samples in the fully lithiated state indicates that the lithiated
samples are non-homogeneous, with a large contribution of
ultra-small (<nm) Fe clusters. Modeling of the sizes of these
clusters using coordination numbers of higher order coordination
shells resulted in estimated Fe particle sizes of approximately
0.5-1.0 nm for the Fe;0,-S sample and approximately 0.7-
1.0 nm for the Fe;0,-C sample. Furthermore, the analysis also
indicated that the Fe formed in Fe;O,-S particles has greater
bond length disorder compared to Fe formed in Fe;0,-C
particles.

The Fe;0,-S is able to return to a cohesive FeO-like phase
that is similar to what is formed during the first lithiation as
evidenced again by EXAFS results and HAADF images. The
Fe;04-C, however, does not reform to any recognizable iron
oxide structure through EXAFS analysis. Rather it becomes a
highly disordered FeO-like phase as shown by the microstructure
in the HAADF images, with FeO-like nanocrystal grains on the
order of several nanometers significantly misaligned with neigh-
boring nanograins, creating a highly localized FeO-like phase. We
hypothesize that the comparably greater disorder and the smaller
size of the Fe domains in the fully lithiated Fe;0,-S particles, as
determined by multiple-scattering EXAFS analysis, may allow
for the Fe;0,-S material to more effectively delithiate to a FeO
like structure in the fully delithiated state compared to the
Fe;0,-S sample. The smaller, more disordered Fe domains
facilitate reaction with Li,O domains enabling conversion to a
homogeneous FeO-like structure upon Li removal. In contrast,
the efficiency of the oxidation reaction with Li,O is reduced in
the larger, more ordered domains found in lithiated Fe;O,-C
sample, resulting in fractured and misaligned nanograins of
the FeO-like phase.

Conclusions

In summary, this work utilized complementary in situ XRD,
continuum-level simulations, ex situ XAS and STEM measure-
ments to determine the crystal and local atomic structural
changes that occur during electrochemical cycling of Fe;O,-S
(ca. 11 nm Fe;0,4) and Fe;04-C (ca. 39 nm Fe;0,). Tracking the
crystalline and nanocrystalline phases during the first lithiation
provided evidence of a non-uniform, crystal size dependent
lithiation mechanism, where increased Li" diffusion length in
larger crystals results in conversion to Fe® metal while insertion
of Li* into spinel-Fe;0, is still occurring. Furthermore, the data
suggest that the disorder inherent to the Fe metal domains
formed when either material is fully lithiated impact the homo-
geneity of the FeO phase formed during the subsequent
delithiation. Lithiation of Fe;O,-S results in smaller, more
disordered Fe domains compared to Fe;0,-C. These disordered
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domains more efficiently react with Li,O domains to reconvert
to a homogeneous FeO-like structure during Li removal, while
more ordered Fe domains result in fractured and misaligned
nanograins of a FeO-like phase.
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