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Oversaturated Li-FeOF solid solutions developed
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FeOF is a promising high-capacity cathode material for Li-ion batteries (LIBs). However, lithiation of
FeOF triggers a conversion reaction once the Li content reaches approximately 0.6Li per FeOF, limiting
its reversible capacity in LIB applications. Our previous work demonstrated that FeOF with LiPON
coating could significantly enhance the cycling stability of FeOF electrodes (from 29% to 89% over
100 cycles). In this study, the phase transformation and phase separation of FeOF upon lithiation were
tracked using (S)TEM, EELS, and in situ XAS under the effect of interfacial LIPON coating. We quantified
that the onset potentials of the conversion reaction for LIPON-coated FeOF were delayed for ~0.3 V
upon the discharged process compared with that for bare FeOF, where the thresholds of lithiation
amount for the conversion reaction extends from ~0.6Li to ~1.1Li per formula unit due to the coating
to form an oversaturated (supercooled) Li-FeOF solid solution. It is evidenced that the interfacial kinetics
offered by the LIPON coating effectively drive the Li-FeOF system away from thermodynamic

rsc.li/materials-advances equilibrium.

Introduction

Li-ion battery technology has been very successful in utilizing
the reversible process of Li-ion intercalation/deintercalation in
layered cathode materials, such as LiCoO,, LiFePO,, and NMC,
and in revolutionizing portable electronics and electric vehi-
cles. However, the lower specific capacity of layered cathode
materials has been the major bottleneck to deliver high energy
density batteries. Conversion electrodes, e.g., metal oxides and
fluorides (such as FeF; and SnO,) and alloy materials (such as
Si and Sn), have drawn significant attention over the past
decades as candidates for next-generation, high-capacity
electrodes.”* Different from the reversible redox reactions
observed in layered electrode materials, the conversion reaction
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in these high-capacity conversion electrodes causes major
chemical and structural complexities owing to the formation
of new phases and interfaces that prevent the high reversibility
of the conversion electrodes.

Iron fluoride (FeF3) and iron oxyfluoride (FeOF) have been
considered potentially important cathode materials for electric
vehicle applications™ as they deliver specific capacities of
712 mAh ¢~ and 885 mAh g !, respectively.'*'*> The oxidation
state of Fe*" in FeF; and FeOF cathodes allows for intercalation
and conversion storage mechanisms. During lower levels of
lithiation/delithiation cycling, Li* ions are inserted/removed
into/from the interstitial sites of structures as Fe in the lattice
undergoes Fe’*/Fe*" redox pair transition, which makes this
material an intercalation-type electrode with high reversibility.
When Li* ion uptake exceeds a threshold, the conversion
reaction occurs, causing Fe*" to be reduced to Fe°, accompa-
nied by phase separation of Fe metal, LiF, and Li,O. Given the
chemical and structural complexities of the conversion process,
the restoration to the original phases upon delithiation is
hampered.'*'®

Chevrier and Ceder et al. reported that in the FeOF
material,"” a conversion reaction is thermodynamically favor-
able, according to first-principle calculations, for a very small
amount of Li concentration in FeOF. This implies that the
conversion reaction takes place at the very beginning of
the lithiation process, contradictory to the experimental
observation that the conversion reaction occurs after reach-
ing an intercalation of ~0.6Li per formula unit of FeOF.'®

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The shifted conversion reaction potential of FeOF suggests the
critical role of competing kinetic effects in its lithiation path-
way and has inspired a few studies to further reduce the
reaction potential by modifying the surface of the FeOF
cathode.’

Recently, we discovered that applying a ~30 nm solid
electrolyte coating of lithium phosphorus oxynitride (LiPON)
via atomic layer deposition (ALD) on FeOF electrode materials
lowers the potential of the conversion reaction." We found
that the LiPON coating facilitates the suppression of the
conversion reaction, which results in an enhanced inter-
calation capacity of up to ~1Li per FeOF. This conclusion
was evidenced by post-mortem characterization using solid-
state nuclear magnetic resonance (SS-NMR) to detect the
byproduct of the conversion reaction, i.e., the amount of LiF
formation. At the same lithiation level, i.e. ~1.3Li per FeOF,
LiPON-coated FeOF showed only 1/3 of the LiF formation
compared with bare (un-coated) FeOF. Consequently, the
suppression of the conversion reaction for LiPON-coated FeOF
results in an 89% capacity retention after 100 cycles; in
contrast, the bare FeOF only shows a 29% capacity retention
after 100 cycles.

Other than demonstrating the long-term superior perfor-
mance and electrochemical characteristics of LiPON coating
FeOF from our prior publication,’ in this work, we employed
in situ X-ray absorption spectra (XAS) using a synchrotron X-ray
light source to collect XAS to monitor the structural change in
bare and LiPON-coated FeOF in real time. Results indicated
that with a ~30 nm LiPON coating, the potential threshold for
the conversion reaction of FeOF delayed by 0.3 V, which
requires higher driving forces (larger amount of Li insertion)
for the onset of conversion. Here we demonstrate that the
thresholds of lithiation amount for the conversion reaction to
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occur can be extended from ~0.6Li to ~1.1Li per formula unit
through coating to form an oversaturated (supercooled) Li-
FeOF solid solution, where the interfacial kinetics offered by
the LiPON coating effectively drive the Li-FeOF system away
from thermodynamic equilibrium.

Result and discussion

FeOF composite electrodes are composed of FeOF nanorod-
like particles with a high aspect ratio (width ~ 100 nm, length
~ 800 nm) along with binders and carbon black. Sample
fabrication and preparation procedures can be found
elsewhere."® Transmission electron microscopy (TEM)
images of pristine FeOF and LiPON-coated FeOF particles
are shown in Fig. 1(a) and (c), respectively; scanning electron
microscopy (SEM) and TEM images as well as characterization
data are given in Fig. S1-S3 (ESIt). The LiPON coating with a
thickness of ~30 nm was applied to FeOF electrodes through
atomic layer deposition (ALD).

Electrochemical evaluation

Bare FeOF and LiPON-coated FeOF are evaluated under a slow
rate of the discharged (lithiation) process with a constant
current density of ~50 mA g ' of FeOF. The bare FeOF and
LiPON-coated FeOF lithiation profiles are plotted in Fig. 1(b)
and (d), respectively. In Fig. 1(b), the lithiation profile shows
the conversion electrodes’ characteristics, where plateaus
represent the phase separation events of the conversion elec-
trodes. The standard lithiation process of FeOF progresses
through four stages given as follows:*’
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Fig. 1 (a) TEM image and the schematic of the bare FeOF particle. (b) Discharge profile of the bare FeOF electrode at 50 mA g~ current density. (c) TEM
image and the schematic of the LIiPON-coated-FeOF particle. (d) Discharge profile of the LIPON-coated-FeOF electrode at 50 mA g~* current density.
(e) and (f) STEM images and EDS chemical mapping for bare FeOF after discharge to 1.2 V. (g) and (h) STEM images and EDS chemical mapping for
LiPON-coated FeOF after discharge to 1.2 V; (i) EELS chemical analysis of particles in (e) — red curve and (g) — black curve; electron diffraction of bare

FeOF (j) and LiPON-coated FeOF (k).
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The lithiation process starts with Li intercalation (eqn (1)),
involving a Fe**/Fe*" redox reaction without any change in the
crystal structure of FeOF. Then, as the lithiation process
proceeds, rutile Li,FeOF forms a rock-salt structure, with LiF
formation. At this stage, the lithiation process involves a
Fe’'/Fe*" redox reaction, while the rutile crystal phase is
transformed to a rock-salt structure (eqn (2)) till the lithium
content reaches ~0.6Li, according to previous X-ray diffraction
(XRD) studies.'®?! In the next stage (eqn (3)), which is referred
to as the conversion process, with lithiation greater than 0.6Li,
the rock salt structure Li,FeOF,_, decomposes into Li,FeO, and
reduced Fe® transition metal. Eventually, the remaining rock
salt Li,FeO, gets converted into Fe metal and Li,O (eqn (4)). The
latter two processes (eqn (3) and (4)), involving the formation of
Fe metal, are the main conversion reactions.

In Fig. 1(b), the discharge profile of bare FeOF showed a
voltage plateau at ~1.6 V (which starts at point A in Fig. 1(b)).
In contrast, the discharge profile of LiPON-coated FeOF, as
shown in Fig. 1(d), did not show a similar feature—the voltage
plateau is absent, suggesting that the conversion reaction is
either delayed to a potential that is lower than the experimental
potential limit or suppressed. The formation and separation of
new phases are thermodynamically favorable but contribute to
poor reversibility and large overpotentials upon charging.

We conducted the post-mortem examination of FeOF elec-
trode discharge to 1.2 V (point B in Fig. 1(b)) by performing
EELS in conjunction with scanning TEM (STEM), STEM-EELS,
shown in Fig. 1(e), (f), and (i). Qualitatively, after discharge to
1.2V, the TEM images and EELS spectra of bare FeOF not only
exhibited change in morphology and dimension (Fig. 1(e) and
(f)), but also revealed an absence of the O (K-edge at ~532 eV)
and F (K-edge at ~685 eV) signals (Fig. 1(i)); however, the Fe
signal (L,; edge at ~704 eV) remained. This implied the
decomposition of the FeOF electrode and the occurrence of
the irreversible conversion reaction. Fig. 1(j) shows the ED
pattern associated with Fig. 1(e) and reveals crystal ring pat-
terns, indicating nano-polycrystalline particles. The calculated
d-spacings for the rings were identified as eth Fe metal phase.
(The calculated d-spacing data is shown in Fig. S4, ESI{) The
observation from EELS elemental mapping, shown in Fig. 1(f),
reveals the formation of nano-polycrystalline Fe metal particles
embedded in LiF or Li,O matrices, indicating the decomposition
of the bare FeOF structure through the conversion reaction.

Surprisingly, for the lithiation of LiPON-coated FeOF, shown
in Fig. 1(d), the absence of plateau suggests very limited phase
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transformation and separation of new phases involved during
the lithium storage process. The constant slope of the dis-
charged profile (between 2.4 V and 1.2 V) indicates a similar
electrochemical behavior between lithiation processes I
(between 2.4 V and 1.6 V) and II (between 1.6 V and 1.2 V).
Therefore, given the absence of a plateau at point C (1.6 V) and
the constant slope in the whole region of 2.4-1.2 V, it is
suggested that a continuation of the Fe*/Fe,” redox reaction
occurred through the lithiation process beyond the previous
threshold (~0.6Li) with LiPON-coated FeOF; hence, the con-
version reaction was suppressed or delayed.

The STEM HAADF images, EELS elemental mapping, and
extracted EELS spectrum of the LiPON-coated FeOF are shown
in Fig. 1(g), (h), and (i), respectively. The corresponding EELS
spectrum (black curve), in Fig. 1(i), shows the chemical com-
position of the LiPON-coated-FeOF electrode after discharge to
1.2 V[point D in Fig. 1(d)]. These results qualitatively show that
after lithiation to 1.2 V, the chemical integrity of FeOF particles
was preserved in terms of morphology (Fig. 1(g)), crystallinity
(see ED pattern in Fig. 1(k)) and chemical composition
(see elemental mappings in Fig. 1(h)). This is in sharp contrast
to the bare FeOF—see the red curve, in Fig. 1(i), and elemental
mappings, in Fig. 1(f), wherein a loss of O and F was observed.
The ED pattern supports the hypothesis drawn from the
electrochemical profile, the EELS spectrum, and the previously
reported solid-state NMR spectra—the conversion reaction to
form Fe metal from FeOF upon lithiation is suppressed or
delayed in the presence of an overlayer coating of ALD LiPON."

The post-mortem characterizations provide a snapshot to
qualitatively understand the reaction product at a discharged
potential of 1.2 V. The remaining questions that we would like
to answer further are as follows: (1) with the overlayer of LiPON,
is the conversion reaction fully suppressed or partially delayed?
(2) Quantitatively, how much offset of conversion reaction
potentials caused by the presence of the overlayer of LiPON?

In situ XANES: determination of the onset of the conversion
reaction

Bare FeOF vs. LiPON-coated FeOF. In order to investigate the
onset of the conversion reaction upon lithiation for FeOF
systems with and without an overlayer, we adopted in situ
X-ray absorption spectroscopy (XAS) measurements at the
Brookhaven National Laboratory’s synchrotron facility. The
FeOF composite electrodes were used in in situ cells with 1 M
LiClO, in a 1:1 EC: EMC liquid electrolyte. Both samples were

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Discharge profile of bare FeOF; XANES spectra of bare FeOF discharged in (b) region | of 2(a) — OCV ~ 15 V; (c) region Il (1.5-0.8 V).

(d) Discharge profile of LIPON-coated FeOF; XANES spectra of LIPON-coated FeOF discharged in (e) region | of 2(d) —-OCV ~1.2 V; (f) region Il of 2(d)

-1.2-0.8 V.

discharged at a 0.1C rate from open circuit voltage (OCV) to
0.8 V. The discharge profile of bare and LiPON-coated samples
are shown in Fig. 2(a) and (d). Similar to previous electrochem-
istry results, bare FeOF showed a clear voltage plateau at 1.5V,
which corresponds to the conversion reaction, while LiPON-
coated FeOF showed its conversion plateau at below 1.1 V.
Therefore, we classify the discharge profiles into two regions:
region I or ‘“pre-conversion region” and region II or “conver-
sion region”. The voltage plateau of bare FeOF, however, is
slightly lower than the previous result (1.6 V in Fig. 1(b)),
possibly owing to a slightly different F/O ratio in FeOF caused
by change in fabrication conditions. X-ray absorption near edge
structure (XANES) spectra is obtained to track the electronic
structures of and oxidation state change in Fe ions. The XANES
spectra of bare and LiPON-coated FeOF at the early discharge
state (process I), ie., before the onset of conversion (pre-
conversion), are shown in Fig. 2(b) and (e).

In Fig. 2(b), the evolution of Fe K-edge XANES as bare FeOF
discharged from 2.8 V to 1.5 V (region I) is shown. In region I,
the absorption energy in Fe K-edge XANES decreases mono-
tonically with discharged potential, which manifests a contin-
uous reduction in the average oxidation state of Fe. The Fe** of
FeOF is gradually reduced to Fe*" as it undergoes the lithiation
processes shown in equations 1 and 2, which is evidenced by
the parallel shift in the absorption edge of the Fe K-edge XANES
spectra to the lower absorption energy. Thus, in this region, the
reaction is dominated by the formation of the Fe** valence state
product.

In contrast, in region II, after the onset of the plateau shown
in Fig. 2(a), where the discharged potential reaches 1.5 V, the
characteristic of the Fe K-edge XANES spectra sharply changes.
As shown in Fig. 2(c), instead of a continuous parallel edge
shift, the Fe K-edge XANES spectra start to tilt and center on an

© 2025 The Author(s). Published by the Royal Society of Chemistry

isosbestic point at ~7121 eV. The presence of the isosbestic
point suggests that a two-phase conversion reaction has taken
place (eqn (3) and (4)),>*>* where the reaction yields the
formation of Fe** and Fe® valence state products, in this region
with an onset discharged potential of 1.5 V (representing
> 0.6Li per FeOF) for bare FeOF.

The electrochemical profile and Fe K-edge XANES spectra of
LiPON-coated FeOF are shown in Fig. 2(d-f). As shown in Fig. 2,
the electrochemical characteristics of LiPON-coated FeOF show
two distinctive regions, (i) a nearly constant-sloped discharged
profile across 2.3-1.1 V and (ii) a plateau below 1.1 V, suggest-
ing a delayed onset of the conversion reaction compared with
bare FeOF. By adopting the same criterion used to analyze bare
FeOF, the in situ Fe K-edge XANES spectra for LiPON-coated
FeOF exhibits two major trends corresponding to the two
regions. In region I, as shown in Fig. 2(d), a parallel shift of
Fe K-edge XANES spectra is observed with monotonically
decreased absorption energy as the discharged potential
reduced to 1.2 V. This indicates that LiPON-coated FeOF allows
a continuous reduction from Fe*" to Fe** upon Li insertion
(~1Li per formula unit) without inducing a significant destruc-
tion of the structure. Below 1.2 V, an isosbestic point of Fe
K-edge XANES spectra at ~7121 eV (Fig. 2(d)) suggests a major
structure destruction of the FeOF crystal, and a two-phase
transition occurs owing to the on-going conversion reaction.
Based on the in situ XANES spectra, a 0.3 V delay in the onset
of the conversion reaction is determined due to LiPON coating
on FeOF.

Extended X-ray absorption fine structure (EXAFS) spectra:
structure evolution and Fe metal formation

An extended X-ray absorption fine structure (EXAFS) was obtained
to monitor the crystal structure change in FeOF during discharge.

Mater. Adv,, 2025, 6, 5892-5900 | 5895
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(a) Crystal structure of FeOF. (Upper) Octahedral site of Fe. (Lower) Unit cell of FeOF with projection along [001], and RDF plots of (b) and (c) bare

FeOF and (d) and (e) coated FeOF, where o indicates the Fe—O scattering path and B corresponds to Fe—Fe scattering of FeOF.

Additionally, radial distribution function (RDF) plots were
obtained through Fourier transform of EXAFS spectra. Fitting
of RDF plots was also performed to facilitate data interpreta-
tion. The model crystal structure for bare FeOF was adopted
from Chevrier's work,> as shown in Fig. 3(a). This distorted
rutile structure (P4,m space group) of FeOF was obtained from
first-principles calculations using the lowest energy method.
The fitting process was performed using the O-Fe, F-Fe and
Fe-Fe scattering paths in the first shell, with a fitting range
from 1.1 A to 3 A. Details of fitting parameters can be found in
ESI+ (Fig. S4 and Table S1). RDF plots of bare FeOF are shown
in Fig. 3(b and c), with a few distinctive peaks located at 1.5 A,
2.1 A, and 2.6 A. Based on the fitting result, the peaks at 1.5 A
and 2.6 A can be assigned to the Fe-O (o) and Fe-Fe (B)
scattering of FeOF in the first shell, while the shoulder peak
at 2.1 A (pointed by the red arrow in Fig. 3(b)) arises from Fe-F

5896 | Mater. Adv,, 2025, 6, 5892-5900

scattering and is not solely attributed to a single scattering
path. Instead, the shoulder peak is a convolution of the Fe-F
and Fe-O scattering paths. Thus, we did not assign this peak to
any specific bond but used it as an indication of Fe-F bonds.
In Fig. 3(b), as bare FeOF was lithiated from 2.8 V to 2.4V,
the Fe-O bond (o) shifted to a longer distance, with the position
of other bonds unchanged. This suggests the rutile structure of
FeOF was distorted without significant change in the crystal
structure. From 2.4 V to 1.8 V, the intensity of Fe-F gradually
reduced and eventually disappeared at 1.8 V, which is explained
by the loss of F atoms in FeOF and the formation of the rock-
salt phase, Li,FeO,, in the course of lithiation (eqn (2)). The
formation of LiF consumes F atoms, and rock salt Li,FeO, has
only one scattering path for Fe-O in the first shell, corres-
ponding to a single peak in the range from 1.1 A to 2.2 A,
as observed in our results. As discharge proceeds through the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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conversion reaction (i.e., the formation of Fe°) from 1.5 V to
0.8 V (Fig. 3(c)), a peak at 2.06 A emerges. This peak, based on
measurement of reference Fe foil, corresponds to the Fe-Fe
scattering path in BCC Fe metal. In Fig. 3(c), the magnitude of
the 2.06 A shoulder (pointed by the red arrow) increased
significantly when discharging to 1.3 V, indicating the detec-
tion of Fe’ formation in EXAFS through the conversion reac-
tion. The intensity of the peak at 2.06 A (Fe®) continued to
increase as it discharged to lower potentials. However, even at
0.8 V, the conversion reaction is not fully complete, where still
some Fe-O (o) scattering from rock salt LiFeO, remains.

Radial distribution function (RDF) plots were also obtained
from EXAFS spectra for LiPON-coated FeOF, as shown in
Fig. 3(d and e). For LiPON-coated FeOF, the RDF patterns
suggest different lithiation kinetics. At the beginning of dis-
charge, the rutile phase was maintained. As the discharge
process proceeded to 2 V, the extension of the Fe-O bond
occurred, accompanied by a slight contraction of Fe-Fe bond-
ing. The reason for this Fe-Fe contraction is unclear, but a
possible explanation is that the mechanical confinement of the
coating layer facilitated the rearrangement of Fe ions. As the
voltage dropped to 1.6 V, the shoulder peak at 2.1 A vanished,
implying a transformation from a rutile to rock-salt phase. This
rutile-to-rock salt transformation occurred above 1.8 V for bare
FeOF, as indicated in Fig. 3(b); therefore, a 0.2-0.3 V delay in
phase transformation is observed due to LiPON coating.
Beyond 1.6 V, the structure of coated FeOF is mainly unchanged
through 1.3 V. (Note that for bare FeOF, the formation of Fe® is
detected at 1.3 V.)

Fig. 3(e) shows the RDF plots from 1.3 V to 0.8 V. Regarding
the Fe-Fe scattering path of BCC Fe metal at 2.06 A, LiPON-
coated FeOF only started to show the formation of Fe’ at 2.06 A
after discharge to 1.0 V (the shoulder pointed by the red arrow),
indicating that the conversion reaction with Fe metal formation
occurred. At the same time, rock salt LiFeO, still remained in
the mixture. Compared with the case for bare FeOF (Fig. 3(c)),
again a delay of ~0.3 V for the conversion reaction (phase
separation) is observed, in agreement with the XAS spectra
mentioned above, which is caused by the ALD LiPON coating.
However, once the voltage dropped below 0.9 V, the conversion
reaction seemingly accelerated, with the product being mostly
pure Fe’ at 0.8 V. This indicates that although the conversion
reaction was delayed by the LiPON coating, the formation of
Fe metal was accelerated, with a higher fraction of Fe metal
formed at the end of discharge compared with bare FeOF.

To summarize the effect of the LiPON coating on FeOF
electrodes in terms of the Li insertion limit and the commence-
ment of the conversion reaction, we compare the XANES and
RDF plots (from EXAFS spectra) for bare and LiPON-coated
FeOF, (Fig. 2 and 3). Quantitatively, the potential for the
conversion reaction to take place were decreased from 1.5 V
for bare FeOF to 1.2 V for coated FeOF in XANES spectra,
i.e., a 0.3 V delay was observed due to the coating. Similarly, the
potentials for Fe° to be initially identified in RDF plots were
shifted down from 1.3 V for bare FeOF to 1.0 V for coated FeOF,
and a ~0.3 V decrease was observed.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Electrochemically, during the continuous lithiation process,
the delay in the onset potentials of the conversion reaction
denotes an extended range of the Fe**/Fe** redox process, often
called the intercalation process (including the rutile to rock salt
phase transformation process, eqn (1) and (2)) for the coated
FeOF. The downward shift in the onset potentials from 1.5 V to
1.2 V represents the intercalation limits increase from ~ 0.6Li
(bare FeOF, Fig. 2(a)) to ~1.1Li per formula unit of FeOF with
LiPON coating (Fig. 2(d)). Note that the lithiation limit for a
Fe*'/Fe®" redox reaction is 1Li. Therefore, the excess lithiation
(0.1Li) observed in Fig. 2(d) could be attributed to the irrever-
sible lithium consumption in the first discharge, such as SEI
formation.

LCA analysis

Furthermore, we performed linear combination fitting analysis
(LCA) to estimate the relative mole fraction of different Fe
oxidation states, Fe°, Fe**, and Fe®’, during lithiation. The
spectra were fitted with the standards of BCC Fe metal, FeO,
and Fe,0;, corresponding to Fe°, Fe*", and Fe®". (See the fitting
curves and R-values in Fig. S6 and S7, ESIt). Fig. 4(a) and (b)
show the compositions as a function of discharged potential for
bare FeOF and LiPON-coated FeOF, respectively. In both bare
FeOF and LiPON-coated FeOF, there were already ~ 10% of Fe*
existed initially, which indicates that there was slightly oxygen-
rich FeOF to start with, presumably caused by the electrode
fabrication and processing process in the ambient environ-
ment. At higher potentials, the major reaction in lithiation was
the transition from Fe®* — Fe®" for both cases. This is because
as the lithiation process undergoes through intercalation
(eqn (1)) followed by rutile — rock salt structural transforma-
tion (eqn (2)), the oxidation state of iron lowers to maintain
charge neutrality. In Fig. 4(a), a noticeable amount of Fe®
(>5%) was observed at a potential below 1.4 V, and with
decreasing potential, the amount of Fe® increased. The for-
mation of Fe® (Fe metal) originated from the conversion reac-
tion (egs (3) and (4)), with the excess Li" ions triggering phase
separation to form Fe metal, LiF, and Li,O. The LCA analysis
of the formation of Fe metal agrees very well with RDF
plots (EXAFS spectra) in Fig. 3. This quantitatively suggests
an onset potential of 1.3 V for Fe® (Fe metal). The molar ratio
of Fe** remained almost constant at potentials below 1.6 V;
therefore, it is evidenced that the conversion reaction is
mainly the transition from Fe®" to Fe’. The existence of the
Fe®" state of iron (a rough near-constant of 30%) at low
potentials (1.3-0.8 V) is due to the non-reacted, excess FeOF
in the composite electrode, residing far from the lithium ion
source. According to Fig. 4(b), LiPON-coated FeOF is found to
contain noticeable amounts of Fe’ (>5%) at 1.0 V. This
supports the observation shown in the RDF plots (EXAFS
spectra), Fig. 3(d and e), that the Fe® peaks were generated
at 1.0 V. Although LiPON-coated FeOF exhibits a delay in the
conversion reaction, the rate of Fe’ formation accelerates at
lower potentials once Fe® starts to form at 0.8 V, and LiPON-
coated FeOF shows ~38% of Fe’, compared with ~34% Fe®
for bare FeOF. Our understanding is that when the lithiation
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Fig. 4 Linear combination fitting analysis (LCA) for (a) bare FeOF and (b) LiIPON-coated FeOF.

amount is above 0.6Li per formula unit (at/below 1.5 V), the Li/
bare-FeOF solid solution is saturated, and therefore, phase
separation occurs. However, the Li/coated-FeOF system forms
an oversaturated (supercooled) solid solution with higher Li
solubility. However, once phase separation occurs with a delay
in potentials, the system quickly approaches the thermody-
namic equilibrium; i.e., the phase separation process (the
formation of Fe°) is accelerated.

Conclusions

In this work, we investigated the structural and chemical
change in pristine FeOF and LiPON-coated FeOF using STEM-
EELS and ED and quantitatively determined the onsets of the
conversion reaction of pristine FeOF and LiPON-coated FeOF
via in situ XAS. The results of STEM-EELS and ED demonstrate
that LiPON-coated FeOF maintains structural integrity with
lithiation amounts between 0.6 and 1.1Li per formula unit;
i.e.,, the LiPON coating facilitates the formation of oversatu-
rated (supercooled) Li-FeOF solid solution beyond its standard
threshold limit (0.6Li). XANES and EXAFS spectra show that the
kinetics imposed by LiPON coating delay the onset of the
conversion reaction (phase separation) of FeOF by ~0.3 V.
Therefore, with the imposed kinetics by the LiPON coating,
Li-FeOF solid solution demonstrates higher solubility. With
higher solubility, more reversible Li (higher lithium content,

5898 | Mater. Adv., 2025, 6, 5892-5900

i.e., higher capacity) can be stored/extracted in LiPON-coated
FeOF without triggering irreversible phase separation.

Experimental methods
FeOF composite electrodes

The composite electrodes of FeOF were synthesized according
to a previously reported procedure." The active material is
composed of FeOF nanorod-like particles with a high aspect
ratio—width ~100 nm and length ~800 nm (Fig. 1b-d). The
thickness of the composite electrode is ~6-10 pm, with 65%-
70 wt% FeOF, 20-25% carbon black, and 10% binder. The
specific weight of FeOF active materials of a 1 inch diameter
electrode is in a range of 0.71-0.86 mg cm™ 2.

ALD LiPON. We deposited ALD LiPON films in Ultratech
Cambridge Nanotech Fiji F200 at 250 °C using precursors
lithium tert-butoxide (LiO‘Bu) (Aldrich, 99.7%), de-ionized
H,O0, trimethylphosphate (TMP) (Aldrich, 99.9%), and N, gas
(Praxair, grade 5.0). Argon (Airgas, grade 4.9) was used as a
carrier gas. The base pressure of the ALD reactor was <2 X
10~ ° Torr and a process pressure of 200 mTorr was maintained
via Ar gas flow. The solid LiO‘Bu precursor was kept at 165 °C
and was delivered to the ALD chamber using a bubbler with
40 scem Argon carrier gas flow. ALD films were deposited using
precursor saturation doses of 3 s for LiO’Bu, 0.06 s for H,0, and
0.4 s for TMP, and 10 s for N, pulse at a flow rate of 40 sccm and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a plasma power of 300 W and 30 s for Ar purge pulse. A growth
rate of 1.1 A s" was achieved for the ALD LiPON film.

Electrochemical testing. For electrochemical testing coin-
type half-cells versus Li/Li* were fabricated. Lithium foil was
punched to a fixed-diameter (5/8 in.) disc and was then placed
on a half-inch stainless-steel disc as the current collector.
Stainless-steel discs were degreased via sonication in a 1:1
mixture of isopropyl alcohol and acetone for 10 min and blow-
dried using N,. Composite FeOF electrodes were loaded into
the ALD reactor for 400 ALD LiPON process cycles, which
~30 nm LiPON was deposited on the electrodes.

TEM specimen preparation

TEM lamella specimens were prepared using a focus ion beam
(FIB, Tescan GAIA) and were immediately transferred into a
TEM column (<5 min) to minimize any possible Li/H,O
reaction in air. Microstructure and elemental composition
analyses were performed using JEOL 2100F (S)TEM equipped
with a Gatan image filter (GIF, Tridiem 863). All STEM-EELS
spectra were acquired at an energy resolution of 0.85 eV
throughout.

In situ XAS

In situ XAS measurement was conducted at beamline 7, NSLS-II,
BNL. In situ coin cells with view windows made of Kapton on
both sides were used during the characterization. Energy
calibration was performed first using a standard Fe foil. The
first inflection point in the Fe XAS spectrum was calibrated to
7112 eV as the 1s-3d absorption edge of metallic Fe. Standard
reference spectra from FeO,, Fe,O;, and Fe powders were
collected for composition analysis and Fe oxidation state
analysis. During XAS acquisition of FeOF samples (bare FeOF
and LiPON/FeOF), Fe-K edge spectra were recorded every
13 minutes, corresponding to an average of +0.05 state of
lithiation per spectrum. IFEFFIT-Athena was used for XAS data
processing and analysis.>®

EXAFS/RDF analysis

EXAFS spectra were processed using the Athena program.>®
Polynomials were fitted to the pre-edge and post-edge and
subtracted from the data. Then, the relative modulation of
the absorption coefficient above the Fe K-edge was fit with a
smooth spline, which represents a single Fe atom absorption
pattern. The spline was subsequently subtracted, and the
remaining spectrum was normalized using a theoretically cal-
culated u, value. k-weight = 2 was used to equally emphasize the
modulation in low and high wavenumber ranges. Thereafter,
EXAFS spectra from k = 3—11 and Ry, > 1 were Fourier
transformed to generate RDF patterns. The fitting process
was conducted using the Artemis program.?® The model crystal
structure and the accompanied scattering paths were generated
based on the ab initio program FeFF8.>” In order to minimize
the correlation between fitting parameters and reduce the total
number of floating parameters, the fitting was first performed
on a model material, as-fabricated pristine FeOF. The single
values of the amplitude reduction factor (S,>) and energy shift

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(AE,) are obtained and used for following fittings. The fitting
was then performed on bare and coated FeOF samples.
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