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The phase evolution and morphology of the solid state FeFs conversion reaction with Li has
been characterized using angle-resolved x-ray photoelectron spectroscopy (ARXPS). An epitaxial
FeF2(110) film was grown on a MgF>(110) single crystal substrate and exposed to atomic lithium
in an ultra-high vacuum chamber. A series of ARXPS spectra was taken after each Li exposure
to obtain depth resolved chemical state information. The Li-FeF reaction initially proceeded in
a layer-by-layer fashion to a depth of ~ 1.2nm. Beyond this depth, the reaction front became
non-planar, and regions of unreacted FeFa were observed in the near-surface region. This reaction
progression is consistent with molecular dynamics simulations. Additionally, the composition of
the reacted layer was similar to that of electrochemically reacted FeF2 electrodes. An intermediary
compound Fe,Lia_2,F2, attributed to iron substituted in the LiF lattice, has been identified using
XPS. These measurements provide insight into the atomistics and phase evolution of high purity
FeF2 conversion electrodes without contamination from electrolytes and binders, and the results

partially explain the capacity losses observed in cycled FeFs electrodes.

I. INTRODUCTION

Iron (IT) fluoride-based nanocomposites are promising
candidates as active materials in lithium ion conversion
battery cathodes. Upon exposure to lithium ions in an
electrochemical cell, FeFs is believed to undergo the fol-

lowing reversible reaction:!™#

oLit + 2¢” + Fe®HFy — 2LiF + Fel©®, (1)

Although FeFy is a bulk insulator with a band gap
of about 2eV,> the use of FeF, nanoparticles em-
bedded in a chemically inert conducting carbon ma-
trix has been shown to increase the conductivity of
FeFs-based electrodes sufficiently to allow for efficient
charge transport."? Additionally, the volumetric expan-
sion of FeFy upon lithiation is only 16%, which is small
enough to avoid strain-induced damage to the cell during
cycling.! FeF, has a theoretical specific capacity of 571
mAh/g, while working devices have exhibited capacities
as high as 350-450 mAh/g for several cycles.®% These val-
ues represent a significant improvement over the theoreti-
cal and practical capacities of modern LiCoOg electrodes,
which are 272 mAh/g and 145 mAh/g respectively.”
This increase in charge storage is due to a funda-
mental difference in the reaction mechanism of iron flu-
oride particles. Conventional Li-ion intercalation bat-
teries rely on the insertion/deinsertion of Lit ions into
planar or columnar channels in a cathode material such
as LiCoO3.8 In practice, only ~ 0.5Li ions per formula

unit can be inserted and removed from the cathode with-
out significantly altering the crystalline structure of the
LiCoOs and destroying the structural integrity of the
cathode. Conversely, the Li-FeFy conversion involves ex-
tensive morphological and structural transformations as
FeF5 is converted to metallic Fe and LiF. This reaction
transfers two Li ions, and hence two electrons, per for-
mula unit. %910

Despite the apparent advantages of using FeF, cath-
odes, their implementation has thus far been limited by
capacity fading and high voltage hysteresis upon cycling.
These issues have been attributed in part to limited
lithium mobility within the FeF5/Fe/LiF composite and
to a loss of active material from parasitic reactions.*'°
Recent molecular dynamic (MD) simulations by Ma and
Garofalini'»!? have suggested that the FeF5(110) and
(001) crystalline faces react differently upon exposure to
lithium. The FeF3(001) orientation exposes [001] chan-
nels in which the kinetic barrier for Li ion diffusion is less
than 0.05eV. These channels facilitate lithium diffusion
into the bulk of the FeF5, which allows the conversion
reaction to proceed rapidly from the surface to the bulk
of the material. Conversely, the FeF2(110) surface has
a high (~ 1eV) kinetic barrier for Li transport into the
bulk, which causes the conversion reaction to initiate in
a layer-by-layer fashion. However, as the reaction pro-
ceeds several layers into the FeFy surface, grain bound-
aries between Fe nanoparticles and LiF provide pathways
for lithium diffusion into the crystal. These interfacial re-
gions then become preferential nucleation points for the
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sub-surface conversion reaction, causing a non-planar re-
action front as the conversion reaction proceeds into the
FeF2(110) crystal.

In order to bridge the gap between these MD simula-
tions and bulk measurements of electrochemically cycled
FeF5 electrodes, it is necessary to study high-purity FeFq
samples in the absence of electrolytes, binders, and sep-
arators which affect cell performance. To this end, high-
purity epitaxial FeF5(110) thin films were grown and ex-
posed to atomic lithium in an ultra-high vacuum cham-
ber. The (110) orientation has the lowest surface energy
of the FeF5 crystalline faces, so this surface is expected
to dominate the nanocrystalline FeFy composites used
in electrochemical cells.'? The resulting solid state reac-
tion was then characterized by angle-resolved x-ray pho-
toelectron spectroscopy (ARXPS) in order to produce a
nanometer-scale model of the reaction progression. The
results obtained from these ARXPS measurements in-
dicate that the reaction front initially progresses in a
layer-by-layer fashion, forming a planar interface between
the reacted overlayer and the unreacted FeFs substrate.
This is consistent with MD simulations for small lithium
exposures.'! However, when the reacted layer reached a
depth of ~ 1.2nm into the film, the reaction front devi-
ated from this planar geometry and the reacted overlayer
acquired a non-uniform thickness. This behavior is con-
sistent with a model in which preferential reaction nucle-
ation occurs in the sub-surface regions of the FeF5(110)
crystal. The chemical composition of the reaction prod-
ucts and the phase evolution of the FeFs film agree with
the results of pair distribution function (PDF), galvano-
static intermittent titration technique (GITT), and XPS
studies of cycled FeFs electrodes, which found evidence
of the formation of an intermediate compound identified
as FeILi2_21F2.476

II. EXPERIMENTAL METHODS
A. Sample Preparation

Epitaxial FeF2(110) films were grown on MgF5(110)
single crystal substrates by electron beam evaporation
of FeFy powder (Cerac Inc.) at a rate of 0.05 nm/s.
The temperature of the MgFy substrates was main-
tained at 300°C to enhance the crystallinity of the film.
During deposition, the chamber pressure was less than
2 x 107" Torr. The FeFy structure and crystallinity
were investigated using x-ray reflectometry (XRR), x-
ray diffraction (XRD), and helium ion microscopy (HIM).
The x-ray data was acquired using a D8 Discover Bruker
rotating anode diffractometer with Cu Ko (A = 1.54A)
radiation. The film was exposed to air during the transfer
from the growth chamber to the ultra-high vacuum anal-
ysis chamber. In order to remove adsorbates from the
surface, the FeFy film was degassed at 300°C in ultra-
high vacuum (UHV) for 30 minutes. This temperature
was sufficiently high to remove most surface impurities
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without reducing the FeFs film.

Atomic lithium was deposited onto the surface of the
FeF, film at room temperature using a lithium getter
source (SAES Getters). The lithium source was well de-
gassed prior to exposure, and the pressure in the vacuum
chamber was kept below 5 x 1079 Torr during lithiation.
The Li exposure rate was estimated to be 0.07 nm/min,
which was chosen to be slow enough to prevent the accu-
mulation of metallic Li at the surface of the FeFy film.

B. Angle-Resolved XPS

X-ray photoelectron spectroscopy measurements were
performed using a Thermo Scientific ESCALAB 250Xi
using a monochromated Al Ko x-ray source with an en-
ergy of 1486.6 eV. The total resolution of the instrument
was 0.5eV. To obtain angular resolution, the half-angle
of acceptance of the electron analyzer was set to 10° and
the sample was rotated with respect to both the x-ray
source and detector from 0° to 50° in 5° increments. In
this work, the emission angle is measured with respect to
the surface normal.

In order to minimize the buildup of electrical charge
during XPS measurements, charge compensation was
performed using a dual beam flood source of low-energy
ArT ions and 1eV electrons. Spectra taken before and
after these measurements showed no x-ray or ion in-
duced damage. A small amount of peak broadening at-
tributed to differential charging was observed after pro-
longed lithium exposures, likely due to the inhomogene-
ity in the conductivity of the conversion reaction prod-
ucts. The C 1s spectral component at -284.8 eV arising
from adventitious carbon was chosen as a binding energy
reference.'® XPS spectra were analyzed by subtracting
Shirley backgrounds and fitting the remaining core level
features with Voigt profile components,'* or, in the case
of Fe 2p spectra, with broadened reference spectra taken
from pure FeF5 and Fe metal samples.

Angle-resolved XPS (ARXPS) makes use of the
nanometer-scale inelastic mean free path (IMFP) of elec-
trons in solid media to obtain depth resolved chemical
and elemental information from samples whose surface
roughness is less than 1-2 nm. For a thin (< 5nm) over-
layer of material A (thickness d) on a substrate B, the
ratio R of XPS intensities from species A and B is well
approximated by

In  I® [1—exp(—d/Aaacosb)

R(9,d) = Is I | exp(—d/Apacosf) @)

where )\;; is the IMFP in material j for electrons emitted
from material 7, 6 is the electron emission angle measured
with respect to the surface normal, and I° is the XPS
intensity of an infinitely thick layer of material k.'® To
increase the precision of the ARXPS analysis, an effective
attenuation length (EAL) was substituted for each IMFP
in Equation 2 in order to account for elastic scattering of
photoelectrons at large emission angles.!' 18 EALs were
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calculated as a function of emission angle and overlayer
thickness for each compound using the NIST Electron
EAL Database.!'® Equation 2 can be simplified by as-
suming that the EAL is constant:

R(6,d) ~ R [exp ( Mfés 9> - 1] (3)

where R = I3°/I%°. This expression is then linearized
by rearranging terms and taking the natural logarithm:

In(1+ R/R*) ~ d/cosé. (4)

To calculate the thickness and uniformity of the re-
acted layers as precisely as possible, Equation 2 was
used. Since this equation has no analytical solution for
d, a multi-layer model of the Li-FeF, reaction was con-
structed and used to predict the variation of R as a func-
tion of 6. The details of this model will be explained
further in the subsequent section. Data will be analyzed
using Equation 4 so that it can be presented in a lin-
earized form.

III. RESULTS AND DISCUSSION

A. Characterization of the FeF»(110) Film
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FIG. 1: X-ray reflectometry data from the as-grown

FeF2(110) film indicating a film thickness of 42.7 nm and a
surface roughness of o = 0.7 nm.

Figure 1 shows x-ray reflectometry (XRR) data from
the as-grown FeF3(110) thin film. The fit to the XRR
data was performed with MOTOFIT software by assum-
ing a slab model density profile (Figure 1: inset).2® The
film thickness was assumed to have a Gaussian distribu-
tion with a standard deviation o. These measurements
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indicate an FeF5 film thickness of 42.7nm and a sur-
face roughness of ¢ = 0.7nm. Additionally, helium ion
microscopy images of the film indicated that the lateral
dimensions of the FeF5 domains were 10-15 nm.

After transferring the FeF(110) film to the XPS cham-
ber and annealing at 300°C to remove surface contam-
ination, a series of normal emission XPS spectra was
taken to measure the purity and stoichiometry of the
film. These spectra are shown in Figure 2. The Fe 2p core
level spectrum (inset (a)) is composed of broad 2ps/, and
2py/ states at binding energies of -711eV and -725eV
and small satellite features whose centroids are at ~ 6eV
higher binding energy than the main doublet peaks. The
F 1s core level spectrum (inset (b)) is composed of a sin-
gle feature at -685eV. These Fe 2p and F 1s features are
consistent with previous studies of high purity FeF, thin
films and powders.?2! Normalizing the F 1s and Fe 2p in-
tensities by their respective Scofield factors and detector
functions yielded a F:Fe ratio of (1.8 & 0.1):1, confirm-
ing the stoichiometry of the film. The O 1s core level
spectrum (inset (c)) is composed of three peaks. The
main peak at a binding energy of -530 ¢V is attributed to
FeO, which formed due to the oxidation of the FeFs film
in air.22 The F:O ratio suggests that only the topmost
layer of FeFy was oxidized. The smaller O 1s peaks at
-531.5 and -532€V are attributed to hydroxyl and water
contamination on the surface of the sample.?*?* These
intensities are consistent with one monolayer of surface
contamination. The C 1s spectrum (inset (d)) exhibits
a large component at -284.8eV and two smaller com-
ponents at -287.5 and -289.0eV. These are indicative of
adventitious carbon contamination, and their total inten-
sity is consistent with slightly less than one monolayer of
contamination on the surface of the film.'® Despite the
surface contamination present on the FeFy film, the for-
mation of lithium oxides, hydroxides, and carbonates was
not observed upon exposure to lithium. Indeed, the O 1s
and C 1s spectra were unchanged after the lithium depo-
sitions, and hence these contaminants were not believed
to significantly affect the Li-FeF5 reaction. It should be
noted in subsequent sections that, due to its energy over-
lap with the Fe 3p core level, the Li 1s peak was not
evaluated in this work.

B. Chemical State Analysis

The FeF5(110) film was exposed to Li in intervals rang-
ing from 5 to 20 minutes at a rate of about 0.07 nm/min,
for a total lithiation time of 160 minutes. After each lithi-
ation, a series of XPS spectra was acquired. In order to
extract quantitative chemical information from the XPS
data, a least squares fit was performed for each Fe 2p
spectrum using a linear combination of reference spectra
taken from pure Fe metal and FeFy samples (Alfa Ae-
sar). Figure 3 shows a normal emission Fe 2p XPS spec-
trum after 35 minutes of total Li exposure. The XPS
data, shown as black dots, exhibits multiple peaks corre-
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FIG. 2: XPS Survey spectrum of an FeF2(110) film after degassing at 300°C in UHV. Inset, core level spectra indicate the
presence of small amounts of hydroxyl and carbon containing species at the surface and the formation of FeO in the topmost

layer of the film.

sponding to different chemical states of iron. The Fe?™
(FeFq, red) and Fe metal (Fe® gray) reference spectra
were not sufficient to fit the data, suggesting the forma-
tion of an intermediate compound during the conversion
reaction. To account for this missing intensity, an addi-
tional spectral component was constructed from the final
(160 minute) lithiation spectrum by subtracting Fe metal
and FeFs components from the Fe 2p data. The details
of this procedure are presented in Section SII of the Sup-
plemental Material. The resulting lineshape, shown in
yellow in Figure 3, exhibited 2p doublet peaks at bind-

Fe 2p
35 min, 0°

Intensity (Arb. Units)

Li, o Fe,F,

T EPETETE EPETEE AP ENAEP ENAP T R
-740 -735 -730 -725 -720 -715 -710 -705

Energy (eV)

FIG. 3: XPS spectrum of the Fe 2p core level at normal
emission after the FeF2(110) film underwent 35 minutes of
total Li exposure. The data is shown as black dots, and the
sum of the spectral components is a solid blue line. Iron metal
and iron fluoride reference spectra were obtained from high-
purity samples (Alfa). Three components are needed to fit
this and all other Fe 2p spectra upon lithiation, suggesting
the presence of a ternary Li-Fe-F compound.

ing energies of -709 eV and -723 eV and intense satellite
features at -716eV and -730eV.

The peak positions and lineshape of this chemical
species are not consistent with any known iron fluoride,
oxide, or oxyfluoride compounds.>?*2%26 However, sev-
eral recent studies provide insight into the possible na-
ture of this compound. First, recent pair distribution
function (PDF) studies of electrochemically cycled FeFs
by Ko and coworkers? observed an expansion of the LiF
rocksalt lattice upon delithiation. This was attributed
to the incorporation of iron in the LiF lattice to form
Fe,Lis_o,Fo, with x estimated to be between 0.4 and
0.5. Additionally, MD simulations by Ma and Garofalini
predicted the formation of a ternary Fe-Li-F compound
upon the lithiation of both FeF3(110) single crystals and
FeF, nanoparticles.!''? Consequently, the additional Fe
2p component observed in the lithiated FeF5 spectrum is
attributed to the ternary compound Fe,Lis_o,F5.

The Fe, Lis_2,F5 spectral component was necessary to
fit every Fe 2p spectrum acquired after the initial lithia-
tion, and its integrated intensity was found to be between
85% and 110% that of the Fe’ component for every Li
exposure, which is consistent with x ~ 0.5. This chem-
ical species was also identified in XPS spectra of elec-
trochemically cycled FeF, electrodes.® Using x =~ 0.5,
this compound can be written as Feg 5LiF5, and hence
an alternative FeFy conversion reaction pathway can be
described by

Li + FeFy — Feg 5LiF5 4+ 0.5Fe. (5)

In the following sections, it will be assumed that =0.5,
and this chemical compound will be referred to as
Feq sLiF5. Since the amount of Feg 5 LiF, was observed to
increase monotonically with each Li exposure, this com-
pound is believed to be a stable product of the FeFq
conversion reaction.
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C. ARXPS of the Li-FeF>; Reaction

XPS was used to determine the changes in FeFy film
stoichiometry after each lithium exposure. Figure 4(a)
shows the normal emission Fe 2p spectra acquired after
each lithium exposure. The spectra have been normalized
to their maximum intensities to allow for a visual com-
parison. The bottom spectrum in Figure 4(a) is the same
as the Fe 2p spectrum shown in Figure 2. Upon exposure
to lithium, new features appeared at binding energies of
-707eV and -720eV, attributed to the 2pz/, and 2p; /o
electronic states of iron metal.’ The intensity of these
features increased monotonically as a function of Li ex-
posure while the FeFy intensity decreased simultaneously,
in accordance with the conversion reaction proposed in
Equation 5. The topmost Fe 2p spectrum, acquired after
160 minutes of total Li exposure, mainly exhibits Fe® and
Feg 5LiFy features with FeFy accounting for only 12% of
the spectral intensity.

In order to obtain depth-resolved information from the
lithiated FeFs film, a series of angle-resolved XPS spectra
was taken at 5° increments after each lithiation. Figure
4(b) shows one such series acquired after 35 minutes of
total Li exposure and the three Fe 2p components re-
quired to fit each spectrum. These spectra are represen-
tative of the ARXPS data acquired after each lithiation
step and are presented as an example. The heights of the
spectra have been normalized to the intensity of the Fe®
features in order to enhance their visual differences. At
normal emission (0°), the Fe 2p spectrum exhibits fea-
tures from FeFsy, Fe¥, and Feg 5LiF5 chemical states. As
the electron emission angle increases, the integrated in-
tensity of the FeFs component decreases relative to the
Fe® component. Conversely, the FeysLiFs component
maintains a 1:1 ratio with the Fe component for all an-
gles. This suggests that the Fe® and FegsLiFy species
formed an overlayer atop the FeFs film. Since no angu-
lar variation in the Fe®:Fey 5LiFs ratio was observed for
any Li exposure, only the Fe?:FeF, ratio was necessary
to calculate the thickness and uniformity of the reacted
Feg 5LiFo+Fe? overlayer. Hence, the Fe?:FeF, ratio (R)
was analyzed after each lithium exposure. Figure 5 shows
the evolution of R the as a function of emission angle af-
ter 5 minutes (a) and 35 minutes (b) of total lithium
exposure. The solid and dashed lines represent fits to
these data based on a model described below.

For both 5 minute and 35 minute Li exposures, the
value of R (shown as black dots in Figure 5) increases as a
function of 0, again consistent with an overlayer of Fe and
Feg5LiFs on the FeF5 substrate. The error bars shown
were calculated from the residuals of the Fe 2p fit and do
not account for the uncertainty caused by variations in
the position/shape of the x-ray beam spot as the sample
was tilted. For the 5 minute exposure, shown in Figure
5(a), the fit to the data (solid red line) was obtained
from Equation 2 by considering a uniformly thick reacted
overlayer consisting of stoichiometric amounts of Fe and
Feo,g,LiFQ.

Physical Chemistry Chemical Physics

The ARXPS model assumed that the number of photo-
electrons passing through each species was proportional
to the specific volume of that species. This is mathe-
matically equivalent to dividing the overlayer vertically
into discrete regions of Fey sLiFs and Fe, as illustrated in
Figure 6(a). For small overlayer thicknesses (d < 5nm),
this approximation should be accurate since the typical
dimensions of the Fe nanoparticles are expected to be
between 2-5nm.% 112 Consequently, the particles should
extend from the sample surface to the reaction inter-
face, as shown in Figure 6(b). Hence, the agreement be-
tween the data and the uniformly thick overlayer model
(r? = 0.958) suggests that the conversion reaction front
was planar for 5 minutes of lithium exposure. The re-
acted overlayer thickness is estimated to be 0.5+ 0.1 nm,
which is consistent with the conversion of about one bi-
layer of FeFs. The reaction front remains uniform for
overlayer thicknesses up to 1.2 + 0.1 nm. More informa-
tion about the ARXPS model for this and subsequent
lithium exposures is presented in Section SIV of the Sup-
plemental Material.

Figure 5(b) shows the R(0, d) curve (black data points)
obtained after 35 minutes of total Li exposure, and two
fits based on Equation 2 assuming a uniformly thick re-
acted overlayer (solid red line) and a reacted overlayer
with non-uniform thickness (dashed red line). The model
with a non-uniform overlayer thickness agrees well with
the data (72 = 0.978) and is described in more detail be-
low. For this and subsequent Li exposures, the reaction
model was modified to account for a non-planar interface
between reacted and unreacted materials, as shown in
Figure 6(c). The best agreement between the measured
and predicted R(6,d) curves was obtained for models in
which (87+2)% of the reaction front area proceeded to a
depth of D = 3.8+0.3 nm, while the remaining (13+2)%
remained at a depth of d = 1.2+ 0.1 nm, as shown in the
idealized and realistic models in Figure 6(a) and (b) re-
spectively. In other words, (13 4+ 2)% of the near-surface
FeF; remained unreacted after the reaction front pro-
ceeded beyond 1.2 nm into the film. Again, this variation
in the reacted overlayer thickness is consistent with MD
simulations.!!

Figure 7 shows the linearized R(f, d) plots, which were
constructed from the approximation shown in Equation
4. By plotting In(1 + R/R>) vs. secd, the curves that
correspond to uniform reacted overlayers should appear
as straight lines whose slopes are proportional to the
overlayer thickness and whose (artificially extrapolated)
y-intercepts are at the origin.

Using this simple method of analysis provides an intu-
itive explanation of the relationship between the R(6,d)
curves and the diagrams in Figure 6. The values of d,
D, and the percentage of unreacted FeFs covered by a
thin overlayer are summarized in Table I. For small Li
exposures (overlayer thicknesses less than ~ 1.2 nm), the
reaction front proceeds uniformly through the film. Con-
sequently, the data corresponding to 5 minutes (0.5 nm)
and 15 minutes (1.2nm) of total Li exposure are well-fit
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FIG. 4: (a) Evolution of the normal emission Fe 2p XPS spectra from FeF2(110) before and after sequential Li exposures. (b)
Angular dependence of the Fe 2p spectrum after 35 minutes of total Li exposure. The spectra have been normalized by height

in order to accentuate the differences between their lineshapes.
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FIG. 5: The Fe®:FeF, ratio (R) versus electron emission an-
gle after 5 minutes (a) and 35 minutes (b) of total lithium
exposure. The solid (dashed) curves are fits based on models
with reacted overlayers of uniform (variable) thickness.

by R(0,d) curves derived from uniformly thick overlayer
models (shown as solid red lines). For greater overlayer
thicknesses, the reaction front becomes non-planar, and
hence the curves corresponding to > 25 minutes (2.5 nm
and thicker) are not well fit by uniformly thick overlayer
models, but instead by models with non-uniform overlay-

ers (dashed red lines). When the reaction front proceeds
deeper than the escape depth of the Fe 2p photoelec-
trons (D > 10 nm), the film appears as a mixture of Fe,
Feg 5LiF5, and unreacted FeFs. At these large lithium
exposures, the XPS data no longer varies with emission
angle, and hence no information can be garnered about
the depth of the reaction front. However, the amount
of unreacted FeFs is observed to slowly decrease from
(13 £ 2)% to (8 £ 1)%, as seen by the increase in the
Fe:FeFy ratio between the > 12nm and > 20nm curves
in Figure 7. For these R(f, d) curves, the low intensity of
the FeFy component in the Fe 2p spectra causes a large
uncertainty in the value of R. However, the position and
shape of the x-ray beam on the sample also contributed
to the error, which likely caused the R values for the 0°
data points to differ significantly from the R(0,d) fits.
Despite the low coefficient of determination for the 160
minute data (r? = 0.322), the consistent increase in the
R values indicates a reduction of FeF5 in the near-surface
region.

These ARXPS results show that the progression of the
conversion reaction into the FeF3(110) surface occurs in
three distinct phases. At low lithium exposures the reac-
tion front is planar, and hence the reacted region forms
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FIG. 6: Idealized models used to simulate ARXPS peak inten-
siy ratios for the Fe® 4 Fe,Liz_2,F2 overlayer produced when
an FeF>(110) surface reacts with atomic lithium for overlayer
thicknesses (a) < 2nm and (¢) > 2nm. Corresponding realis-
tic models, based on TEM and MRI data,>%° for overlayers
of thickness (b) < 2nm and (d) > 2nm.
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FIG. 7: Linearized R(6,d) plots for several different Li expo-
sures. Solid red lines correspond to fits assuming a uniformly
thick reacted overlayer (cf., Figs. 6(a) and 6(b)), while dashed
lines correspond to fits assuming overlayers with non-uniform
thickness (cf., Figs. 6(c) and 6(d)). The quality of each fit is
given in Table I.

a uniformly thick overlayer on the FeF2(110) substrate.

Physical Chemistry Chemical Physics

7
Li Exposure| d (nm) | D (nm) |% Thin Layer| r°

5 min 0.5£0.1{0.5+0.1 < 2% 0.958
15 min 1.24+0.1{1.2£0.1 < 5% 0.938
25 min  |1.2+£0.2{2.5+0.3 13 £ 2% 0.955
35 min 1.2+0.2|13.8+0.3 13 £2% 0.978
40 min 1.2+£0.2/4.8+04 13+ 2% 0.938
45 min 1.24+0.215.5£0.5 12 + 2% 0.979
60 min |1.2+£0.2|7.5+0.7 13 £ 2% 0.907
100 min |1.24+0.2| > 12 10+ 1% 0.800
160 min |1.2£0.2| > 20 8+ 1% 0.322

TABLE I: Summary of the reaction front depth and homo-
geneity for several different Li exposures, where d is the thick-
ness of the homogeneous surface layer, D is the total pene-
tration depth of the conversion reaction, and % Thin Layer is
the percentage of the surface occupied by the thinner reacted
overlayer and is a measure of the amount of unreacted FeF»
remaining in the near-surface region. The quality of the fit
for each lithiation step is given by r2.

This is consistent with MD simulations,!! and can be
understood intuitively since the [110] channels into the
FeF2(110) film have a high kinetic barrier for Li trans-
port which prevent lithium diffusion directly into the bulk
of the film. Consequently, reaction front remains planar
until the reacted overlayer reaches a thickness of ~ 1.2
nm. Upon further lithium exposures, the reacted over-
layer thickness becomes non-uniform and can be modeled
by a thick (> 2.5nm) Fe®/Feq 5LiFy overlayer occupy-
ing ~ 87% of the FeFy surface, while the remainder of
the overlayer remains ~ 1.2 nm thick. This can also be
interpreted as 13% of the near-surface FeFy remaining
unreacted. One possible mechanism causing this non-
planar reaction front is preferential Li diffusion along the
Fe® /Feq 5LiF5 interfaces, resulting in localized regions in
which Li is able to reach the underlying FeFs and react.
Lastly, when the reacted overlayer becomes thicker than
~ 7.5 nm, the percentage of unreacted FeF5 is observed to
decrease from 13% to 8% upon further lithium exposures.
The persistence of these unreacted FeFs regions suggest
that the FeF5 becomes trapped within the Fey 5LiFs ma-
trix. This loss of active cathode material could partially
explain the capacity losses observed in cycled FeFs cells.

IV. CONCLUSION

Epitaxial FeF5(110) thin films were exposed to atomic
Li in an ultra-high vacuum environment as a solid state
analogue for the discharge of FeF5 conversion batteries.
Chemical state analysis using XPS showed the presence
of an iron compound identified as Feg 5LiF5, which agrees
with pair distribution function and XPS measurements
of electrochemically cycled FeF electrodes.* ARXPS of
the lithiated FeFy showed that the reaction initially pro-
ceeded in a layer-by-layer manner. This is attributed to
the low diffusivity of lithium into FeFs [110] channels.
When the reacted region became thicker than 1.2 nm,
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grain boundaries between the metallic Fe® and Feg 5LiFs
facilitated preferential Li diffusion into the film, leading
to a non-planar reaction front and hence regions of unre-
acted FeF5, in agreement with MD simulations.'!

This work shows that the FeF5(110) crystalline face is
reactive with Li despite the high kinetic barrier for Li dif-
fusion directly into the crystal. However, the incomplete
reduction of FeFsy in the near surface regions suggests
that FeFy might become trapped in the Fey ;LiF; ma-
trix that forms upon lithiation. This could lead to a loss
of active conversion material and hence a loss in capacity
upon cycling as seen in FeFy conversion materials. Ad-
ditionally, the formation of Fegy 5LiFy prevents iron ions
in the cathode from being fully reduced upon lithium ex-
posure, further diminishing the charge storage capacity
of FeF5 electrodes.

In order to gain more insight into the reactivity of
FeF'5, additional ARXPS studies will be performed on the
FeF2(001) surface. A thorough characterization of the
Fey 5LiFy compound with TEM to determine its struc-
ture and location in lithiated FeFs will be crucial in de-
veloping a complete understanding of the Li-FeFy reac-
tion. Additionally, a comprehensive study of the effect
of Li exposure rate would shed light on the nature of
the kinetic limitations of the Li-FeF, reactions. Lastly,
the use of thin FeFs films on conducting substrates could
also allow for scanning tunneling microscopy imaging of
the FeFy surface after small Li exposures. This would
further elucidate the mechanism by which Li reacts with
both the (110) and (001) surfaces.

Associated Content

More information about the identification of the
Feg 5LiFy XPS component and the model used to gen-
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erate R(0,d) curves is reported in the Supporting Infor-
mation. XPS spectra from electrochemically cycled FeFq
cathodes and from lithiated iron oxide powders are also
presented.
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