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Enabling Conversion-Type Iron Fluoride Cathode

by Halide-Based Solid Electrolyte

Bowen Shao, Sha Tan, Yonglin Huang, Lifu Zhang, Jian Shi, Xiao-Qing Yang,

Enyuan Hu,* and Fudong Han*

The practical application of low-cost and energy-dense iron fluoride cathodes
is hindered by the first cycle electrochemical irreversibility, cycling instability,
and large voltage hysteresis. Here, it is reported that these challenges may
be overcome by the utilization of halide-based solid electrolytes (SEs). The
excellent electrochemical stability of halide-based SEs enables a complete
conversion and deconversion of FeF, that cannot be achieved with sulfide-
based SEs. Due to restricted and reversible decomposition of SE, preven-
tion of Fe dissolution, mechanical confinement of active material, as well as
improved electrode kinetics, solid-state FeF, cathode with halide-based SE
demonstrates superior electrochemical performance compared with FeF,
electrodes in liquid electrolytes, with a high 1st cycle coulombic efficiency
(=100%), high specific capacity (~600 mAh g~'), long cycle life (>100 cycles),
and high-rate performance (up to 2 C). The results suggest solidifying the
batteries is a viable approach to addressing the long-standing key challenges

extremely low-cost materials (e.g., iron:
=0.1 US$ kg™!), are representative exam-
ples that yield very high specific capaci-
ties at attractive voltages.> 4 Tt should
be noted that while sulfur as a conver-
sion-type cathode has already been used
in the batteries for unmanned air vehi-
cles,®! FeF, offers a higher volumetric
capacity (2002 mA h cm™3) than sulfur
(1935 mA h cm™) at a slightly higher theo-
retical potential and both fluorine and iron
are more abundant in the Earth's crust
than sulfur.l!

Despite the great promise of storing
two to three times more energy per given
unit mass than the conventional cath-
odes, the practical application of iron

of iron fluoride cathodes.

1. Introduction

There is an intense interest in revitalizing the conversion-
type cathode for lithium-ion batteries because (i) it offers the
potential to provide the highest energy density for powering
next-generation electric vehicles and all-electric passenger air-
craft,'™! and (ii) it eliminates the utilization of scarce, expen-
sive, and toxic transition metals such as cobalt and nickel that
are indispensable elements in the state-of-the-art layered-oxide
cathode materials."™ Among the conversion-type cathodes,
iron fluorides, namely FeF, or FeF;, which are made from
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fluoride cathodes has been hindered by

multiple challenges. Due to the irrevers-

ible electrolyte decomposition and incom-

plete re-conversion,?l a low coulombic
efficiency (<80%) can be observed for the first cycle.>?] The
cycling instability of iron fluoride cathodes is also observed
due to mechanical failure (e.g., displacement of active particles,
particle decohesion, and pulverization) and chemical degra-
dations (dissolution of transition metal in the electrolyte, and
continuous formation of solid electrolyte interphase).l#”%]
Previous studies commonly demonstrate only a few cycles
(20-50) or exhibit apparent capacity decay within 100 cycles./%’]
The capacity decay seems to be worse at elevated temperatures
due to the enhanced degradations.”! Moreover, a large voltage
hysteresis (from several hundred mV to 2 V) can usually be
observed for iron fluoride cathodes during charge and dis-
charge, leading to a low round-trip efficiency.i+>242829] All these
obstacles should be overcome if this class of materials is ever to
become viable for practical applications.

Here we propose that the intrinsic limitations of iron fluo-
ride cathodes may be addressed by using solid electrolytes (SEs)
(Figure 1). Even though the thermodynamic electrochemical
stability of many SEs is limited,**32 due to restricted contact
between SE and active material/carbon additives, the decompo-
sition of SE is expected to be less severe than that in the liquid-
electrolyte based batteries.23334 Due to the non-flowable and
non-infiltrative feature of SE, the formation of solid electro-
lyte interphase (SEI) in solid-state batteries is also expected to
be less dynamic (i.e., are frozen at the solid-solid interface)3!
than that in the liquid electrolytes and therefore the utiliza-
tion of SE can effectively improve the coulombic efficiencies
during charge/discharge cycles by minimizing the need to

(10f12) © 2022 Wiley-VCH GmbH
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Figure 1. Overcoming key challenges of conversion-type cathodes by solid electrolytes. A) The key challenges in the conventional conversion-type
cathodes in liquid-electrolyte-based batteries: cathode active material dissolution, cathode particle displacement, continuous CEIl formation, and slug-
gish conversion and reconversion. B) The utilization of solid electrolytes prevents transition metal ion dissolution, enables self-limiting CEl formation,
provides a mechanically confined environment for cathode particles, and improves electrode kinetics due to the elimination of concentration polariza-

tion and the high concentration of Li ions in the electrolyte.

continually re-form part of the SEI, especially at the surfaces
of newly formed cracks or voids within the electrode. More-
over, the decomposition of many SEs (e.g., sulfide-based SEs)
is reversible and therefore does not contribute to the irrevers-
ible capacity of the electrodes.’3°1 All of these are helpful in
improving the electrochemical reversibility of the electrodes.
Utilizing SEs with iron fluoride cathodes could also improve
the cycle life based on the following reasons. First, the above-
mentioned factors that can lead to increases in the coulombic
efficiency during charge/discharge cycles will also help improve
the cycling stability. Second, the dense electrode composite with
SE and carbon as confinements helps mitigate the displace-
ment of active material, thus improving its structural stability
during long-term cycling. Furthermore, the utilization of SE
eliminates the capacity loss due to the dissolution of Fe in the
electrolyte.®?] While the voltage hysteresis of conversion-type
cathodes is heavily related to the intrinsic properties of the elec-
trode material itself, it has been reported that electrolyte opti-
mization can be used as an effective way to reduce the voltage
hysteresis.[®® Since it has been widely reported that the voltage
hysteresis for conversion-type electrodes is kinetic rather than
thermodynamic in nature,2#229 the excellent attributes of
SEs can help improve battery kinetics due to i) elimination
of concentration polarization and solvation/de-solvation pro-
cesses,313% ii) higher conductivity of some SEs than liquid
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electrolytes,?” and iii) higher concentration of Li ion per unit
volume in the electrolyte.3®] The excellent thermal stability of
SEs also enables battery operation at an elevated temperature
if needed to further lower the voltage hysteresis. In addition,
ternary metal fluorides (Cu,Fe;_F,)*¥ and Co and O co-substi-
tuted iron fluorides® have been demonstrated to exhibit very
low-voltage hysteresis during charge/discharge cycles, the uti-
lization of SEs could also improve their electrochemical perfor-
mances by preventing dissolutions of Cul*® and Col*>* in the
electrolyte.

As a proof of concept of using SEs to address the key chal-
lenges of conversion-type iron fluoride cathodes, here we
demonstrate the electrochemical behaviors of FeF, cathode in
solid-state batteries. Two representative SEs, amorphous 75Li,S-
25P,Ss (LPS) and glass-ceramic Li;YClg (LYC), for the sulfide-
and halide-based conductors, respectively, are used in this
study."*8 The electrochemical characteristics of FeF, in LPS
SE exhibit drastic deviations from that in the liquid electrolyte
batteries. Detailed characterizations by ex situ X-ray diffrac-
tion (XRD) and X-ray absorption spectroscopy (XAS) revealed
that irreversible transformation from FeF, to FeS occurs when
testing FeF, in the sulfide-based SE. Changing the SE to
halide-based materials has been shown to enable a complete
conversion and reconversion of FeF,, with a specific capacity
=600 mA h g' at 0.1 C at an average potential of =2.6 V. We

© 2022 Wiley-VCH GmbH
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further demonstrate amorphization of the FeF,-LYC composite
as an effective approach to further improve the electrochemical
performance of FeF, in halide-based SEs. The amorphous FeF,-
LYC cathode exhibited a superior electrochemical performance
compared with FeF, cathodes tested in liquid electrolytes. To
the best of our knowledge, this is the first report on the investi-
gation of iron fluoride cathodes with inorganic SE.

2. Results and Discussion

2.1. Galvanostatic Profiles and Structural Evolution during
Charge and Discharge

The electrochemical properties of FeF, were evaluated in a lab-
scale solid-state cell using a composite consisting of FeF,, LPS
or LYC, and vapor-grown carbon fiber (VGCF) as the cathode,
LYC, or LPS as the SE and Li-In alloy as the anode. The par-
ticle size of FeF, was first reduced to nanoscale by ball milling
(Figure S1, Supporting Information), and the FeF, nanoparticles
were then further ball-milled with SE and VGCF with the aim to
achieve a uniform distribution of FeF,, SE, and VGCF, although
micron-sized regions that corresponds to FeF, and carbon can

be observed in the ball-milled FeF,-LPS and FeF,-LYC cathode
composites (Figure S2, Supporting Information). Figure 2A
shows the charge/discharge curves of FeF, cathodes in LPS.
Surprisingly, FeF, shows distinct electrochemical behavior in
LPS compared with that in the liquid electrolyte.>*5% Two
sloping plateaus at round 2.0 and 1.5 V can be observed for the
first discharge process, while the first charge profile shows only
one plateau of =2.1 V. For the subsequent cycles, the charge—
discharge curves show one sloping plateau at = 2.2 V for charge
and one sloping plateau at =~1.8 V for discharge. The average
potential is much lower than the theoretical potential of FeF,
(2.6 V), implying the irreversible transformation of FeF, during
the first discharge process. The large deviation from the elec-
trochemical behavior of FeF, cathode is also supported by the
fact that the delivered capacity (<1200 mA h g™ for the first dis-
charge and = 900 mA h g! for the first charge) is much higher
than the theoretical value (571 mA h g™). It is likely that the
SE, namely LPS, in the cathode composite largely participates
in the redox reaction. The reversible decomposition of sulfide
electrolytes has been reported in many previous works?*>! and
is also supported by the large capacity of the cathode consisting
of VGCF and LPS (Figure S3A,C, Supporting Information).
The electrochemical behavior of FeF, in lithium argyrodite
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Figure 2. Galvanostatic charge/discharge profiles and structural evolution of FeF, cathode composite. Charge/discharge profiles of A) FeF,-LPS and
B) FeF,-LYC for the first three cycles at 0.1 C and 60 °C. Ex situ XRD patterns of C) FeF,-LPS and D) FeF,-LYC.
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LigPSsCl SE are very similar to those tested in LPS (Figure S4,
Supporting Information), suggesting that the irreversible trans-
formation of FeF, seems to be universal in sulfide-based SEs.

On the other hand, the electrode reactions of FeF, in LYC
SEs occur at much higher potentials. Two sloping plateaus at
2.1 and 1.9 V can be observed for the first discharge process
and the first charge process shows two plateaus at 2.4 and 3.4V,
respectively, leading to an average voltage close to the theoret-
ical potential of FeF, (2.6 V).’2l The initial discharge capacity
(=600 mA h g) is a little higher than the theoretical capacity of
FeF,, indicative of slight decomposition of LYC (Figure S3B,D,
Supporting Information). The reversible decomposition of LYC
also leads to a higher capacity for the first charging process
(=640 mA h g!), resulting in a high coulombic efficiency for
the 1st cycle (=<106%). The higher-than-100% coulombic effi-
ciency for the first cycle indicates that the LYC SEs can serve
as a prelithiation agent that can provide additional Li for the
cathode.*** The coulombic efficiency reaches >97% for the
second and third cycles. Compared with the electrochemical
behavior of FeF, in liquid electrolytes,*>>% the electrode reac-
tions of FeF, in LYC occur at similar voltage but with a higher
specific capacity and a higher coulombic efficiency.

To understand the structural evolution of FeF, cathode in
different SEs, the XRD patterns of the cathode composites at
different states of charge were collected (Figure 2C,D). The
diffraction patterns of each component of the cathode com-
posites including amorphous LPS, glass-ceramic LYC, and the
nanocrystalline FeF,, are included in the supplementary infor-
mation (Figure S5, Supporting Information). While the main
peaks of the diffraction pattern of as-prepared FeF,-LPS cathode
composite can be ascribed to FeF,, the peaks at 45° and 66° are
likely attributed to LiF (Figure S5A, Supporting Information).
The existence of LiF indicates the chemical reactions between
FeF, and LPS even during the ball-milling process to synthesize
the cathode composite. The XRD pattern of as-prepared FeF,-
LYC cathode composite shows no other phases except for FeF,
and LYC (Figure S5B, Supporting Information), suggesting the
chemical stability between FeF, and LYC during synthesis.

During the first discharge of FeF,-LPS cathode, the Bragg
peaks for FeF, diminish and the peaks for LiF and Fe appear
(Figure 2C). At the end of discharge (point 5 shown in
Figure 2C), only the peaks for LiF and Fe can be observed. The
peaks for LiF and Fe remain during the subsequent charging
process, and more importantly, no peaks for FeF, can be
observed during the subsequent charging process (Figure 2C).
The remaining peaks for Fe and LiF and the disappearance of
FeF, after charging indicate significant changes occur in the
redox behavior of the FeF,-LPS cathode after the first discharge.
The ex situ XRD results are also consistent with the abnormal
electrochemical characteristic of FeF,-LPS shown in Figure 2A.

For the FeF,-LYC cathode, the Bragg peaks of Fe appear with
the increase of the depth of discharge (Figure 2D), suggesting
the conversion of FeF, to Fe and LiF, even though the Bragg
peaks for LiF cannot be clearly distinguished due to overlap-
ping with the peaks of LYC and Fe. Additional peaks at 30°, 35°,
and 50° appear during the initial discharge, and those peaks
can be attributed to LiCl, indicating that LYC also participate
in the redox reaction. During charge, the intensity of Fe peaks
gradually decreases and the diffraction peaks of FeF, gradually
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increase, as can be clearly seen from its peak at 27° (Figure 2D).
The formation of FeF, confirms successful reconversion to
FeF, during charging. The intensity of the peaks corresponding
to LiCl decrease at the end of charging process and no LiCl can
be observed at the end of the first charging process.

The ex situ XRD results show distinctly different behavior of
FeF, cathode in different SEs. With LPS SE, significant change
in the reaction mechanism of FeF, after the first discharge. The
remaining XRD peaks for Fe and LiF after charging indicates
that the high specific capacity (=900 mA h g™) during charge
cannot be attributed to the reconversion process of FeF,. On
the other hand, the utilization of LYC SE can enable a complete
conversion and reconversion process of FeF,, although LYC
also participated the redox reaction at the high voltages as indi-
cated by the appearance and disappearance of LiCL

2.2. Evolution of Fe during Charge and Discharge

To further understand the mechanism of the electrolyte-
dependent conversion reaction of FeF,, we resort to XAS to
directly probe the evolution of Fe in the bulk electrodes. Fe K-
edge XAS spectra were collected for electrodes at various states
of charge during the first cycle (Figure 3). The change in Fe
oxidization state was monitored by X-ray absorption near-edge
structure (XANES) (Figure 3A,C) and the local structure was
revealed by extended X-ray absorption fine structure (EXAFS)
(Figure 3B,D). The relative mole fraction of different Fe species
was also estimated by linear combination fitting analysis (LCA)
and the fitting results are included in Figure S6 (Supporting
Information). It should be noted that the accuracy of the LCA
fitting highly depends on the number of fitting compounds and
the features of fitting spectra, and therefore the fitting results
can only be used as a rough estimate for the relative contents
of the species.’>> The absorption edge of the XANES spectra
of as-prepared FeF,-LPS shifted to lower energies and pre-edge
features corresponding to FeS can be observed, indicating
the co-existence of FeF, and FeS in the as-prepared FeF,-LPS
cathode. The formation of FeS during electrode synthesis is
also supported by the Auger mapping in the as-prepared FeF,-
LPS cathode composite where a micron-sized region that is
rich in Fe and S but poor in F can be observed (Figure S7, Sup-
porting Information). The formation of FeS further confirms
the reaction between FeF, and LPS during the ball-milling syn-
thesis process. Combining with the XRD results (Figure S5A,
Supporting Information), it can be concluded that the reaction
between FeF, and LPS leads to the formation of FeS and LiF.
The absence of diffraction peaks of FeS is likely due to its small
size or low crystallinity. The XANES and EXAFS spectra of as-
prepared FeF,-LYC shows very similar feature as the spectra of
FeF, standard sample, indicative of the stability between FeF,
and LYC during synthesis.

During discharge of FeF,-LPS cathode, both FeF, and FeS in
the FeF,-LPS cathode convert to Fe as suggested by the rising
feature at low incident energy between 7110 and 7115 eV. The
conversion of FeS to Fe is also consistent with the electro-
chemistry data that show redox behavior deviates significantly
from typical FeF, conversion reactions (Figure 2A). During
charge, the absorption edge of XANES spectra shifted to higher

© 2022 Wiley-VCH GmbH
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Figure 3. Ex situ XAS of Fe. Near-edge XAS spectra (XANES) for the Fe K-edge XAS results of A) FeF,-LPS and C) FeF,-LYC. Cutoff voltage has been
labeled in the galvanostatic profiles with the corresponding colors. Fourier transformation of extended X-ray absorption fine structure (EXAFS) for the

Fe K-edge of B) FeF,-LPS and D) FeF,-LYC.

energies, corresponding to the oxidization of Fe. Surprisingly,
FeS, instead of FeF,, seems to be the dominant phase in the
fully charged sample (Figure 3B; Figure S8A, Supporting
Information). A rough estimation from the LCA fitting result
(Figure S6, Supporting Information) suggests that the relative
molar fraction of FeS is >70% in the fully charged sample. The
absence of FeS in the XRD results of the fully charged sample
is probably due to the small size or low crystallinity. The re-
conversion of the FeF,~LPS cathode to FeS during the charging
process explains the low electrode potential as the theoretical
potential of FeS is 1.76 V (Figure 2A).5? Since the theoretical
capacity of FeS (610 mA h g™!) is much lower than the observed
charging capacity, oxidization of P and S in the LPS are also
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involved in the redox process. The reduction and oxidization
of P and S are further supported by XPS spectra of P 2p and
S 2p after discharge and charge (Figure S9, Supporting Infor-
mation). While we mainly studied the evolutions for the first
charging process, the same reactions are also expected to occur
during the subsequent charging process as the charge profile
remains almost identical for the 2nd and 3rd cycle (Figure 2A).

During discharge of the FeF,-LYC cathode, the absorption
edge of XANES spectra shifts to low incident energy, =7110 eV,
corresponding to the reduction of Fe. The increase of the
characteristic Fe peak (Fe—Fe, first shell) and the decrease of
the characteristic FeF, peak (Fe—F, first shell) in the EXAFS
results (Figure 3D) suggest the formation of Fe through

© 2022 Wiley-VCH GmbH
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electrochemical reduction. During charge, the XANES edge
shifts back to higher incident energy as a result of oxidization.
Interestingly, all the spectra except the fully charged one share
a common point at =7121 eV. Such isosbestic point indicated by
the arrow in Figure 3C suggests that reaction proceeds in a two-
phase fashion up to 2.9 V. Correlating with the EXAFS results
(Figure 3D), a gradual reconversion process from Fe to FeF,
occurs during the initial charging process. Further charging
to a high voltage (4 V at point 5) leads to oxidation of Fe?* to
Fe’'. To identify the possible oxidization product at high volt-
ages, we compared the XANES spectra of the fully charged elec-
trode with the reference spectra of FeF; and FeCl; (Figure S8B,
Supporting Information). It can be seen that the spectrum of
the fully charged sample is similar to that of FeCl; near the
rising edge, and therefore the high voltage plateau during the
charging process is considered to correspond to the formation
of FeCls-like compounds and this statement is also supported
by the disappearance of LiCl in the XRD results at the end of
charging process. Slight reduction and oxidization of LYC, or
more specifically Y, might also occur during the charge and
discharge process of FeF,-LYC, as indicated by the XPS results
(Figure S9, Supporting Information), but the contribution from
the reversible electrolyte decomposition is much smaller than
that in the FeF,-LPS because of the superior anodic stability of
halide-based electrolyte (Figure S3, Supporting Information).*?!

Based on the results from ex situ XRD and XAS, the pos-
sible reaction mechanisms of the cathodes are summarized.
For FeF,-LPS cathode, the two sloping plateaus at 2.1 and 1.9 V
during the initial discharge are caused by the conversion of
FeF, and FeS (formed during ball-mill synthesis of FeF,-LPS),
respectively. The reduction of LPS solid electrolyte also occurs
during the first discharge process since the observed capacity
is much higher than the theoretical capacity of FeF, and FeS.
The sloping plateau at 2.1 V during the initial charging process
can be attributed to the reconversion from Li,S and Fe to FeS as
well as the oxidation of P and S in the LPS, and these redox cou-
ples remain for the subsequent charge and discharge processes.
For FeF,-LYC cathode, the two sloping plateaus at 2.1 and 1.9 V
during the initial discharging process can be attributed to the
slight reduction of LYC and the conversion of FeF, to Fe and
LiF, respectively. During charge, Fe and LiF will be reconverted
back to FeF, and this process leads to the plateau at 2.4 V, and
the high voltage plateau observed during the charging process
at 3.4 V is caused by further oxidization of Fe?* to FeCl; For the
2nd discharge process, FeCl; will first be reduced, followed by
the conversion of FeF, to Fe and LiF, and a reverse process, i.e.,
the reconversion of FeF, and oxidization Fe?* to FeCls, occurs
during the subsequent charging.

2.3. Electrochemical Characterization of Crystalline
and Amorphous FeF, Cathodes

We have thus far shown that the utilization of LYC SE can effec-
tively improve the electrochemical reversibility as well as enable
a complete conversion and reconversion of FeF, cathode during
the charge and discharge processes. Even without sophisti-
cated structural engineering, the FeF,-LYC cathode composite
consisting of crystalline FeF,, glass—ceramic LYC, and carbon
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additive, already demonstrated a better cycling stability and
lower voltage hysteresis (especially for the first cycle) than FeF,
cathodes tested in liquid electrolytes (Figure S10, Supporting
Information).37:816.202349.57-59] Since micron-sized regions that
are rich in Fe and F are still observed in the cathode compos-
ites after 20 cycles (Figure S11, Supporting Information), fur-
ther enhancing the performance is still possible by achieving
a more uniform distribution of the components at nanoscale.
We then tried to further improve the electrochemical perfor-
mance of FeF,-LYC, by amorphizating it through high-energy
ball-milling, as amorphous transition metal sulfide cathodes
have been reported to exhibit enhanced kinetics and cycling
stability compared with the crystalline ones.[®*%3 No apparent
diffraction peaks, except for the sealing cover used to protect
the sample during characterization, can be observed in the
FeF,-LYC cathode after high-energy ball-milling (Figure 4A),
confirming the amorphous structure of the cathode. A uni-
form and nanoscale distribution of FeF,, IYC, and carbon
was achieved in the amorphous cathode based on the ele-
mental mapping results (Figure S12, Supporting Information).
Figure 4B,C compares the quasi-equilibrium potential of the
crystalline and amorphous FeF,-LYC cathode based on the gal-
vanostatic intermittent titration technique (GITT) tests. The
amorphous FeF,-LYC cathode shows similar plateaus at low
and high voltages as the crystalline cathode. Moreover, signif-
icant decreases in the overpotential at different SOCs can be
observed for the amorphous cathode, confirming that amorphi-
zation of FeF,-LYC can effectively improve the kinetics of the
electrode. Figure 4D,E shows the Nyquist plots of the crystal-
line and amorphous electrodes respectively. Three frequencies
(150 kHz, 100, and 10 Hz) were selected to show the evolution
of resistances at different SOCs. The high-frequency semicircle
(=150 kHz) is attributed to the ionic resistance in the bulk and
grain boundaries of the solid electrolyte. The semi-circle located
at around the mid-frequency of =100 Hz is mainly attributed
to the interfacial resistances. The tail appearing at a low fre-
quency (=10 Hz) corresponds to a Warburg region that can be
assigned to the solid-state diffusion of Li ions inside the elec-
trodes. Detailed fitting results of the Nyquist plots are shown in
Figure S13 (Supporting Information), where a smaller increase
in the interfacial resistance with SOC can be observed for the
amorphous FeF,-LYC cathode, consistent with the enhanced
kinetics of amorphous electrodes.

Figure 5A,B compares the charge—discharge curves of the
crystalline and amorphous FeF,-LYC cathode. The amorphous
cathode exhibits a lower overpotential than the crystalline one
at each rate. The rate performance of the amorphous composite
is higher than its crystalline counterpart, especially at a high
rate (Figure 5C). At 1 C rate the amorphous FeF,-LYC presents
a capacity of 390 mA h g, which is >50% higher than the
capacity of the crystalline electrode tested at the same condition.
Figure 5D compares the voltage hysteresis of the crystalline
and amorphous FeF,-LYC tested at a rate of 0.1 C at 60 °C. The
result shows the amorphization of the FeF,-LYC cathode can
further reduce the voltage hysteresis to =0.45 V (at 50% SOC)
at a rate of 0.1 C. Comparing the voltage hysteresis of FeF, with
the literature value in a rigorous way is impossible due to the
different testing conditions (e.g., current density, mass loading,
temperature, etc.), but 0.45 V is among the lowest for FeF,
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Figure 4. Quasi-equilibrium potential and impedance evolution of crystalline and amorphous FeF, cathode. A) Powder XRD pattern of amorphous
and crystalline FeF,-LYC composite. Broad rutile FeF, and glass-ceramic LYC peaks are apparent in the crystalline FeF,-LYC composite. No diffraction
peaks except the peak caused by the sealing cover are visible in the amorphous FeF,-LYC composite. Quasi-equilibrium potential of FeF, cathode
composite. Galvanostatic intermittent titration technique (GITT) measurement of B) crystalline FeF,-LYC, and C) amorphous FeF,-LYC. For the GITT
measurement, the cells were charged/discharged at 0.1 C for 0.5 h followed by a 10 h rest. The grey solid lines indicate the voltage profile of the initial
charge/discharge. The connected blue dash lines indicate the quasi-equilibrium potential at each normalized capacity. Impedance evolution of the D)
crystalline FeF,-LYC and E) amorphous FeF,-LYC during discharge and charge. Each EIS pattern is measured after a 10 h rest at every state of charge.

cathode reported to date.’7816:20.23:49.57-5 The quasi-equilib-
rium voltage hysteresis, i.e., the voltage hysteresis between the
equilibrium potentials for charge and discharge using GITT, of
amorphous FeF,-LYC is comparable with or even smaller than
that of the ternary metal fluorides and Co— and O— co-substi-
tuted iron fluorides (Figure S14, Supporting Information).’>24
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The excellent kinetics of the amorphous FeF,-LYC cathode
also enable its operation at room temperature with a decent
performance (Figure S15, Supporting Information). The excel-
lent rate performance of amorphous FeF,-LYC cathode is also
demonstrated by comparing with the previously reported iron
fluoride cathodes tested at both room temperature and elevated
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Figure 5. Electrochemical performance of crystalline and amorphous FeF,-LYC cathode composite. Charge/discharge curves of A) crystalline FeF,-
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(25734964 FY Comparison of the cycling

performance of amorphous FeF,-LYC cathode with the data reported in the literature.[2:57:823:49.5057.646% A|| the cells were tested at 60 °C unless specified.

temperatures (Figure 5E).[257849.64 [t should be noted that even
a thick SE (=1 mm) with a low ionic conductivity (=10~ S cm™)
was used in this work, the rate performance of amorphous
FeF,-LYC at room temperature is still comparable with FeF,
cathode tested in liquid electrolyte cells where a thin separator
(tens of microns) is typically used with highly conductive liquid
electrolyte (=102 S cm™). The results indicates that amorphi-
zation of the FeF,-LYC cathode composite can be used as an
effective way to improve its kinetics. The exact mechanisms for
the enhanced kinetics of the amorphous cathode need further
study but it may be related to the more uniform, nanoscale
distribution of FeF,, LYC, and VGCF (Figure S12, Supporting
Information) and the increase in the ionic conductivity of
amorphous LYC.[60-63]

In addition to the excellent kinetic performance, the amor-
phous FeF,-LYC cathode also exhibit great cycling performance,
and the specific capacity is =600 mA h g after 100 cycles when
testing at 0.1 C at 60 °C after 100 cycles (Figure SF). The cou-
lombic efficiency of the FeF,-LYC cathode kept at a value of
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higher than 99.7% during cycling (Figure S16, Supporting
Information). The excellent cycling stability of amorphous FeF,-
LYC cathode also make it one of the most cycling stable iron
fluoride cathodes reported to date (Figure 5F).[2:57:8:2349,50557.6465]
The superior cycling stability of the amorphous electrode was
also demonstrated when testing it at 0.1 C at room temperature,
minimal capacity decay can be observed when the cathode is
cycled for 200 times (Figure S15, Supporting Information).

Our work highlights the important effect of SE on the redox
behavior of iron fluoride. Irreversible transformation from
FeF, to FeS occurs in a sulfide-based SE after the first dis-
charge, while the utilization of chloride-based SE can enable
a complete conversion and reconversion of FeF,. The reac-
tion mechanisms of FeF, with different SEs can be rational-
ized by the difference in the electrode potential of iron com-
pounds. Based on a thermodynamic analysis,*? the theoretical
electrode potentials of iron fluorides (FeF,: 2.63 V and FeFj:
2.73 V) are higher than those of iron sulfides (FeS: 1.76 V and
FeS,: 1.87 V), but are comparable with or slightly lower than
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iron chlorides (FeCl,: 2.42 V and FeCls: 2.83 V). As has been
discussed, the discharge process of FeF,-LPS cathode involves
the conversion of FeF, and FeS as well as the reduction of LPS,
leading to the formation of Fe, LiF, Li,S, and P-containing
compounds with lower oxidization state of P at the end of
discharge. During the charge of FeF,-LPS cathode, the for-
mation of iron sulfides is thermodynamically more favorable
than that of iron fluorides. As long as there is sufficient Li,S,
which is likely the case in the FeF,-LPS cathode based on the
apparent decomposition of LPS, the reconversion from Fe
and Li,S to FeS will be the dominant reaction during charge.
Based on this, iron fluoride cathodes can hardly exhibit their
intrinsic redox behavior with sulfide-based SEs without signifi-
cant coating. Although the FeF,-LPS cathode delivers a higher
capacity and stable cycling at a low rate (Figure S4, Supporting
Information), its capacity is dominated by the redox reac-
tions associated with SE and therefore these performances are
heavily related to the SE (e.g., particle size, contacts with FeF,
and carbon, intrinsic electronic conductivity) and are very dif-
ficult to control in practical applications. The consumption of
too much SE in the cathode composite may also lead to kinetic
issue due to the impeded transport of Li ions in the cathode
composite. For FeF,-LYC cathode, although slight reduction
of LYC occurs with the conversion of FeF,, the formation of
FeCl, seems to be kinetically hindered. To our knowledge, the
utilization of FeCl, as a conversion cathode for typical Li-ion
batteries has not been reported. Therefore, a complete re-
conversion from Fe and LiF to FeF, can be achieved during
the subsequent charging process. Further charging to a higher
voltage of 4 V led to the formation of FeCl;s-like compound
due to the higher electrode potential of FeCl; and insufficient
LiF in the electrodes. More detailed insights about the reac-
tion mechanisms of FeF, with different SEs may be provided
by in situ characterizations® and/or computational study of
the phase equilibria at different voltage of the cathode and SE
composites.[18:66]

Although exceptional electrochemical performances of FeF,
cathode can be achieved by the utilization of LYC SE, which
validated the proposed hypothesis, the kinetic performance
of solid-state FeF, cathode still needs to be improved. The
voltage hysteresis of 0.45 V at a rate of 0.1 C at 60 °C is still
too high for its practical application. As the voltage hysteresis
of a conversion-type cathode is heavily related to the cathode
active material itself, further lowering the voltage hysteresis
is highly possible by integrating halide-based SE with cathode
active materials that demonstrate low voltage hysteresis such
as ternary metal fluoridesi?!l and Co— and O— substituted iron
fluoride.P! Further improvements in the ionic conductivity of
halide-based SE and in the effective ionic conductivity of the
cathode composite will also help improve the kinetics of the
electrode.*0%770 The extremely small quasi-equilibrium voltage
hysteresis observed from the GITT measurements (Figure S14,
Supporting Information) supports the feasibility to further
lowering the voltage hysteresis. It should be noted that solid-
state batteries have its own challenges in maintaining the inter-
facial contact between solid electrode and SE over long-term
charge/discharge cycles, especially for high-volume-change
electrodes.””?l Nevertheless, this challenge may be mitigated
by microstructure design, binder optimization and pressure
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control, as suggested by some recent works on cycling-stable
silicon anodes in solid-state batteries.”’]

3. Conclusion

In summary, we report that the key challenges including
electrochemical irreversibility, cycling instability, and slug-
gish kinetics of conversion-type iron fluoride cathodes could
be addressed by utilizing SEs. Through detailed characteriza-
tions of the electrodes at various SOCs, we highlight the sig-
nificant effect of SE compositions on the redox behavior of FeF,
cathode, and halide-based LYC was demonstrated to enable a
complete conversion and reconversion of FeF, that cannot
be achieved with sulfide-based LPS SE. Due to restricted and
reversible decomposition of LYC SE, prevention of transition
metal dissolution, mechanical confinement of active materials,
as well as improved kinetics, FeF, cathode demonstrated supe-
rior electrochemical performance in LYC SE compared with
that in the conventional liquid electrolytes. Amorphization of
the electrode was demonstrated to be an effective approach to
further improve the performance of FeF,-LYC cathode. We
expect the same concept of utilizing halide-based SEs can be
generalized to other conversion-type cathodes such as CuF,. We
hope our work could stimulate further research interest in the
long-standing, low-cost, low-toxicity, and energy-dense conver-
sion-type cathodes.

4. Experimental Section

Materials Synthesis: All chemicals were used as purchased without
further purification. Lithium sulfide (Li,S, 99.98%), phosphorous
pentasulfide (P,Sy, 99%), indium (99.99%), polytetrafluoroethylene
(PTFE), and carbon nanofibers (VGCF) were purchased from Sigma-
Aldrich. Lithium chloride (LiCl, 99.995%) and yttrium chloride (YCls,
99.9%) were purchased from Alfa Aesar. All handling of solids was
performed in the Argon-filled glovebox to prevent exposure to moisture
and oxygen.

Glass-ceramic LYC solid electrolyte was synthesized through high-
energy ball milling.*Jl The starting materials, LiCl and YCl;, were mixed
in the stoichiometric ratio and sealed in a ZrO, milling set. The mixture
was ball-milled at 510 rpm for 50 h. The LPS glass was synthesized using
the same ball-milling procedure but with different starting materials
of Li,S and P,Syg. LigPSsCl electrolyte was prepared through solid state
reaction method. The starting materials of Li,S, P,Sy, and LiCl were
mixed in the stoichiometric ratio using a ZrO, milling set at 110 rpm
for 6 h. The recovered powder was pelletized and sintered in a carbon-
coated quartz ampoule at 550 °C for 24 h.

To prepare the cathode composite, FeF, were heated at 120 °C under
vacuum overnight before sealed in a stainless-steel milling set. The
powder was ball-milled at 300 rpm for 3 h with a ball to material ratio
of sixty to reduce its particle size to nanometer scale. Nanosized FeF,
powder was then mixed with carbon nanofiber by mechanical milling
with VGCF in a stainless-steel milling set at 380 rpm for 10 h. The mixture
of FeF, and VGCF was then mixed with solid electrolyte (LYC, LPS, or
LigPSsCl) in the milling sets at 360 rpm for 1.5 h with a ball to material
ratio of sixty. For all cathode composite, the weight ratio of FeF,, VGCF,
and solid electrolyte was 4:2:4. Amorphization of the FeF,-LYC cathode
composite was achieved by ball-milling the cathode composite with
an increased ball to material ratio of 240. Hand-mixed samples were
prepared by grounding the ball-milled FeF,-VGCF nanocomposites with
SEs using a mortar and pestle for 15 min. To prepare free-standing FeF,
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cathode composite film, 2 wt.% of PTFE was added into the as-prepared
cathode composite powder through dry mixing using a mortar and
pestle. The obtained mixture was rolled into a film at 80 °C.

Materials Characterization: A Carl Zeiss Supra 55 FESEM was used
for the scanning electron microscopy and elemental mapping for the
cathode composite. In order to investigate the structural evolution with
cycling, cathode composites at different states of charge/discharge were
prepared by setting various cutoff voltages in a galvanostatic cycling test
at a rate of C/20. The all-solid-state electrodes were removed from the
Swagelok cells in the glovebox. The cathode layers were sealed in the
air-tight sample holder and transferred to XRD measurement. The XRD
measurement was done on a PanAlytical X'Pert Diffractometer using a
Cu Ko X-ray source from 15° to 70° 26, at a scan rate of 1.25 min~.

For XPS experiments, the fully charged/discharged samples were
prepared by galvanostatic cycling at a rate of C/20. The electrodes were
removed from the Swagelok cells and loaded on the XPS sample holders.
The pristine, fully charged, or discharged samples were transferred
on the holder with an air-tight transfer vial. The XPS characterization
was performed with the PHI Versaprobe XPS system (Al K-alpha X-ray
gun) at 53.6 W. Pass energy for survey (117.4 eV) and energy for detail
spectra (23.5 eV). All spectra were charge-referenced to the disordered
C 1s component at a binding energy of 284.8 eV. The XPS data were
processed using the open-access software XPSPEAK41.

The samples for ex situ XAS measurement were prepared by setting
different cutoff potentials in a galvanostatic cycling test at a rate of
C/20. The all-solid-state electrodes were removed from the Swagelok
cells and sealed in Kapton tapes in the glovebox. Reference spectra have
been recorded including Fe, FeF,, FeF;, FeS, FeS,, FeCl,, and FeCl;. The
Fe K-edge XAS spectra were measured in fluorescence mode at 7-BM
beamline (QAS) of National Synchrotron Light Source Il (NSLS 1),
Brookhaven National Laboratory (BNL). The data was analyzed using
the Athena software.”l

The ex situ AES mapping samples were densified into pellets and
the test was performed on the Auger Electron Spectroscope (Physical
Electronics) at the Nanoscale Characterization Core of RPI.

Electrochemical ~Characterization: All-solid-state FeF, cells were
assembled using a customized Swagelok cell. First, 80 mg of solid
electrolyte was filled into a polyether ether ketone (PEEK) housing with
an inner diameter of 10 mm and densified at a pressure of 100 MPa
for 3 min. Cathode composite of 5 mg was then loaded at one side of
the pellet and pressed at 350 MPa for 3 min. On the other side of the
pellet, Li-In alloy anode was attached at 300 MPa for 1 min. Two stainless
steel rods were applied as current collectors. To ensure the mechanical
contact for the charge carrier percolation, a stack pressure of =60 MPa
was applied using an external steel frame.

Galvanostatic cycling of the cell was carried out from 1.0 to 4.0 V
versus Li/Li* at different rates using Arbin or LAND battery testing
systems. The current densities for the rate performance test were
calculated based on the theoretical capacity of FeF, (1C=571mAh g™).
GITT was performed by applying an intermittent current at 0.1 C for
30 min followed by a 10 h rest. The impedance at different states of
charge was measured from 1.5 MHz to 1 Hz using a Gamry potentiostat.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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