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CHEMISTRY

Unlocking iron metal as a cathode for sustainable Li-ion
batteries by an anion solid solution

Mingliang Yu', Jing Wang?, Ming Lei3, Min Soo Jung'*, Zengqing Zhuo®, Yufei Yang®,
Xueli Zhen96’7, Sean Sandstrom’, Chunsheng Wangs, Wanli Yangs*, De-en Jiang3*,

Tongchao Liu2*, Xiulei Ji'*

Traditional cathode chemistry of Li-ion batteries relies on the transport of Li-ions within the solid structures, with
the transition metal ions and anions acting as the static components. Here, we demonstrate that a solid solution
of F~ and PO,>~ facilitates the reversible conversion of a fine mixture of iron powder, LiF, and LizPO, into iron salts.
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Notably, in its fully lithiated state, we use commercial iron metal powder in this cathode, departing from elec-
trodes that begin with iron salts, such as FeFs. Our results show that Fe-cations and anions of F~ and PO,>" act
as charge carriers in addition to Li-ions during the conversion from iron metal to a solid solution of iron salts.
This composite electrode delivers a reversible capacity of up to 368 mAh/g and a specific energy of 940 Wh/kg.
Our study underscores the potential of amorphous composites comprising lithium salts as high-energy battery

electrodes.

INTRODUCTION

A tremendous transition takes place to replace fossil fuels with Li-
ion batteries (LIBs) to power transportation (1). However, the LIBs
used in electric vehicles are unsustainable because they use cathodes
of Ni-rich layered metal oxides, i.e., LIMO,, such as LiNi,Co,AlO;
(NCA) and LiNi,Mn,Co,0, (NMC), that face the foreseeable short-
age of cobalt and nickel in the near future (2-6). The cathode ac-
counts for over 50% of the cell cost of LIBs (7); nevertheless, they
have reached the ceiling of the safety-allowed energy density (8, 9).
Therefore, it is pivotal to invent a sustainable cathode chemistry that
offers high energy density (10). In a typical LIB cell, Li-ions serve as
a charge carrier for the half-cell reactions at electrodes and the over-
all reaction of the full cell. At the half-cell level, Li-ions are incorpo-
rated or expelled by the electrodes for charge neutrality, and at the
full-cell level, Li-ions commute between the electrodes to achieve
the balance of charges and mass for the overall reaction. Neverthe-
less, progress in dual-ion batteries (DIBs) has demonstrated that
anions can charge-neutralize the operating electrodes (11, 12). In
DIBs, during battery charge, the cathode and anode glean anions
and cations, respectively, from the electrolyte. Unfortunately, the
fact that all ions are initially stored in the electrolyte renders the
energy density of DIBs low because of the limitation of the electro-
lyte volume and concentration (13-15). However, the most concen-
trated liquid electrolyte still has a lower Li concentration than that
in solid lithium salts. To promote energy density, such solid-state
salts can be finely mixed with the anion-hosting active mass of the
cathode. We refer to such an electrode as the lithium-salt-composite
(LSC) electrode, where the redox-active mass serves as the electron
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source and an anion host, and the lithium salt acts as the source of
ion charge carriers. In an LSC cathode, during charging, the lithium
salt dissociates Li-ions to migrate to the anode via the liquid electro-
lyte, where the counter anions transport locally to form ionic bonds
with the cathode host.

In the LSC cathodes, metals represent attractive electron sources
due to their large theoretical capacity values, low cost, and high den-
sity. Several examples of metal-based LSC cathodes have been re-
ported. Dahn and colleagues reported the chargeability of M/Li,O,
M/Li,S, and M/LiF composites, where M is a transition metal (16,
17). To date, LiF has been the default choice of lithium salt for LSC
electrodes that have Ti (18), Fe (19-22), Cu (23), Co (24), and metal
monoxides (25) as the electron source. The conversion of these met-
als to their metal fluorides is considered the “absorption” of fluoride
ions within the domains of nanocomposites (26) or thin films formed
by pulsed laser deposition (27), where both the electron source and
LiF are nanosized and intimately mixed. Notably, the electrochemi-
cal properties of such electrodes are widely attributed to the trans-
port of Li-ions and their storage through a conversion reaction at the
grain boundaries, where the anion transport receives meager atten-
tion (28). The challenges of LiF-based LSC electrodes are that they
exhibit a large potential hysteresis and a low discharge potential
(versus Li*/Li, and hereafter). To address the challenges, strategies
usually focused on tuning the metal side, such as doping iron with
another metal, e.g., Ni or Cu, to promote the “splitting” of LiF (29,
30). Of note, the choice of fluoride in such electrodes is rarely chal-
lenged. Most research has been devoted to the conversion of metal
compounds with a single anion, suffering a large charge-discharge
hysteresis (31-34). Recently, Wang and colleagues reported an LSC
cathode that consists of micrometer-sized graphite and solid LiCl
and LiBr. This electrode benefits from the slight solubility of the ha-
lide salts in the electrolyte, which confers the transport of halides and
their intercalation into graphite galleries (35). Despite the tremen-
dous progress made, basic questions have yet to be addressed: Can
one use submicrometer iron particles in the LSC cathode, and can
the anion environment be designed to activate the iron active mass?

Here, we report the formation of an LSC electrode comprising
iron and a solid solution of amorphous lithium fluoride and lithium
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phosphate. Compared with the composites consisting of iron with a
single lithium salt, the anion solid solution exhibits much improved
performance, comparable to the Ni-rich cathode materials. The ter-
nary iron-based composite delivers a capacity of up to 368 mAh/g
and a specific energy (versus Li) of 940 Wh/kg with stable cycling.

RESULTS

Screening lithium salts for the iron-based LSC

We first screened Fe/LiA LSC cathodes with different anions (A™")
of high charge/mass ratios, including F~, PO,*", CO5%7, and SO,
by comparing their galvanostatic charge-discharge (GCD) perfor-
mance. These composites were processed by ball milling a mixture
comprising bulk iron powder, individual lithium salts, and graphite
(20 wt%) under an Ar atmosphere with Fe/Li,A molar ratios corre-
sponding to the three-electron transfer of iron to form ferric Fe,As.
Figure S1 depicts the morphology of the composites after ball mill-
ing. It is well known that ball milling exfoliates graphite into gra-
phene sheets (36), thus providing an electronic conduit for lithium
salts in the LSC electrodes (37). Fe/LiF exhibits a reversible capacity
of 242 mAh/g with an average discharge potential of 2.4 V, where
50% of its capacity originates from the lower quasi-plateau below
2V, which is similar to the previous reports (Fig. 1A) (19, 20, 38).
Notably, Fe/LisPO, exhibits a reversible discharge capacity at 181 mAh/g
with 30% of its capacity below 2 V (Fig. 1B). Of note, both Fe/LiF
and Fe/LizPO,4 composite electrodes display a large potential hyster-
esis in the first cycle (fig. S2), where the first charging potential is
substantially higher than the potentials of later charging processes.
Notably, the hysteresis shrinks along cycling, where the initial

cycles serve as a conditioning process. Figure S3 illustrates a decline
in the overpotentials for both charge and discharge profiles, with an
enhancement in energy efficiency. The conditioning process with
repeated cycles of ion relocations facilitates structural alterations in
the electrode materials, resulting in expedited ion diffusion. How-
ever, both Fe/Li,CO3; and Fe/Li,SO4 presented poor reversibility
and exhibited subpar capacity values compared to Fe/LiF and Fe/

Anion solid solution mixed with iron
Considering that Fe/LiF favors a high utilization of iron and Fe/Li3POy4
confers a high discharge potential, and that anion mobility may play
arole in the operation of LSC electrodes, we postulate that the pres-
ence of a solid solution of PO,>~ and F~ in the LSC electrode may
integrate the benefits of both Fe/LiF and Fe/LizPO, systems. Cation
solid solutions are widely used to improve the performance of cath-
ode materials of LIBs such as in layered metal oxide cathodes (2),
and anionic solid solutions are well known particularly in the fluo-
ride phosphates (39, 40). In the conventional LIB cathodes, anions
such as oxide, phosphate, or two anions in a solid solution are the
building blocks of the ordered structural frameworks, which are
deemed immobile in battery cycling. However, in an amorphous
LSC cathode, the transport of anions may be necessary for the elec-
trode charging, so we investigated whether anions play a more ac-
tive role with a solid solution of PO,’~ and F~ in an amorphous
structure.

We first compared the performance of the ternary composite
electrodes formed by ball milling the pertinent salts and iron with
different molar ratios of Li3PO,4 and LiF: 1:2, 1:1, and 2:1, where the
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Fig. 1. Electrochemical performance of the LSC cathodes. GCD potential profiles at 30 mA/g of the LSC electrodes of (A) Fe/LiF, (B) Fe/Li3PO4, and (C) IronPF. All GCD
cycles are from the 11th cycle, where the composite electrodes have undergone 10 conditioning cycles at 100 mA/g. The initial cycling profiles are shown in fig. S2. (D) CV
curves of Fe/LiF, Fe/Li3POg4, and IronPF electrodes at 0.2 mV/s with current normalized on the basis of the mass of the active materials. (E) Cycling performance of IronPF
at 100 mA/g. (F) Rate capability of Fe/LiF, Fe/LisPO4, and IronPF electrodes. (G) Cycling performance of IronPF at 60°C at the current rate of 30 and 100 mA/g.
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1:1 ratio exhibits the optimal performance with the highest capacity
and Coulombic efficiency (CE) (figs. S5 and S6). This composite has
the stoichiometry of Fe4(Li3PO4)3(LiF)3, referred to as IronPF and is
selected for further studies. IronPF integrates the attributes of both
Fe/LiF and Fe/Li3POy4 by delivering a high reversible discharge ca-
pacity of 285 mAh/g at a current rate of 30 mA/g and an average
discharge potential of 2.8 V, corresponding to a specific energy com-
parable to the NCA and NMC cathodes (Fig. 1C). At 60°C, IronPF
exhibits a higher capacity of 368 mAh/g, corresponding to a specific
energy of 940 Wh/kg (fig. S7). Regarding the volumetric capacity,
the calculated theoretical densities for the pristine and charged
states of the active mass are 3.35 and 3.19 g/cm’, respectively. These
values are typical for compounds containing iron.

The cyclic voltammetry (CV) curves further illustrate the en-
hanced redox behavior of the ternary electrode (Fig. 1D). For the
Fe/LizPOy electrode, an anodic peak is observed at 3.29 V, indicative
of the delithiation process transforming Fe/LizPO4 into FePOy.
During lithiation, cathodic peaks manifest at 2.98 and 2.08 V, which
correspond to the reduction pathways from FePO, to LiFePO, and
further from LiFePOy to Fe/LizPOy, respectively. The Fe/LiF elec-
trode displays two anodic peaks at 2.94 and 3.42 V, suggesting the
formation of ferrous fluoride and ferric fluoride, in that order. This
process is reversed in the cathodic scan, with FeF; being sequen-
tially reduced to FeF, and then to Fe/LiF, as evidenced by peaks at
2.98 and 1.67 V. In the case of the IronPF electrode, a singular an-
odic peak at 3.43 V indicates the reversible conversion of Fe/Li3PO4/
LiF to a solid solution of FePO4/FeF3. The cathodic scan for IronPF
shows a primary peak at 3.04 V, followed by a notably lower cathod-
ic current compared to Fe/LiE The pronounced specific current of
IronPE, when compared to that of Fe/LiF and Fe/LizPOy, corrobo-
rates its superior capacity.

The IronPF electrode exhibits stable cycle life at 100 mA/g
(Fig. 1E). In addition, IronPF demonstrates superior discharge
capacities across all tested current rates. Notably, it retains a ca-
pacity of 146 mAh/g even at a high current rate of 1000 mA/g
(41), in contrast to 118 and 65 mAh/g for Fe/LiF and Fe/LizPOy,
respectively, at the same current rate (Fig. 1F). The IronPF elec-
trode also exhibits stable cycle life at both 30 and 100 mA/g at
60°C (Fig. 1G).

One question pertains to the feasibility of fabricating iron-based
LSC cathode in an ambient environment, especially given that LSC
cathodes in this study were processed and handled in an argon at-
mosphere. To address this, IronPF electrodes were subjected to dry
air for a duration of 2 hours before performance evaluation. The
subsequent testing indicated that exposure to air does not detrimen-
tally affect either the capacity or the cycling stability of the IronPF
electrodes (fig. S8).

Manganese represents an economical alternative for the LSC
cathode material. Pursuing this avenue, we synthesized a MnPF
electrode analogous to IronPF by ball milling a stoichiometric
blend of manganese metal, LisPOy4, and LiF, maintaining a 1:1:1
molar ratio. The initial electrochemical performance demonstrated a
relatively low discharge capacity below 150 mAh/g, as indicated by
the nearly linear-slope GCD profiles following the first charge,
coupled with a modest initial CE of 37.4% (fig. S9). While these
preliminary outcomes do not rival the performance of IronPF, the
prospect for enhancement in the manganese-based LSC cathode
is promising, contingent upon further structural optimization of
the electrode.

Yu et al., Sci. Adv. 10, eadn4441 (2024) 23 May 2024

Operation mechanism of the IronPF cathode

We characterized the pristine, fully charged, and fully discharged
iron electrode. As shown by the x-ray diffraction (XRD) patterns
(Fig. 2A), ball milling reduces the crystalline salts of LiF and LizPOy4
phases to be amorphous. After ball milling, iron remains crystalline
but with a much shorter coherence length, i.e., 260 nm, according to
the Scherrer equation. XRD patterns reveal that the first charge pro-
cess transforms the crystalline iron into the amorphous phase of
iron salts, and subsequent discharge did not restore the crystallinity
of the iron metal phase. We used synchrotron x-ray studies to inves-
tigate the valence states of iron during cycling. Soft x-ray absorption
(sXAS) results indicate that after the first charge, the primary oxida-
tion state of iron in IronPF lies between Fe(II) and Fe(III); however,
no Fe” was detected in sXAS after the following discharge (Fig. 2B).
On the other hand, hard XAS (hXAS) results suggest that the e’
signal diminished after charging and recovered to some extent after
the following discharge (Fig. 2C). The difference between the sXAS
and hXAS results is attributed to the vastly different probing depths:
While sXAS probes the top surface of the specimen with a depth of
~10 nm, hXAS collects signals throughout the entire sample. The
combined findings suggest that iron salts (FePO4 and FeF3;) com-
pletely cover the iron metal throughout cycling. The extended x-ray
absorption fine structure (EXAFS) results confirm the formation of
iron salts: The iron-anion correlation is reversibly strengthened and
weakened during the charging and discharge process, respectively
(Fig. 2D). We conducted x-ray photoelectron spectroscopy mea-
surements to investigate the surface chemical environment of ele-
ments in the electrode at different state of charge (SoC). Figure SI0A
illustrates that upon charging, there is a notable shift in the P 2p
peak to a higher binding energy—greatly surpassing the energy lev-
els observed in pure FePOy (42). This shift suggests that phosphate
and fluoride anions are likely coordinated with the same iron ions,
with the fluoride’s electron-withdrawing inductive effect elevating
the binding energy of phosphorus in the PO4>~ group. Notably,
upon discharging, the P 2p peak returns to the binding energy char-
acteristic of phosphate in Li3POy, implying reversibility in the
chemical environment. In contrast, the F 1s peak demonstrates only
a marginal shift, suggesting that the fluoride ions’ chemical environ-
ment remains largely unaffected by the coordination with either Li*
or Fe’* ions (fig. S10B).

The scanning transmission electron microscopy (STEM) imag-
ing and the corresponding energy-dispersive x-ray spectroscopy
(EDX) mappings reveal a unique composite structure of the pristine
IronPF composite. Embedded in the composite particles, iron do-
mains, as shown by the brighter pixels inside STEM images and the
EDX elemental mapping, exist as nano-chips, 100 to 200 nm long
(Fig. 2E). The anions of fluoride and phosphate are well mixed in
this composite, albeit with fluoride enriched around the iron chips.
Note that carbon from 20 wt% graphite is uniformly distributed in
the composite after ball milling. The better electrochemical proper-
ties of IronPF prompt the question of whether a solid solution of
phosphate and fluoride is retained after the charging process in the
resulting iron salts and after the discharging process in the resulting
lithium salt/iron composite. As shown in Fig. 2F, after charging, the
“shiny” iron nano-chips vanished, and all EDX signals of iron, phos-
phorus, and fluorine completely overlapped across the composite
particles, thus forming a single complex glassy phase. After the fol-
lowing discharge, the P and F signals remain mixed but with a mi-
nor phase separation at a nanoscale, as shown in Fig. 2G. The STEM/
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Fig. 2. Operation mechanism of the IronPF cathode. (A) Ex situ XRD patterns of the IronPF cathode at the pristine, fully charged (FC), and fully discharged (FD) state
during the first charge-discharge cycle of the IronPF || Li cells in comparison with the precursors. (B to D) Ex situ sXAS spectra, ex situ hXAS, and Fe K-edge EXAFS spectra
for the pristine (Pris), fully charged, and fully discharged IronPF cathode during the first cycle. STEM images and the corresponding EDX mappings of the (E) pristine (scale
bar, 200 nm), (F) fully charged (scale bar, 80 nm), and (G) fully discharged IronPF cathode (scale bar, 80 nm) during the first cycle.

EDX results demonstrate that throughout the cycling, the anions of
phosphate and fluoride constitute a homogeneous anion solid solu-
tion after charging and remain well mixed at the discharged state.
After discharge, iron signals in the EDX mapping become more lo-
cally concentrated, which matches the bright pixels in the STEM
imaging and is attributed to the metallic iron nanoparticles, ~10 to
30 nm large. This attests that the discharge process reversibly con-
verts iron salts back to iron metal.

The ex situ TEM results in Fig. 3 (A and B) demonstrate that the
disordered phases of Fe, LizPOy, and LiF are discernible through a
selected area electron diffraction (SAED) analysis performed on a
substantial region of the IronPE A detailed examination by high-
resolution TEM (HRTEM) imaging provides evidence of the short-
range order within the LiF and LizPOy fringes (Fig. 3C), a finding
substantiated by the fast Fourier transform pattern (Fig. 3D). Upon
charging, the electrode’s SAED pattern is characterized by the pres-
ence of weak iron lattice rings alone, aligning with XRD data and
supporting the formation of an amorphous phase of the resultant
iron salts, i.e., FePO4/FeF; (Fig. 3, E and F). The HRTEM image
shows nanosized fringes of the lattices of FePO, and FeF3, which are
too weak to generate diffractions (Fig. 3G). Subsequent to discharge,
SAED and HRTEM indicate not only the reemergence of the LiF
and LizPO4 phases but also a persistence of the disorganized iron

Yu et al., Sci. Adv. 10, eadn4441 (2024) 23 May 2024

phase (Fig. 3, H to K). Accordingly, the charging and discharging
processes of the IronPF cathode can be described by the following
equation

Charge

4Fe+3Li; PO, + 3LiF =

pa

3FePO, +FeF; + 12Li* +12e”
Discharge 1)

lon transport in the LSC cathode

The observed charging capacity of all LSC electrodes suggests the
proceeding of the thermodynamically demanded transfer of anions
and the migration of iron ions during the oxidation of iron (43).
During charge, Li A dissociates, where Li-ions on the surface of the
Li A domains get solvated by the electrolyte, and a coordinating an-
ion either migrates inward or is charge-compensated by an incom-
ing Li-ions from the inner parts of the domain. Taking LiF as an
example, upon solvating a Li-ion, the F~ ion will get incorporated in
the formation process of iron fluorides. Since F~ may not be sol-
vated and transported by the electrolyte to the iron/iron fluoride
phase, either solid-state transport of F~ takes place or stripped Fe-
ions migrate toward the surface of LiyA domains (schematically
depicted in Fig. 4A). For the discharge process, the desolvated
Li-ions attack the iron salts to form Li,A salts and iron metal parti-
cles, where this process is more likely to be controlled by Li-ion
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Fig. 3. The phase evolution of the IronPF cathode after charge and discharge in the first cycle. Pristine IronPF: (A) TEM image and (B) the associated SAED pattern,
(C) HRTEM image and (D) the corresponding fast Fourier transform pattern. Fully charged IronPF: (E) TEM image and (F) the associated SAED pattern, (G) HRTEM image
and the corresponding fast Fourier transform pattern (inset). Fully discharged IronPF: (H) TEM image and (I) the associated SAED pattern, (J) HRTEM image and (K) the

corresponding fast Fourier transform pattern.

conduction through the amorphous Li,A. Our STEM results (Fig. 4B)
show that after charging, the composite electrode exhibits a hollow
shell structure, where the holes are about 20 to 30 nm large. The hol-
low shell structure suggests that Fe-ions are stripped from iron metal
during charge, and these Fe-ions are moving outward. On the other
hand, the sizes of holes are smaller than the domain size of iron (100 to
200 nm), as shown by Fig. 2E, which indicates that anions have
moved to intercept Fe-ions. The anion transport under the electric
field across the Li,A phase and the resulting iron salts obeys the Mott-
Cabrera mechanism (44). The anion transport can be promoted by
the amorphous lithium salt phases that contain ample structural
defects and grain boundaries (45). It is a question whether phosphate
can serve as the charge carrier for the cathode. To address this ques-
tion, we prepared a ball-milled composite graphite and Li;PO4 with a
mass ratio of 1:4. Impressively, this LSC cathode exhibits a reversible
capacity of 117.5 mAh/g and its GCD profiles differ from the stor-
age of PFs™ anions from the electrolyte in DIBs (fig. S11) (46, 47).
The results suggest the solid diffusion of PO, as the charge carri-
ers for the anodic oxidation of the graphite active mass.

The transport of cations (Li* and Fe*) and anions (F~ and
PO4>") across tens of nanometers during the charge and discharge
of the LSC cathodes is complex and beyond first principles atomistic
modeling. Because solid-state Li* transport is fast due to its smaller

Yu et al., Sci. Adv. 10, eadn4441 (2024) 23 May 2024

size, we postulate that Fe** and F/PO,>~ diffusions are the bottle-
neck, which can be facilitated by the anion solid solution. To test this
hypothesis for Fe’* diffusion, we have constructed an atomistic
model for IronPF (see the Supplementary Materials) and compared
the activation energy of Fe’* diffusion from density functional the-
ory among FePOy, FeF3, and IronPF: As shown in Fig. 4C, Fe’* ions
have the lowest activation energy in IronPF, which contributes to
efficient Fe utilization and faster kinetics during cycling.

To further unravel the kinetic and transport properties of the
LSC cathodes, we conducted galvanostatic electrochemical imped-
ance spectroscopy (GEIS) measurements over half cells. In GEIS, a
periodic sinusoidal current formed by overlapping an AC and a DC
serves as the perturbation, and the resulting voltage is recorded to
generate the impedance spectra (see the Supplementary Materials).
The GEIS differs from the conventional EIS data because the testing
cell does not flip the direction of the electrode polarization during
the measurement. Figure S12 shows the Nyquist plots of GEIS spec-
tra at different SoCs for three composite electrodes. A simple com-
parison shows that Fe/LiF has a higher impedance than the other
two LSC electrodes. To understand more detailed kinetic and trans-
port properties, we carried out an analysis of the distribution of re-
laxation times (DRT) with the DRT curves fitting the experimental
data, where the impedance data are deconvoluted into several
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Fig. 4. lon transport for the LSC cathode. (A) Schematic of the operation mechanism of the iron-based LSC cathode. (B) STEM image of the fully charged IronPF cathode
(scale bar, 80 nm), an enlarged version of the STEM image in Fig. 2F. (C) DFT-computed activation energies of Fe** ion diffusion in iron salts.

Resistor-Constant Phase Element circuits connected in series with
increasing time constants.

Figure 5 (A to C) depicts the DRT results of the electrodes as a
function of their SoC for a full cycle. The DRT results exhibit four
primary components with characteristic time constants, where the
component faster than 1 X 107> s should be attributed to the elec-
tronic contacts, i.e., the equivalent series resistance, Rgsg, of the half
cells and the Rgsg of the IronPF electrode is the lowest. The next
component with a time constant between 1 X 10> sand 1 x 10™* s
can be attributed to the charge transfer on the iron/iron salt inter-
face, i.e., Rer-1sc, by comparing to the GEIS of the IronPF || IronPF
symmetric cells (Fig. 5D). The IronPF electrode exhibits the smallest
Recr.1sc, which demonstrates the advantages of ion transport, i.e.,
Fe-ions and anions, across the interphase of the electrode. By
comparing the Rer.psc of different LSC cathodes for the discharge
process, one can conclude that the solid solution is particularly con-
ducive to Li-ion conduction where the discharge transfer resistance
is smaller for IronPF than for Fe/LiF and Fe/LizPO,. In particular,
the large discharge Rcr.1sc of Fe/LiF explains the significant poten-
tial hysteresis of the Fe/LiF electrode.

The next component with time constants between 1 x 10™* s and
1 x 107 s should be ascribed to the lithium charge transfer resis-
tance, Rcr.1i, based on the comparison with the GEIS results of the Li
|| Li symmetric cell (Fig. 5E). It is worth emphasizing that the charge
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transfer of the LSC cathode is faster and involves a lower resistance
than that of Li metal anode. The fast kinetics of the LSC cathode is
likely due to the concerted transport of Fe-ions, anions, and Li-ions.
Intriguingly, this time constant is associated with the most conspicu-
ous differences between the three LSC cathode half cells. Again, the
IronPF electrode has a smaller Rcr.1; than the other two electrodes
during both charge and discharge. IronPF shows a higher Rcr.1; dur-
ing the charging process than its discharge. The RC time constant, T,
of the Rer.y; for IronPFE, decreases along the SoC of charging, which
is initially similar to the longer t for Fe/LiF and is later shortened to
resemble the shorter T for Fe/LizPOy4. The Rcr.1; for the Fe/LizPOy
half cell is consistent. The Rcr.1; of the Fe/LiF half cell is much larger
than the other two cells, and it progressively increases along cycling,
which pertains to the larger solubility of FeF; in the electrolyte. As
shown by the UV-Vis spectrum of the electrolyte in contact with
FeF; (fig. S13), FeFs; is slightly soluble in the ethylene carbonate/
diethyl carbonate (EC/DEC) electrolyte. It is interesting that the
solid solution of FeF,/Fe;(POy), is less soluble than FeF,.

Last, the DRT section with the largest time constant is attributed
to the ion diffusion through solid-state phases by comparing the
DRT results of half cells and symmetric cells, where again Fe/LiF
suffers higher resistance values than IronPF and Fe/Li3POy. The
solid solution of IronPF is likely a better conductor for all pertinent
ion charge carriers, i.e., Fe-ions, anions, and Li-ions.
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Fig. 5. Studies of kinetics and ion transport for the LSC cathodes. Two-dimensional (2D) DRT contour plots of (A) IronPF || Li cell, (B) Fe/LisPO4 || Li cell, and (C) Fe/
LiF || Li cell, derived from the GEIS results. 2D DRT contour plots of (D) IronPF || IronPF symmetric cell and (E) Li || Li symmetric cell, derived from the GEIS results. (F) EIS
spectra collected at the anodic peak potential of the Fe/LiF || Li cell, Fe/LisPO4 || Li cell, and IronPF || Li cell. (G) GITT measurements of the IronPF || Li cell, Fe/LiF || Li cell,
and Fe/Li3POy || Li cell during charging, and (H) corresponding ionic diffusion coefficients, D, of the above cells. (1) CV curves of the IronPF electrode at the scan rates of

Tto5mVs.

We also took in situ EIS spectra by using a potential amplitude at
the middle potential between the paired anodic and cathodic peaks
in CV, where the solid solution of IronPF also exhibits a smaller Rct
of 64 ohms than that of Fe/LiF (163 ohms) and Fe/Li3;PO, (230 ohms)
(Fig. 5F and fig. S14). Despite Fe/LiF having the smallest particle
size and both Fe/Li3PO4 and IronPF exhibiting relatively larger par-
ticle sizes, as depicted in fig. S1 (B to D), IronPF still presents a
smaller Rcr. This suggests that the diminished Rcr is likely due to
the faster ion transport. On the basis of the EIS spectra collected at
different temperatures, IronPF exhibits the lowest calculated activa-
tion energy barrier compared with the other two composite elec-
trodes (fig. S15). The galvanostatic intermittent titration technique
(GITT) was used to examine the kinetics of the iron active mass
within these salts during charging (Fig. 5G), where the solid solu-
tion of IronPF also exhibits a smaller overpotential compared to Fe/
LiF and Fe/LizPOy4, whereas the diffusion coeflicients of ions were
estimated to be 1071 t0 107* cm? 57! (Fig. 5H).
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CV curves collected at different scan rates can reveal the kinetic
behaviors of the LSC cathodes (fig. S16). We calculated the b values
in the equation of i = av” for IronPF, Fe/LiF, and Fe/ LizPO4. When
the scan rate is increased from 1 to 5 mV/s, the anodic peak of Iron-
PF and Fe/Li3zPO,4 remains non-diffusion-controlled with b values
above 0.90, whereas the anodic conversion in Fe/LiF is overwhelm-
ingly diffusion-controlled by having b values below 0.6 (Fig. 5I and
fig. $16). Fe/LizPO4 exhibits the highest b value of the cathodic peak,
which is consistent with the finding that Li-ion transport is faster in
the amorphous LisPOy (48).

DISCUSSION

Our findings demonstrate that in amorphous solids, anions and Fe-
ions play a role beyond being static components for framework con-
struction; instead, they function as mobile charge carriers in the
anodic conversion reaction from iron to its corresponding salts.
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Lithium salt composite cathodes that comprise an amorphous solid
solution of anions transform the reactivity of iron active mass with
enhanced utilization, faster reaction kinetics and transport of ions,
and stable cycling. The performance of IronPF is among the best for
lithium salt composite cathodes (table S1). Our findings open up an
approach centered on anion design to breaking the energy density
ceiling of LIBs set by nickel-based cathodes with more sustainable
Fe-based electrode materials.

MATERIALS AND METHODS

Synthesis of the IronPF composite

To prepare the IronPF composite, we used LizPO4 (TCI AMERICA),
LiF (Thermo Fisher Scientific), iron powder (Sigma-Aldrich), and
graphite (Sigma-Aldrich) without any prior purification. Li3POy,
LiF, and iron powder, in the molar ratio of 3:3:4 (6:3:7 and 3:6:5),
were added to a planetary ball mill (Pulverisette 6; Fritsch) along
with an additional 20 wt % graphite. The mixture was sealed in an
Ar-filled glove box with H,O and O, concentrations below 0.1 part
per million (ppm). The mixtures in the bowl were subjected to
ball milling at 400 rpm for 50 hours, with a 5-min break ev-
ery 30 min.

Synthesis of Fe/Li;PO,, Fe/LiF, Fe/Li,CO3, and

Fe/Li, SO, composites

We prepared the composites in the same way as the synthesis of the
IronPF composite except for the components and molar ratios.
These composites were processed by ball milling (Pulverisette 6;
Fritsch) a mixture comprising bulk iron powder, individual lithium
salts, and graphite (20 wt %) under an Ar atmosphere with Fe/Li,A
molar ratios corresponding to the three-electron transfer of iron to
form ferric Fe,As.

Synthesis of the MnPF composite

We prepared the Mn/LizPO4/LiF composite in the same way as the
synthesis of the IronPF composite with a 1:1:1 molar ratio between
Mn, Li3POy, and LiF. The composite was processed by ball milling
(Pulverisette 6; Fritsch) a mixture comprising bulk Mn powder,
lithium salts, and graphite (20 wt %) under an Ar atmosphere.

Synthesis of the Lis;PO,/graphite composite

We prepared the LisPO,4/graphite composite in the same way as the
synthesis of the IronPF composite. For the composite, a mixture of
Li3POy and graphite with a mass ratio of 4:1 was processed by ball
milling (Pulverisette 6; Fritsch).

Materials characterization

XRD patterns were collected on a Rigaku Ultima IV diffractometer
with the Cu Ko radiation (A = 1.5406 A). The microstructure and
morphology were evaluated by using FEI NOVA 230 field-emission
scanning electron microscopy. STEM and its corresponding energy-
dispersive EDX were conducted on FEI Titan 80-300 high-resolution
STEM with four embedded Bruker SDD detectors. The hXAS and
EXAFS measurement of Fe was carried out at the 7-BM QAS beam-
line at National Synchrotron Light Source II, Brookhaven National
Laboratory. The sXAS analysis was performed at BL8.0.1 of Ad-
vanced Light Source at Lawrence Berkeley National Laboratory. To
prepare the samples, the corresponding cells are disassembled, and
the electrodes are washed with dimethyl carbonate and dried in an
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Ar-filled glove box. The electrodes are sealed using Kapton tape to
avoid air exposure.

Electrochemical measurements

The working electrode comprises 80 wt % active materials (IronPE,
Fe/LizPOy, Fe/LiF, Fe/Li;CO3, Fe/Li,SO4, MnPEF, or LisPO4/graph-
ite), 10 wt % KetjenBlack carbon, and 10 wt % polyvinylidene fluo-
ride binder. Conductive carbon-coated aluminum foil (MTI Corp.)
was used as the current collector. N-methyl-2-pyrrlidinone (TCI)
solvent was used to make the cathode slurry. The slurry-coated cur-
rent collectors were dried under a vacuum at 60°C for 12 hours and
then punched into discs 12 mm in diameter. Li foil works as the
counter and reference electrode. Glass fiber membranes (GF/F,
Whatman) were used as the separator. The mass loading of the elec-
trodes is from ~2.1 to 2.5 mg/cm?, and the specific capacity of the
electrodes was calculated on the basis of the mass of Fe and the cor-
responding lithium salts. LiPFs, 1 M, in EC/DEC (1:1 by volume)
was used as the electrolyte. The cells were assembled in an Ar-filled
glove box with the concentration of H,O and O, below 0.1 ppm. We
tested the electrochemical performance of the cathodes on a Landt
CT3002A battery testing system at various current rates. The cutoff
potential window was set to 1.5 to 4.7 V versus Li*/Li. CV and EIS
were tested on a VMP-3 multichannel workstation at a scan rate of
0.2 mV/s and a frequency range of 0.01 to 10° Hz, respectively.

In GITT experiments, the cycling process involved current pulses
of 30 mA/g for 20 min, alternating with 120-min rest to attain quasi-
equilibrium potentials. The apparent ionic diffusion coefficients (D)
of the composite cathode at different SoC were estimated from the
GITT measurements using the following relationship

4 (R\*[AE\*
p=2(=
T\ 3 AE,
where 7 is the rest time, Ry is the radius of the particles, AE; is the

voltage change induced by constant current pulses, and AE; is the
voltage change during constant current pulses.

Galvanostatic electrochemical impedance spectroscopy
GEIS was conducted using a VMP-3 electrochemical workstation
(BioLogic). Cells were run for 10 cycles at room temperature on a
Landt battery cycler (1.5 to 4.7 V, 100 mA/g) before being trans-
ferred to a 30°C battery test chamber. After 3 hours of rest, constant
current charge-discharge cycles were run at 30 mA/g. During these
cycles using DC inputs, EIS measurements were conducted by add-
ing AC signals of 10 mA/g amplitude to the DC signal. To minimize
the influence of AC signals on the cycling performance of the cell,
15-min intervals were used between every EIS measurement. The
frequency range used was from 200 kHz to 2 Hz, and each measure-
ment took about 27 s to complete. Lower frequencies were not used
because continuous increase/decrease of voltage during charge/dis-
charge makes the low-frequency data noisy and unreliable. We con-
ducted a DRT analysis for every EIS data using MATLAB-based
DRT tools developed by Wan et al. (49). Default parameters were
used to calculate y(In t) versus t.

Computational methods

Density functional theory (DFT) calculations were performed
by using the Vienna ab initio simulation package [VASP 6.3.2
(50)] with projector-augmented waves, pseudopotentials, and the
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exchange-correlation functionals parametrized by Perdew, Burke,
and Ernzerhof for the generalized gradient approximation (51)
with a cutoff energy of 500 eV. The onsite Coulomb correction (U-
J=5¢eV) (52, 53) is incorporated to accurately depict the localized
electronic states of Fe 3d in mixed-valence metals. The conver-
gence criteria for energy and force are set as 107> eV and 0.02 eV
A™", respectively. A 5 X 5 x 5 Monkhorst-Pack grid is used to sam-
ple the electron’s Brillouin zone. The minimum-energy pathway
and Fe-ion diffusion barriers in Fe salts are determined using the
climbing-image nudged elastic band method, as implemented in
VASP (54, 55).

The Fe,(POy4);F; structure stems from the Al4(PO4)3(OH); ar-
chetype (56). To ensure the integrity of the structures for Fe,(PO,);F3,
we introduce the mixing energy AEnx for Fe salts, which is

AE, . \/sE[Fe,(PO,);F;| —1/3E(FeF;) — E(FePO,)

Here, E[Fe4(POy);F3], E(FeF3), and E(FePO,) denote the DFT-
calculated energies for Fey(PO,);F3, FeFs, and FePOy, respectively.

The calculated mixing energy for Fes(PO4)sF; is —0.08 eV, a
value less than zero. This implies that the predicted structure for
Fe4(PO4)3F; is plausible. The structure of Fes(PO4);F; is shown in
fig. S17.

In terms of structure, bulk Fe adopts a body-centered cubic

phase, FeF; takes on the R3¢ rhombohedral phase, while FeF; is in
the P4,/mnm rutile phase. Furthermore, both FePO,4 and LiFePO,
are characterized by the orthorhombic pbnm phase. Detailed DFT-
optimized unit cell parameters for these materials are summarized
in table S2. For our calculations, all Fe salts are considered in the
ferromagnetic state, given the negligible energy difference between
the ferromagnetic and antiferromagnetic states (52).

Supplementary Materials
This PDF file includes:

Figs.S1to 517

Tables S1 and S2
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