








was previously reported by Liu et al that a 280 mV voltage-gap remained even after 72 h

relaxation (measured at states of lithiation of x;=~2.0)".

Figure 4. GITT of FeF; NW and MW electrodes. a, GITT profiles of an FeF; NW electrode
and a MW electrode. The cells were allowed to relax for 4 h after every 1 h discharging/charging
at 50 mA g'. Inset is a schematic illustration of the microstructures of an active domain in the
FeF; electrode at states close to full lithiation (xr; = ~3), which are drawn based on the STEM
results. b, Close-up view of the GITT curve for the NW electrode. IR drop, reaction

overpotential (77), and the remaining voltage difference after relaxation (Vg.p) are marked to
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show the components that contribute to the large voltage gap during cycling. ¢, Voltage change
after the 4 h relaxation at different states of discharge and charge of the NW and MW electrodes,
respectively. d, Voltage difference (Vgp) between charge and discharge steps after the 4 h

relaxation at the same state of lithiation of the NW and MW electrodes, respectively.
DISCUSSION
Proposed Origins of voltage hysteresis in FeF; conversion electrodes

By integrating all experimental and theoretical simulation results, we can identify the
following components from the GITT that contribute to the voltage hysteresis observed at non-
zero current (see Figure 4b). The first one is the iR voltage drop, which is the sudden voltage
jump after the current is removed and typically < 100 mV in our measurements. The second
component is the reaction overpotential (7) that is required to nucleate and grow new phases,
drive mass transport, and overcome the interfacial penalty for making nanophases. This
overpotential is manifested in the voltage plummet when the current is applied and the spike
when the current is removed. However, its magnitude is not straightforward to quantify using the
GITT results, because the active particles undergo phase transformations and cannot achieve a
truly homogeneous composition over the entire particle simply through Li" diffusion during the
relaxation. Reverse-step potentiostatic intermittent titration technique (PITT) may be a more
suitable approach to provide the quantitative evaluation, according to which the overpotential is
300 mV for the conversion reaction (reduction of intermediate product FeF, to LiF/Fe, measured
at xr;= 1.2 per FeF3) and 70 mV for reconversion reaction (LiF/Fe to FeF,, measured at xp;= 1.2

per FeF3).%
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The third component that leads to the hysteresis but has not been considered in detail in
previous literature, is the difference in spatial distribution of electrochemically active phases
during discharge and charge as well as the way these phases are connected in the electrochemical
system (i.e. access to Li" and electron). For example, we can infer from the in situ TEM and
XAS results that at states of lithiation close to x.i= 3 per FeFs, during discharge the intermediate
phase FeF, is located at the interior of the active particles while Fe/LiF are on the outside and
have contact with the electrolyte and current collector (see schematic illustration in Figure 4a
inset, left); in contrast, during charge the intermediate phase FeF, should first formed on the
outside while Fe is located inside and may be screened or even isolated from the electrochemical
system by the electrically and ionically insulating FeF, phase (Figure 4a inset, right). The
correlation between phase distribution in an active particle and voltage hysteresis can be better
seen in the schematic illustration in Figure 5. Even though the system is at the same state of
lithiation, a FeF,-rich (Li-poor) surface (during charge) and a Fe/LiF (Li-rich) surface (during
discharge) will set the system at different potentials versus the Li'/Li potential, which introduces
a voltage gap (similar to concentration overpotential). This hysteresis caused by compositional
inhomogeneity cannot be fully eliminated by voltage relaxation (zero-current) because it is very
difficult, if not impossible, to make the relevant phases (or Li" distribution), such as FeF, (“Li-
poor” phase) and Fe/LiF (“Li-rich” phase) at the states of lithiation close to xr; = 3 per FeFs,
become spatially homogeneous simply by Li" diffusion. Such relaxation process also requires the
migration of F- and Fe*"ions, which typically move very slowly. The situation is different from
that of intercalation electrode materials (such as LiCoO, and graphite), in which during
relaxation the Li" distribution can become homogenous more easily because there is no need for

other ions or atoms to migrate. Here we use Vg, to estimate the non-vanishing hysteresis at
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different states of lithiation, which is typically 300-500 mV for the NW electrode and 300-600
mV for the MW electrode when only Fe*" and Fe’are present (Figure 4d). When Fe®” is formed
during charge and thus more significant inhomogeneity is introduced, the hysteresis gets
significantly larger for both the NW (> 550 mV, xr;= 0.63) and the MW electrode (>700 mV, at
xri= 1.26 and 1.05). Now it is easier to understand why ~1 V voltage gap was observed even
when the phases present are the same. For example, at states of lithiation xp; = ~1.8
(approximately the middle point in Figure 5), if we add the hysteresis caused by compositional
inhomogeneity (~400 mV according to Figure 4d) to the hysteresis caused by reaction
overpotential (300 mV during discharge + 70 mV during recharge = 370 mV according to ref. 20)
and IR drop (~100 mV combined discharge and charge according to Figure 4a), we can expect a
voltage gap ~1 V, which is consistent with what we observed during the galvanostatic discharge

and charge experiments (Figure 5).

@rer; @

404 @ Fe+3LiF

3.01

2.0

Voltage vs Li7/Li (V)

x Liin FeFs

Figure 5. Schematic illustration of the phase evolution in an active FeF; particle with
compositional inhomogeneity and voltage hysteresis. For the sake of clarity and simplicity, the
volume change during the lithiation/delithiation process is ignored and compact layers are shown

in this schematic illustration. Note that Ohmic voltage drop and reaction overpotential also

23



contribute to the voltage hysteresis at non-zero current, in addition to that caused by
compositional inhomogeneity. The voltage profile is collected from an FeF; NW electrode

cycled at 1/10 C rate. The FeF3 domain size is ~10-20 nm according to the TEM characterization.

This newly proposed compositional-inhomogeneity mechanism for driving hysteresis likely
plays a role in many kinetically limited conversion materials where during Li insertion
(extraction) the most reduced (oxidized) phases are present at the active surface and drive the
potential down (up) compared the theoretical OCV. Interesting comparisons may also be made
with Li-S and Li-O; batteries during discharging/charging: after voltage relaxation, a voltage gap
remains in the Li-S system possibly due to presence of different Li,S, (n = 8, 6, 4, 2, and 1)

phases,”® but approaches zero in the Li-oxygen system because there is only Li,O, >’

These new understandings suggest strategies to minimize the voltage hysteresis, which is
important for improving the battery energy efficiency. One straightforward approach is
constructing a composite electrode consisting of nanostructured active particles whose size must
be comparable to the length scale of the conversion reaction (< 10 nm for FeF3) and directly
connected to electrically conductive scaffolds. A promising example could be embedding active
materials between graphene layers to make a graphite intercalation compound (GIC).* This is
expected to minimize the voltage hysteresis caused by compositional inhomogeneity as well as
the iR drop. However, sufficient amount of active materials needs to be embedded so that the
overall volumetric energy density is not severely compromised. Another approach that deserves
further exploration is incorporating another cation or anion into the lattice (similar to the function
of a “catalyst”) to create a more disordered microstructure and improve ionic and electrical
transport properties so that the reaction overpotential can be reduced. It is proposed that this

approach can achieve higher energy density than the first one because no additional inactive
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components are introduced. As an example, the ternary fluoride Cu,Fe; ,F; solid-solution exhibits
smaller hysteresis than pure FeF, electrode*’. One major challenge is to preserve the beneficial
effect in repeated cycling, as Cu is rapidly lost through Cu’ dissolution into the liquid

electrolyte.*'**

CONCLUSION

In summary, we elucidate the electrochemical reaction mechanism of the FeF; (and FeF»)
conversion electrode through integrated (in situ) experimental and theoretical studies. The phase
evolution in the electrode is symmetrical during discharge and charge but the spatial distribution
of the electrochemically active phases at the single-particle level, which is controlled by reaction
kinetics, is very different. Such compositional inhomogeneity changes the way the active phases
are connected to electrolyte (Li") and current collector (electron) during discharge and charge,
which consequently introduces a voltage gap. This, along with reaction overpotential and the iR
voltage drop, leads to the large voltage hysteresis. This understanding is contrary to the popular
belief that attributes the voltage hysteresis of the FeF; electrode to asymmetric reaction pathways
during discharge and charge. Further, since the issues that contribute to the hysteresis are kinetic
in nature, it is hopeful that the voltage hysteresis can be reduced to a reasonable level (< 300
mV) by designing and optimizing material microstructure and electrode architecture. These
results can help understand and minimize the voltage hysteresis in other conversion electrode
materials, where compositional inhomogeneity was observed but not scrutinized,”** despite
their asymmetrical reaction pathways controlled by reaction kinetics. This work brings new hope
to the development of high energy-density LIBs based on conversion chemistry and provide
insights to the hysteresis problems in other next-generation battery chemistries, such as Li-S and
Li-O,.
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EXPERIMENTAL SECTION

Synthesis of FeF; samples. FeF; NWs and MWs were synthesized by thermal dehydration of a-

FeF3-:3H,0 NWs and MWs, respectively, at 350 °C for 2.5 h in argon atmosphere, based on

18, 26
k 5

previous wor . Briefly, the precursor a-FeF3;-3H,O NWs and MWs were first synthesized

respectively by reacting different amounts of Fe(NO3);3-9H,0 and HF aqueous solution in ethanol
at 60 °C for 18 h. The concentration ratio of ¢(Fe’") : ¢(HF) : ¢(H,O) is 13.3 mM : 5560 mM :
6760 mM for the NW synthesis and 53.2 mM: 500 mM: 11575 mM for the MW synthesis. FeF,
NWs were prepared by heating FeF; NWs (90 wt%) with a small amount of glucose (10 wt%) at

450 °C for 2.5 hour.

Characterization. Scanning electron microscopy (SEM) images were collected using a LEO 55
VP scanning electron microscope at 5 kV. Transmission electron microscopy (TEM) images and
electron diffraction (ED) patterns were recorded using either a Philips FEI FM200 (200 kV) or a
FEI Titan TEM (200 kV). Powder X-ray diffraction (PXRD) data were collected on a Bruker D8
diffractometer using Cu Ko radiation. Electrochemical measurements were performed on
electrodes made of 70 wt% active material, 20 wt% carbon black and 10 wt% binder. The
electrodes were packed into CR2032-type coin cells in an argon-filled glovebox, with Li metal as
the counter/quasi-reference electrode, 1 M LiPFs in EC/DMC (1/1 by volume, BASF) as the
electrolyte, and electrolyte-soaked polyethylene-polypropylene films as the separator.
Galvanostatic cycling and galvanostatic intermittent titration technique (GITT) experiments were
performed using either a Biologic SP-200 or a VMP-3 Potentiostat/Galvanostat controlled by

EC-Lab software.
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In situ X-ray Absorption Spectroscopy (XAS). In situ X-ray absorption spectra were collected
at beamline X18A, NSLS, BNL, using a perforated 2032-type coin cell with holes on both sides
sealed by Kapton tapes. The electrodes were made of 70 wt% active material, 20 wt% carbon
black and 10 wt% binder and coated on aluminum foil (25 um thickness). The measurements
were performed in transmission mode using a Si (111) double-crystal monochromator, which
was detuned to ~35% of its original maximum intensity to eliminate the high order harmonics in
the beam. A reference X-ray absorption spectrum of metallic Fe (K-edge 7112 eV) was
simultaneously collected using a standard Fe foil. Energy calibration was done using the first
inflection point of the Fe K-edge spectrum as the reference point. The X-ray absorption data
were processed and analyzed using IFEFFIT-Athena, Artemis, and Atoms. Standard reference
spectra from FeFs;, FeF,, and Fe powders were collected to carry out spectrum fitting and

estimate the ratio between different Fe oxidation states.

In situ TEM experiments. /n-situ STEM images, ED patterns were recorded at 200kV in a
JEOL2100F microscope. The in sifu nano-battery consists of a copper half-grid (current
collector), FeFs NWs supported on the amorphous carbon film (cathode) and Li metal (anode)
was fabricated in an argon-filled glove box and transferred into the TEM chamber by using an
argon-filled plastic bag. A thin passivation layer of LiN,O, on the surface of the Li that formed
due to brief exposure to air before transferring to the TEM chamber, acted as the solid
electrolyte. The biasing probe was connected to the carbon membrane and the reaction was

initiated by applying a negative bias typically at a value of 2 V.

Computational methods. All calculations were performed using Density Functional Theory
(DFT) with the Vienna ab initio simulation package (VASP)* and a plane wave basis set. The

hybrid functional of Heyd, Scuseria and Ernzerhof (HSE06)** with Perdew-Burke-Ernzerhof
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(PBE)-type pseudopotentials®® utilizing the projector augmented wave (PAW)* method was
used for Fe, F and Li atoms. The valence electron configurations of Fe, F and Li atoms were Fe:
3p®3d’4s', F: 2s22p°, Li: 2s'. All calculations were performed with spin polarization enabled and
with a plane wave cutoff energy set at least 30% larger than the maximum plane wave energy for
the chosen set of pseudopotentials, equal to 520 eV. Reciprocal space integration in the Brillouin
zone was performed with the Monkhorst-Pack scheme with k-point densities set for each

material such that total energy convergence errors were less than 1 meV/cell*,
Bulk Li, Fe, LiF, FeF, and FeF; materials were simulated within the Im3m (body centered
cubic structure, Li and Fe), Fm3m (rocksalt structure), P4, /mnm (rutile structure) and R3c

(rhombohedral structure) space groups, respectively. The lithiated FeF, structures, LisFeF, (x =
0.25, 0.5, 1), and lithiated FeF; structures, Li,FeF; (x =0.25, 0.5, 1) were simulated as direct Li
insertion into the interstitial sites of the rutile structure (Li,FeF,) and rhombohedral, monoclinic
and defected trirutile structures (Li,FeF;). The monoclinic structure possesses the Cc space

group while the defected trirutile structure is based on the P4, /mmnm space group and the

ZnSb,0¢ structure with the 2a Wyckoff sites vacant. These vacant sites serve as interstitial

positions for direct Li insertion. The average voltage to insert Li I7x1—>x7 (in V/Li) from

composition x; to composition x; in these structures is expressed as:

17;1 g 1 (Ege@/Fer _EJ:“eFﬂFeFZ _(xz —x, )ELi) (1)
(x, —x)

where Ef; eBIFely and Eg eBIFel are the calculated DFT energies of a lithiated FeF, or FeFs;

material with Li composition x; and x,, respectively, and E,, is the DFT energy of metallic Li.
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The phase stability of the Li-Fe-F system was analyzed by plotting the formation energies
(relative to the pure elements Li, Fe, F) of each calculated compound at their respective
compositions. The phase diagram is constructed by calculating the convex hull from these
formation energies. Specific material compositions that are thermodynamically stable lie on the

convex hull, while those that are unstable are above the convex hull.
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