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Abstract

Conversion-type transition metal fluoride cathodes offer a 200% to 300% higher theoretical energy density limit than state
of the art intercalation cathodes. Recent publications have reshaped our understanding of the reaction mechanism in
these materials. Herein we review recent reports highlighting how active material dissolution, particle fusing, electrolyte
consumption, and the resultant capacity fade can be mitigated by rational electrolyte design. Recent work has established
the possibility of high discharge rate in transition metal fluorides at significant active material mass fraction; we examine
the relationship between rate capability and active material fraction. Tuning transition metal fluoride chemistry via
cation and anion substitution has demonstrated potential to improve its electrochemical properties. A brief techno-
economic analysis is presented to highlight the practical advantages of different transition metal chemistries.

Keywords: Transition metal fluoride cathodes, conversion reaction, high energy density batteries, techno-economics,
rate capability, electrolyte design

1. Introduction

Concerted measures on reducing greenhouse gas emis-
sions are required to oppose ongoing climate change. En-
abled by lithium-ion batteries (LIBs), the electrification of
the automotive industry is progressing rapidly. [1] State
of the art LIBs utilize open-framework transition metal
cathodes which intercalate Li-ions into a limited number
of interstitial sites within the stable host lattice. This stor-
age mechanism imposes an upper physico-chemical limit
for lithium storage (or charge storage), rendering such
technologies unsuitable for applications that require even
higher gravimetric energy densities, such as electric pas-
senger aircraft. [2, 3]. Transition metal fluoride (TMF)
cathodes, on the other hand, can store multiple Li-ions
per metal center due to a multi-electron conversion reac-
tion and hence offer a 200% to 300% increase in theoretical
energy density if high redox potential metals are employed
(Fe, Co, Ni, Cu). [4] In addition, the low cost per kilowatt-
hour and environmentally benign properties of Cu and Fe
make TMFs a promising class of next generation cathode
materials for high energy density applications. [5, 6]

Unfortunately, TMF cathodes suffer from poor ionic
and electronic conductivity due to a large bandgap induced
by the ionic character of the TM-fluoride bond. [7] The ini-
tial cycling performance of TMF cathodes reported from
2003 onward by Badway and Li et al. exhibited short
cycle-lives, sluggish kinetics, and a significant hysteresis
which was ascribed to the insulating nature of TMFs and
structural rearrangement required for the conversion re-
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action. [8, 7, 9] Despite these inherent obstacles, a con-
siderable improvement in performance was achieved in the
following 15 years through a variety of cathode engineering
techniques, including utilization of various carbon compos-
ites, cation and anion substitution, and nanostructuring.
[10, 11, 12, 13, 14, 15]

On the other hand, the mechanistic understanding of
the conversion reaction evolved concurrently in a rather
disconnected fashion. The most widely studied compound
is FeFx (x = 2, 3), often used as a prototypical model for
other TMFs. A discussion on the symmetry of phase evolu-
tion, the presence of intermediate phases, and the nature of
morphological transformations upon lithiation and delithi-
ation ignited the scientific literature. The most widely ac-
cepted theory described a three phase direct conversion of
FeF2 to Fe and LiF. In the case of FeF3, an initial reduc-
tion via the insertion of Li ions forms LixFeyFz intermedi-
ate phases and FeF2, followed by direct conversion to LiF
and metallic iron. [8, 16, 7, 17, 18, 19, 20, 21, 22, 23, 24]
However, in the last three years alone, the understanding
of the conversion mechanism has changed drastically. In
2018, Karki et al. first suggested that FeF2 conversion is
topotactic in nature. [25] Subsequently, Xiao et al. demon-
strated that the fluoride anion sublattice acts as a stable
host enabling the topotactic transformation between LiF,
FeF2 and intermediate fluoride phases. [26] Very recently
Hua et al. provided some additional evidence corroborat-
ing the role of the fluoride sublattice and elucidating the
crystallographic characteristics of occurring intermediate
phases in FeF3 reduction. [27]

In light of this new mechanistic understanding, we will
review the most recent developments on the electrochem-
ical performance of transition metal fluorides, and pro-
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Figure 1: Bottlenecks and recent developments in the field of TMF cathodes. Capacity fade and high overpotentials in transition
metal fluoride cathodes can be caused by active material dissolution, particle fusing, and continuous electrolyte consumption. Recent
developments demonstrated successful mitigation thereof by rational electrolyte design, carbon supports, and metal-anion concerted doping.

vide a framework for further improvement of these battery
chemistries. The impact of the electrolyte on cycle life,
realistic prospects for rate capability, and utility of the
lesser-studied transition metal fluoride compositions and
their realistic energy densities will be discussed herein.

2. Improving Cycle Life Through Electrolyte
Design

In general, TMF cathodes suffer from three major fail-
ure mechanism as illustrated in Figure 1. Active materials
dissolution is reported for all transition metals of interest
and is exacerbated by metallic phase segregation to the
particle surface. [5, 6, 26] In addition, continuous elec-
trolyte decomposition enabled by a low cut off potential
(commonly set at around 1.2V vs Li+/Li) which is re-
quired for a complete transition metal reduction, can lead
to the formation of a steadily growing cathode electrolyte
interphace (CEI) and an accompanying rise in electrode
and ohmic impedance. [28, 26] More importantly, CEI
formation is further facilitated by the catalytic activity of
the metal phase formed during discharge. [5] Lastly, ionic
and electronic conductivity can diminish due to structural

disintegration (loss of contact to current collector) or par-
ticle fusing. Fusing can substantially increase particle sizes
beyond the diffusion lengths of conversion reactants which
leads to the formation of isolated and unconverted mate-
rial. [29, 6, 26] Rational electrolyte design can provide a
pathway to tackle all of these as research from the last few
years has shown.

Gu et al. described the benefits of using a 4.6m lithium
bis(fluorosulfonyl)imide (LiFSI) in dimethoxyethane (DME)
electrolyte combined with a FeF2 carbon nanocomposite.
Cyclic voltametry, postmortem X-ray photo electronspec-
troscopy (XPS) and energy dispersive X-ray spectroscopy
(EDS) indicated the formation of a stable passivation layer
which prevented iron dissolution. At the same time the
expected capacity fade within the first 20 cycles was dras-
tically reduced. The best performing cell retained 80%
discharge capacity after 1000 cycles. [30] In a subsequent
publication the same group showed nearly complete ca-
pacity retention of more than 500mAhg−1 for 400 cy-
cles using FeF3 particles embedded on a carbon nanofiber
(CNF) network in the same electrolyte. [31] Zhao et al.
described a synergistic double protection layer effect by
adding lithium bis(oxalato)borate salt to different organic
electrolytes in conjunction with Al2O3 coated FeF3 cath-
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Figure 2: Electrochemical characteristics of FeF2 reprinted with permission from [26]. a, Nyquist electrochemical impedance
plots showing the difference in the magnitude and evolution of charge transfer resistance between an unstable electrolyte (1m LiPF6 in
EC/DMC) and a stable electrolyte (1m LiFSI in Pyr1,3FSI). b, Plot of discharge capacity and coulombic efficiency vs. cycle number for FeF2
electrodes at 40 °C and 50 °C showing stable cycling at elevated temperatures in an ionic liquid electrolyte. c, Plot of discharge capacity and
coulombic efficiency vs. cycle number for FeF2 electrodes cycled at various current densities. The dark purple plot shows cycling at equal
charge and discharge rates. The light purple plot demonstrates the inherent discharge rate capability of the material when a slow charging
rate (C/20) is applied to recover the full capacity.

ode particles. The CEI contained lithium oxalate and B-F
bonds which successfully prevented iron dissolution and in-
creased the capacity retention after 300 cycles from around
60% to 90%. [32]

Huang et al. studied the impact of organic electrolyte
compositions on FeF2 cycling in more detail. [28] They
found that LiFSI fails to prevent cathode dissolution when
dissolved in a fluoroethylene carbonate/ethyl-methyl car-
bonate (FEC/EMC) mixture contrary to an LiFSI DME
solution. The authors rationalized this by the electro-
chemical instability of FEC which, when combined with
LiFSI, can form an excessive CEI leading to cathode po-
larization. In contrast, the more electrochemically sta-
ble LiTFSI salt, showed superior performance when dis-
solved in FEC-EMC. In general, a thin uniform CEI was
determined to be most beneficial for capacity retention.
A new approach was reported by Huang et al. in 2019.
FeF2 was deposited on a carbon nanotube (CNT) network
and infiltrated by a polymeric electrolyte. [33] The cath-
ode exhibited a dense uniform distribution of FeF2 which

enabled acceptable ionic and electronic conductivity and
an increased ductility. The all-solid-state cell operated at
50 °C and showed a discharge capacity of 450mAhg−1 for
over 100 cycles and almost complete capacity retention
over 300 cycles, albeit at more limited cycling rates. Post-
mortem analysis revealed the formation of a 6 nm-thin,
stable CEI, which most likely originates from decomposi-
tion of the polymer and prevents cathode dissolution.

Xiao et al. reported multiple benefits of using LiFSI
dissolved in an ionic liquid electrolyte (IL) with monodis-
perse FeF2 nanorods. [26] In contrast to an organic elec-
trolyte (LP30), which lead to cell degradation within the
first 20 cycles, the IL (Pyr1, 3FSI) electrolyte enabled an
unprecedented near-theoretical capacity retention
(571mAhg−1) throughout the first 50 cycles and stable
operation for over 200 cycles at 50 °C. Electrochemical
impedance spectroscopy (EIS) revealed a constant charge
transfer resistance during the initial five cycles and a mi-
nor increase thereafter which was in stark contrast to a
rapid impedance rise observed in the organic electrolyte
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(Figure 2a). Furthermore, XPS and TEM analysis indi-
cated a high inorganic content in the 10 nm thick FSI– -
derived CEI. Since no iron was detected on the counter
electrode in postmortem XPS, it was concluded that iron
dissolution was successfully hindered. Interestingly, the
nanorods did not fuse and remained monodisperse during
operation, which might be explained by the electrostatic
interaction between the IL and FeF2, and thus facilitated
a high capacity retention (Figure 2b).

FSI– anions are often implicated in the formation of
a robust solid electrolyte interface (SEI) on lithium metal
anodes, which improves their cycling stability. [34] As re-
cent publications indicate, FSI– anions also support the
formation of a stable CEI on TMFs in either highly concen-
trated solutions (e.g. 4.6m LiFSI in DME) or specific sol-
vents (e.g. in DME or Pyr1,3FSI). [30, 31, 28, 26] Since the
CEI is formed during discharge (i.e. lithiation), the species
solvating Li+ have a significant impact on its structure
and physical properties. [35, 36] In carbonate electrolytes
FSI– is generally reported to enter the solvation sheath
of Li+ only at very high LiFSI concentrations. [37, 38]
In contrast, when employing weakly solvating electrolytes
such as DME, FSI– readily contributes to Li+ solvation
at more moderate concentrations. [39]. Hence, electrolyte
design aiming for a FSI– derived CEI should consider its
solvating power and salt concentrations carefully.

3. A Realistic Look at Rate Capability

As discussed in section 1, TMFs are conversion type
cathodes with intrinsically low electrical conductivity. As
a consequence, higher charging/discharging rates are par-
ticularly plagued by high overpotentials or even complete
cell failure. The most common techniques to overcome
this hurdle use excessive amounts of conductive additives,
often in the form of nanostructured carbon composites.
For example, using the FeF3 CNF composite mentioned in
section 2, Fu et al. demonstrated the highest rate capa-
bility for FeF3 systems, with a stable discharge capacity
retention of 285mAhg−1 at 1000mAg−1. [31] The free
standing CNFs prevent coarsening of the FeF3 nanopar-
ticles and the consequent formation of ”dead material”
and further enhance electronic conductivity enabling fast
discharge rates. The best performing composite contains
56wt% active material (no additional binder and carbon
required) which is still higher compared to other publica-
tion with similar carbon architectures. [33, 43, 40, 53, 49,
45]

Another approach was published by Li et al. based on
a hetero-nanostructure of lithiated TiO2 and FeOF com-
bined with a CNT network. [48] TiO2 becomes electron-
ically conductive upon lithiation, which when combined
with the CNT reduces the charge transfer impedance in the
compound as evident from their EIS data. TiO2 also pro-
vides reversible Li storage capacity and can act as mechan-
ical confinement. Although discharge capacities of around

165mAhg−1 at 500mAg−1 are lower than in other re-
ports, the group does achieve a stable areal capacity of
1.74mAh cm−2 for 300 cycles (at 100mAg−1). Thermo-
gravimetric analysis indicates an active materials (FeOF
and TiO2) weight content of around 50 wt%.

In general, carbon architectures do not only enable
higher cycling rates but also represent a successful strat-
egy to mitigate particle fusing and can potentially be used
to stabilize nanoparticles with an artificial CEI layer. [13]
Unfortunately, carbon additives in excess of 40 wt% would
reduce the specific energy of an FeF2-lithium cell below
that of commercial intercalation-based cells, and indeed
an active material mass fraction of less that 70% would
render most transition metal fluoride chemistries noncom-
petitive with next-generation, intercalation-based lithium-
metal cells as discussed in more detail in section 4 and the
supplementary information. The high rate performance
comparison shown in Figure 3 illustrates the trade-off be-
tween areal capacity and discharge currents and their cor-
responding discharge capacities as a function of active ma-
terial loading.

However, with the novel description of the topotactic
reaction mechanism within a stable fluoride sublattice in
FeFx , the discharge rate appears to be not as intrinsically
slow as initially assumed. Xiao et al. showed that the
charging process is limited by the diffusion rate of iron
across a high energy Fe-LiF interface whereas discharg-
ing is limited by Li+ diffusion along open channels in the
〈1 0 0〉FeF2

direction, which is inherently faster. Hence, by
maintaining a slow charging rate to reach the full capac-
ity (28.6mAg−1), unprecedented high discharge capacities
of 500mAhg−1 at 285.5mAg−1 could be demonstrated
while maintaining an active material loading of 70wt% and
an areal capacity of around 600µAh cm−2 (Figure 2c).

Another potential strategy for mitigating sluggish re-
action kinetics and thus improving the rate capability of
TMFs is operation at elevated temperatures. Unfortu-
nately, cathode dissolution and electrolyte decomposition
are accelerated as well and very little is known about
degradation processes at higher temperatures. [58] Stable
cycling has only been shown up to 50 °C. [26, 28] A recent
mechanistic study on Fe3+/Fe2+ redox reaction at 90 °C,
indicates the difficulties of capacity retention at such high
temperatures. [59]

4. Beyond Iron Fluorides

In Figure 4 we present a simplified techno-economic
model for the later 3d TMF-lithium chemistries to estab-
lish a reasonable perspective on achievable energy densities
and associated costs. The model extends to the stack level,
with realistic penalties placed on usable capacity, overpo-
tential, excess lithium/electrolyte, and most importantly
active material mass fraction. A full description of the
assumptions and calculations made herein is given in the
supplementary information.
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Figure 3: High rate performance comparison of various TMF cathodes.[33, 40, 26, 28, 15, 41, 42, 31, 43, 44, 45, 46, 47, 48, 49,
50, 51, 52, 53, 54, 55, 56, 57] a shows the areal capacity obtained at a given current density and b the corresponding discharge capacities
as a function of active material content in the cathode. The dotted line indicates the threshold of 85 wt% used for the techno-economic
calculation. Noteworthy, not every publication reports enough information to calculate both the areal capacity and active material content.
The colors indicate elements used in the cathode.

It is more pertinent to compare TMF chemistries with
a hypothetical LiNi0.8Co0.1Mn0.1O2 (NMC811) lithium sys-
tem, as both cases depend on a lithium metal anode. While
all the TMF systems considered here exhibit higher en-
ergy densities, it is questionable whether the modest ad-
vantage (50Whkg−1 to 70Whkg−1 increase compared to
NMC811-lithium) of the lower potential cathodes (FeF2,
CoF2) could justify the use of a chemistry with inferior
cycle life and rate capability (Figure 4a). The increase in
cathode potential from FeF2 to CuF2 yields a drastic in-
crease in energy density, highlighting the importance of in-
corporating more electronegative transition metals and de-
creasing discharge overpotentials (<300mV). NiF2, CuF2,
FeF3 systems could exceed 600Whkg−1 at the stack level,
with potential for use in high specific energy applications.
Additionally CuF2 and FeF3 are highly competitive in
terms of cost of energy stored (US $ per kWh), with the
main cost drivers being the lithium anode and electrolyte
Figure 4b.

Despite the obvious theoretical advantages of iron (III)
fluoride over the divalent compound (higher redox poten-
tial and larger specific capacity), intrinsic kinetic limita-
tions undermine its practical implementation. As a result
of the higher LiF concentration in a converted FeF3 com-
pound (3 LiF per Fe0), reaction kinetics are intrinsically
more sluggish compared to FeF2 (2 LiF per Fe0) thus neg-
atively affecting rate capability. [29] To the best of our
knowledge, a reversible capacity retention corresponding
to all three Li equivalents (712mAhg−1) has not been
demonstrated for more than ten cycles yet. [56] While ca-
pacity loss induced by isolation of iron particles in a FeF2
compound can be compensated by oxidation of other metal
centres beyond Fe2+, this is not possible in FeF3. [26]

Albeit CuF2 holds the greatest potential value, it is
the only 3d TMF cathode that shows little to no intrin-

sic reversibility. Despite its structural similarities (CuF2
exhibits a monoclinic structure, which is Jahn-Teller dis-
torted from the typical tetragonal rutile of other transition
metal difluorides), CuF2 cycling exhibits poor reversibil-
ity, which restricted its application to primary batteries
so far. [10, 60, 61] Studies have suggested that metal-
lic copper does not nucleate inside the fluoride sublat-
tice on discharge but instead forms large aggregates on
the particle surface due to the high diffusivity of copper
cations. [17, 61] During charge, substantial copper dissolu-
tion by the formation of fluoride rich complex ions, such as
[CuIF4]3– and [CuIIF6]4– , associated with the consump-
tion of LiF is observed. [62]

Promising results were published by Wang et al., who
reported reversible Cu redox reaction over a two-step re-
duction in a CuyFe1-yF2 solid-solution compound. [63]
An unprecedentedly low voltage hysteresis (<150 mV in
galvanostatic intermittent titration technique, GITT) was
observed, which suggested ternary compounds as an av-
enue for overcoming low energy efficiencies characteristic
of TMF cathodes. [23] However, more recent publications
have tempered this enthusiasm.

Gordon et al. investigated a number of solid-solution
ternary difluoride (Fe-Co, Fe-Mn, Fe-Ni) nanoparticles dec-
orating multi-wall carbon nanotubes (MWCNT). [64] In
contrast to Wang et al. the authors did not observe any
mitigation of the voltage hysteresis compared to plain FeF2.
Additionally, mixed metal reduction appeared to occur in
a single step reaction and the average discharge potentials
lied in between the ones corresponding to the binary fluo-
rides. Although this does suggest a certain degree of tun-
ability, it should be noted that all of the ternary fluorides
exhibited lower average discharge potentials compared to
FeF2. On the contrary, substituting copper into a nickel
fluoride compound is reported to increase the discharge
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Figure 4: Techno-econmic analysis of TMF chemistries. a, Chart showing the projected specific energy at the stack level for the later
3d transition metal fluoride cathodes with lithium metal anodes. These values were calculated for 90µm thick cathodes with 30% porosity,
assuming 85% active material mass fraction, a usable capacity at 90% of the theoretical, an average cathode overpotential of 300mV, 30%
excess lithium capacity, and 150% excess electrolyte mass as realistically achievable parameters. The textured regions of the chart represent
a drop in active material mass fraction from 85% to 50%. The grey and black dashed lines represents the stack level specific energy of a
commercial scale LiNi0.6Mn0.2Co0.2O2 (NMC622) graphite cell and a hypothetical LiNi0.8Co0.1Mn0.1O2 (NMC811) lithium cell respectively.
These cells are modeled for high-energy with a maximum electrode thickness of 90µm, containing 96-98% active material at 25-30% porosity.
A number of parameters used in this model were obtained from the Battery Performance and Cost (BatPaC) modelling software developed by
Argonne National Laboratory. A detailed description of the technoeconomic model is provided in the supplementary information. b, Chart
describing the bill of materials as a fractions of the total cost of energy stored for five transition metal fluoride-lithium cell chemistries as well
as high-energy NMC622-graphite and NMC811-lithium cells. The prices of transition metal fluoride active materials were estimated from the
most recent (late 2020) spot prices of the commodity chemicals used in their synthesis, with rough approximations for the cost of production
as detailed in the Supplementary Information.
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potential by a few hundred millivolts. [65] Interestingly,
further oxidation of some metal centers to a +3 state of
charge in Mn and Fe containing compounds was indicated
in their voltage profiles. [64]

A similar observation was made by Omenya et al. The
group showed fairly reversible cycling in a Cu0.5Fe0.5F2
compound. However, X-ray absorption near edge struc-
ture (XANES) measurements suggested that only a small
amount of copper is re-oxidized during charge. Instead,
reversible oxidation beyond Fe2+ compensates for capac-
ity loss due to copper isolation and dissolution into the
electrolyte. [61] In addition, a significantly higher hystere-
sis was monitored by potentiostatic intermittent titration
technique (PITT) compared to the GITT data from Wang
et al. It is reported that GITT does not monitor certain
overpotentials in conversion materials and thus can exhibit
a lower voltage hysteresis. [29]

To address the problem of copper dissolution, Seo et al.
prepared a NiO protection layer on a CuF2/C electrode.
In contrast to a bare CuF2/C composite the cathode could
be recharged and five subsequent cycles are demonstrated.
Inductively coupled plasma optical emission spectroscopy
(ICP-OES) of the electrolyte indicated a substantial al-
leviation of copper dissolution by the NiO coating. [66]
Nevertheless, significant capacity fading is observed, indi-
cating the existence of vast overpotentials for the recon-
version of CuF2. A further investigation of the interfaces
formed between metallic Cu and CuF2/LiF may help to
explain the origin of this anomalous behavior.

In addition to mixed cation TMFs, mixed anion oxyflu-
oride compounds (formed by substituting O2– at the F–

lattice site) have also demonstrated improved performance
in the past. [67, 68, 29] A recent publication by Fan et al.
reported co-substituted Fe0.9Co0.1OF nanorods. In con-
trast to the pristine phases (FeOF, FeF3), the compound
showed remarkable cycling stability, retaining 350mAhg−1

for over 1000 cycles which corresponds to a capacity fade
of 0.005% per cycle. As evident from GITT, the poten-
tial hysteresis could be significantly reduced down to 0.27
V at 50% SOC compared to FeOF (0.57 V) and FeF3
(1.1 V). Supported by first principle calculations the au-
thors rationalize the outstanding electrochemical perfor-
mance by suppressing the conversion reaction due to con-
certed Co/O doping. An intercalation-extrusion mecha-
nism is enabled by stabilizing a defected-rocksalt parent
phase (Li1–0.5zFe(Co)O2–z), where only small amounts of
metallic Fe(Co) is formed (extruded) and a high lattice
coherence with LiF is maintained. [47] The study is a pi-
oneering example of how co-substitution can be used to
modify the reaction mechanism and thus tune the electro-
chemical performance of TMF cathodes.

5. The Future of Conversion-Type Fluoride
Cathodes

Within the last couple of years, transition metal flu-
oride cathodes have proven themselves promising candi-

dates for the next generation of energy dense cathode ma-
terials. Recent publications have shown how the cycling
stability of FeFx can be significantly improved by choos-
ing an adequate electrolyte composition. By elucidating
the role of a stable parent phase throughout cycling, the
common misconception of inherently sluggish reaction ki-
netics in FeFx cathodes were proven wrong. Rational de-
sign of such phases resulted in remarkable capacity re-
tention. At this stage, the commercial utility of TMF
cathodes will determined by the achievable active mate-
rial mass fraction and areal capacity loading. Increasing
the active material mass fraction of TMF cathodes toward
85% will be necessary for development of a commercially
competitive technology. An active material loading be-
tween 2mg cm−2 to 3mg cm−2 should be maintained in
future publications to facilitate the comparison of results
and evaluate the commercial viability of potential strate-
gies for performance improvement. In our experience, such
loadings are achievable at the lab-scale and would produce
an areal capacity comparable to lower energy commercial
cells, for example, 3mg cm−2 of FeF2 would have the same
areal capacity as 8mg cm−2 of NMC622 (∼1.5mAh cm−2).
Although further increases in mass loading will be required
to surpass the areal capacities of current LIBs, cells built at
this intermediate scale will allow a more meaningful eval-
uation of performance. Recently, a wealth of mechanistic
understanding has been generated for the FeFx system, in
the pursuit of more useful information further mechanis-
tic studies should instead focus on higher energy systems.
While reversible cycling of pure CuF2 has proven problem-
atic, the possibility of increasing cathode potential through
Cu cation substitution should not be ignored.
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