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Carbon is a ubiquitous additive to enhance the electrical
conductivity of battery electrodes. Although carbon is generally
assumed to be inert, the poor reversibility seen in some
fluoride-ion battery electrodes has not been explained or
systematically explored. Here, we utilize the Materials Project
database to assess electrode deactivation reactions that result
in the formation of a metal carbide. Specifically, we compare
the theoretical potentials of MFy reduction to either the
corresponding metal M or metal carbide MCx. We find that the
formation of MCx is unlikely to be important in anodes that
operate at modest reduction potentials, such as those made

from electronegative metals like Zn, Sn, or Pb. However, in
anodes that operate at extreme reduction potentials, such as
alkaline earths or lanthanides, we find that formation of MCx is
relevant and can emerge as a mechanism for capacity loss.
Thus, side reactions of metals with carbon additives that form
metal carbides possibly explain the poor reversibility of
lanthanide or alkaline earth metal-based electrode materials.
Finally, we highlight that the carbide formation process might
be exploited for designing cheap anode systems with improved
reversibility.

Introduction

The growing reliance on renewable energy and the increasing
demands of grid storage, electric vehicles, and portable
electronics necessitates the development of battery technolo-
gies beyond lithium-ion batteries (LIBs). Although LIBs offer
excellent performance, the limited availability of certain critical
elements, such as Co and Li,[1] has led to an increased focus on
alternative types of batteries, which could offer longer-lasting
and more sustainable supply chains. One possible alternative is
the fluoride-ion battery (FIB),[2] which uses fluoride ions (F-) as
the ionic charge carrier instead of Li+.

Although investigations of fluoride-ion conductors have
been performed for many years,[3] serious consideration of FIB
technology only began to emerge after the recent proof-of-
concept demonstration by Reddy and Fichtner.[2a] In this work,
they used La0.9Ba0.1F2.9 as a solid electrolyte in combination with
composite conversion-type electrode materials MFy+M, where

the latter converts between the metal state M and the metal
fluoride state MFy within the electrochemical reaction. Since this
initial demonstration, a wider range of electrolytes and electro-
des have been explored. This has included liquid and polymer
electrolytes[4] as well as intercalation-based electrodes.[5] Despite
this progress, challenges with electrode stability are often
observed.

Almost universally, FIB electrodes contain a carbon-based
conductive additive (e.g., acetylene black, carbon black, or
carbon nanotubes). Although carbon is typically considered an
inert additive, recent work uncovered the unexpected oxidation
of carbon, as identified via XPS measurements that showed the
shift in carbon to higher binding energies.[5f] Unwanted side
reactions can also be observed under reducing conditions.
Wissel et al.[6] studied the electrochemical topochemical reduc-
tion of La2NiO3F2

[7] within a solid-state FIB, attempting to form
partially defluorinated La2NiO3F1.93 and La2NiO3F, both of which
require reduction of Ni2+ to Ni+. Remarkably, they observed
only the formation of La2NiO3F1.93, even though the charging
plateau exceeded the theoretical capacity for forming La2NiO3F
by a factor of four. XPS revealed that this additional capacity
was accompanied by a shift in carbon to lower binding
energies, suggesting that the carbon black was becoming
reduced. Due to the absence of other reactants, it is likely that
this reduction might result from the interaction with the metals
contained within the active material and additives in contact
with carbon.

A possible reduction pathway for elemental carbon involves
cation intercalation. As a common example, Li inserts into
graphitic carbon to form LiC6, the desired anode reaction for
LIBs. Alternatively, if the carbon lacks a layered structure, a
metal carbide may result. In fact, because a carbide can have a
formal oxidation state of -IV, pure carbon has a theoretical
capacity of 8934 mAhg� 1. Although this capacity is purely
hypothetical, conventional batteries often contain 10–25 wt%
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carbon. Therefore, even as an additive, the capacity of carbon
could exceed that of the active materials, consistent with the
earlier findings.[6]

Despite this evidence, side-reactions in FIB anodes have not
been previously considered. Therefore, in this work, we
compare two possible anode reduction reactions that can occur
by reducing a metal fluoride in the presence of carbon
additives. The first is the reduction of the metal fluoride to
metal; the second is the reduction of the carbon to form a
metal carbide. We investigate the competing energetics of
these reactions by comparing the formation energies for all
elemental metals within the Materials Project database[8] that
are known to exist as both a metal fluoride and a metal carbide.
From these results, we identify periodic trends and derive
guidelines for the choice of electron conducting additives in
fluoride-ion batteries.

Results and Discussions

Metal carbides in the context of fluoride-ion batteries (FIBs)

A typical anode composite in the discharged state normally
consists of a metal fluoride MFy, a carbon additive, and a
fluoride conductor, which would be a second metal fluoride in
the case of all solid-state FIBs. These materials are often
intimately ground together, for example, via planetary ball
milling, to keep particle sizes small to facilitate the trans-
formation process. During the reduction process of the anode
material, i. e., charging, one can consider two reactions that are
in competition with each other.

MFy þ y e
� þ x C! Mþ y F� þ x C (1)

MFy þ y e
� þ x C! MCx þ y F� (2)

These reactions differ with respect to the chemical species
that is being reduced. For Equation (1), the reduction occurs on
the metal directly, whereas for Equation (2), the reduction
occurs at the carbon and/or at the metal, depending on the
difference in the electronegativities of M and C.

Equation (1) is a common conversion reaction of a metal
fluoride to a metal. Its chemical and therefore electrochemical
potential depends on the reductivity of the metal, represented
by the Fermi energy of the metal, as well as the lattice energies
of both the metal M and the metal fluoride MFy. We acknowl-
edge that practically, the MFy compound with the lowest value
of y is most relevant to be used as an anode material (although
all MFy compounds within 0.075 eV/atom of the hull were
included in our considerations). To illustrate this, one can
compare the potentials of FeF2/FeF3 and Fe/Fe3, as a representa-
tive for MFy/MFy+1 and M/MFy+1. For example, before FeF3 (total
energy: � 6.19 eV/atom) is reduced to metallic Fe, reduction to
FeF2 (total energy: � 6.69 eV/atom) occurs at a potential of �
0.8 V higher than the potential of Fe/FeF3.

Equation (2) is a complex reaction. To understand the
potential impact of the kinetics of carbide formation, the
microscopic structure becomes important. Thus, we first discuss
the structure of carbon blacks as a representative additive.[9]

Carbon blacks can have different degrees of crystallinity or
amounts of defects, depending on the synthesis conditions that
have been used for material preparation. They can be obtained
from the pyrolysis of hydrocarbons and consist of regions in
which sp2 hybridized carbon layers are parallel to each other
(graphite-related orientation), as well as disordered regions,
even with sp3-type or sp-type bonding. Metal insertion into the
graphitic regions, similar to the lithiation of graphite, is a
multistep process that occurs via staged filling of the graphitic
layers. This insertion process requires a small degree of
structural reorganization with mainly expansion along the c-axis
but has a limited capacity per carbon atom (e.g., MC6, see
Figure 1a for structural depiction). For this process, the
electrons are transferred to the empty states immediately above
the Fermi level of graphite[10] (see Figure 1b). The insertion of
metals has been reported not only for lithium[11] and
potassium[12] but also for lanthanides (e.g., Yb and Eu) under
the formation of metal inserted compounds.[13] These materials
can be prepared by heating carbon under a metal vapor for
volatile lanthanides or by heating compacted powders of
carbon and metal.[13]

Metal insertion into graphite might likely be favourable for
kinetic reasons, and for certain metals, such carbides also
represent the thermodynamically most stable product (e.g.,

Figure 1. (a) Crystal structure of metal inserted graphite on the example of EuC6. (b) Schematic depiction of the change in the electronic structure for M
insertion into graphite.
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EuC6). However, carbon materials can also consist of regions
with structures not related to graphite. For such regions,
removal of carbide species under the formation of metal
carbides (or nanoscopic clusters) might also be imagined, as
well as the formation of surface adducts of the cationic metal
species in addition to reduction of the host structure. Thus, it
will also be important to consider carbide compounds such as
EuC2

[14] (see Figure 2a) or La2C3
[15] (see Figure 2b), which might

represent the energetics of the metal cation to negatively
charged carbon bonds. Similar considerations can be made for
metal carbides with lower degree of ionic M� C bonding, for
example, Fe3C

[16] (see Figure 2c).
In the following, we will discuss the energetics of both

reactions (also see scheme shown in Figure 3). Lithium is a
strong reductant forming highly stable LiF and will be used as
the reference for the electrochemical potentials in this work.
For reacting metal fluorides with lithium, all compounds are
solid; thus, one can easily conclude that these reactions must
be exothermal reactions with ΔH1<0 eV for metals which are
solid at ambient temperature. The same holds true for the
carbide formation of stable metal carbides (which cannot
decompose into the elements), which will also be an exother-
mal reaction with ΔHcarb.form.<0 eV. Consequently, the enthalpy
of the carbon reduction coupled to metallization from MFy
decomposition will be even more exothermal with ΔH2 =ΔH1 +

ΔHcarb.form.<0 eV if a stable metal carbide exists. At this stage,
we acknowledge that this is not true for all known carbides.
Certain metal carbides (e.g., those of Au, Ag, and Hg) are
prepared at temperatures above the melting point of the metal
or via a gas phase reaction,[17] and their formation is only

stabilized from overcoming the lattice energy of the metal,
resulting in ΔHcarb.form.>0 eV.

Neglecting entropic contributions to the free enthalpy ΔG
will automatically imply that the potential U ¼ � DG

zF �
� DH
zF (with z

being the number of transferred electrons and F being
Faraday’s constant; 96,485 Cmol� 1) can be derived from the
energy difference of products and reactants or from the
differences of the reaction enthalpies of Equations (1) and (2),
respectively, according to Equation (3) and Equation (4).

U M=MFy
� �

vs: Li=LiF ¼

�
E Mð Þ þ yE LiFð Þ � yE Lið Þ � E MFy

� �

y ¼ �
DH1

yF
(3)

U MCx=MFy þ xC
� �

vs: Li=LiF ¼

�
E MCxð Þ þ yE LiFð Þ � xE Cð Þ � yE Lið Þ � E MFy

� �

y
¼ �

DH2

yF
(4)

Furthermore, one can consider the potential difference ΔU
between carbon reduction and metal fluoride reduction,
according to Equation (5).

DUðMCx � MÞ ¼

U MCx=MFy þ xC
� �

vs: Li=LiF � U M=MFy
� �

vs: Li=LiF ¼

�
E MCxð Þ þ E Mð Þ � xE Cð Þ

y ¼ �
DH2 � DH1

yF ¼ �
DHcarb:form:

yF

(5)

From this, we conclude the following:
(1) The carbon reduction under metal carbide formation will

become thermodynamically favourable over the metal
fluoride reduction (i. e., the potential of the metallization-
induced carbon reduction is higher than the potential of
the metal fluoride reduction) for exothermal carbide
formation reactions between carbon and metal fluoride. In
these cases, the potential of U(MCx/MFy+xC) will be higher
than the potential of U(M/MFy), i. e., carbon would be a
stronger oxidizer than the metal fluoride.

(2) The absolute value of this potential difference is propor-
tional to 1/y. Thus, the lower the metal-to-fluoride ratio in
the MFy compound, the higher will be jΔU j . If one
considers a pair of metal fluorides MFm and MFn of the same
metal M with m<n, this implies that the fluoride-poor

Figure 2. Crystal structures of EuC2 (a), La2C3 (b), and Fe3C (c).

Figure 3. Reaction scheme comparing the energetics comparing the metal
fluoride reduction [Eq. (1)], to the metallization coupled carbon reduction,
[Eq. (2)].
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metal fluorides can strongly favour metal carbide formation
if ΔHcarb.form.<0 eV. In reality, overpotentials might affect the
carbide formation process, and it is reasonable to assume
that carbide materials with a structure close to graphite
(respectively metal-poor carbides) might be favoured for
kinetic reasons. This can become especially relevant if
metals can form various MCx metal carbides with different
values of x, and some of them have more complex
structures which require a strong degree of reorganization.
From this one could in principle expect that the formation
of a crystalline carbide induces strong overpotentials, which
can then favour the metal fluoride reduction (see scheme in
Figure 4a).

(3) Graphite is the thermodynamically most stable modification
of carbon. The formation energy of metal carbides from
metastable carbon species (e.g., non-graphitic regions with-
in carbon materials) will thus be energetically more
favourable and would lead to higher values of ΔU
accordingly. We exemplified this by calculating the values
of U(MCx/MFy+

x/60 C60) and the corresponding ΔU values
additionally. Though the absolute potential differences
have to be read with caution, this shows that the formation
of crystalline metal carbides would become energetically
even more accessible (see Figure S1).

(4) Further, non-graphitic carbon can also form non-crystalline
surface adducts of metals undergoing reduction. The
energy of such metal carbides cannot be easily calculated
and would require detailed DFT-based optimization which
is beyond the scope of this manuscript. However, one can
estimate the potential influence from the analogy of metals
(e.g., Na) that do not form a stable carbide. For Na-ion
batteries, it is known that although Na cannot be inserted
into graphite, it can reduce non-graphitic carbon regions
and form surface adducts there. This can happen at
potentials just above the potential of Na/Na+ (adsorption
within micropores) up to �1–2 V for hard carbon materials
and can be relevant for the commonly used carbon
additives.

(5) Let us additionally consider the case of a metal carbide with
an energy above the convex hull, i. e., being metastable
under ambient conditions. From a simple energetic view-
point, the corresponding metal fluorides should be trans-
formed first to the metal in the reduction in the conversion
process, followed by the reduction of carbon under the
formation of the carbide. Practically, conversion processes
are often accompanied by overpotentials, and the crystal-
lization of the metal species to the thermodynamically most
stable metallic state might be stronger impeded for kinetic
reasons than the metal carbide formation itself (especially
considering the non-graphitic regions within carbon materi-
als and the formation of surface adducts). It has been
discussed previously that this might be strongly impacted
by the melting point of the metal and the fluoride ion
conductivity of the corresponding metal fluoride.[18] Thus, if
there are considerable overpotentials hindering the metal-
to-metal fluoride transformation, carbide formation could in
principle take place if it is itself not affected by similarly
strong kinetic inhibition (see Figure 4b).
The values for U(M/MFy)vs. Li/LiF, U(MCx/MFy+xC)vs. Li/LiF, and

ΔU(MCx� M) were calculated for all combinations of MFy and
MCx available within the Materials Project Database. These
values for the different potentials are tabulated in Table S1 and
comprise the data for unstable metal carbides with energies
above the convex hull. According to the considerations
mentioned above, one can narrow these data by comparing the
most reasonably stable MFy compounds with the most stable
metal carbides MCx, which is graphically represented in Fig-
ure 5. This summary reveals valuable information about which
elements might favour carbide formation prior to the reduction
of the respective metal fluoride or when carbon interactions of
the metal (not be confused with carbon fluorination for high
voltage cathodes) might become relevant (limitations of the
contained data are discussed at the end of this section).

These findings are summarized as follows:
(1) For the late first-row transition metals starting with Cu, as

well as the late second/third-row transition metals starting
with Ru and Os, respectively, metal formation seems to be

Figure 4. Schematic presentation of how overpotentials can help favour metal formation (a) or metal carbide formation (b) over the concurrent reaction.
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the most plausible process for metal fluoride reduction. In
addition, these M/MFy combinations have high potentials,
implying that these metals are likely to be used on the
cathode side, for which the low potentials required for
carbon reduction will be practically not induced. Indeed, for
such materials one would rather expect an oxidation of
carbon under formation of fluorinated carbon species as
has been found for cathode materials.[5f] The unfavorability
of carbide formation is further extended to the p-block
metals of the respective row of the periodic table. Apart
from Cu (which does not seem to form a reasonably stable
carbide), all these metals form metal-rich carbides with x�
1. Considering that carbide formation would have to occur
at the interface between M and C, this would imply that a
fairly large metal cluster would have to form prior to the
reaction with C. This consideration is of special importance
for ZnF2, PbF2, or SnF2, which have been recently inves-
tigated as reference electrodes or as anodes for FIBs.[5f,18–19]

The values of ΔU(MCx� M) for these metals are below
� 0.5 V, which renders the carbide formation energetically
unfavourable and could explain why these materials appear
to show good reversibility in FIBs. The fairly low melting
points of these metals further supports the ease of the MFy
to M conversion process.

(2) Alkaline earth metals (apart from Na, Mg, Ca) form stable
metal carbides and have potentials that are sufficiently low
for them to be considered as anode materials within FIBs.
Therefore, the corresponding metal fluorides are likely not
to work as conversion materials in the presence of carbon
since carbon reduction will be the most favourable process.
Furthermore, we note that all these metals form carbon-rich
carbides with x@1; the corresponding structures are graph-
ite-related, with metal ions inserted between the graphene

layers. Considering that metal insertion into graphite is a
process that requires fairly low structural reorganization
and thus potentially low thermal activation, we conclude
that carbide formation will likely dominate over metal
formation for most alkaline and alkaline earth metals. This
consideration will become particularly important when
using anodes such as SrF2, BaF2, or tysonite-/fluorite type
solid fluoride ion conductors.[19a,20] However, the impacts of
carbide formation might not be entirely negative, and as
we will discuss in the conclusions, this might even provide
a beneficial new perspective for the development of anode
materials for FIBs.

(3) Sc, Ti, V, Zr, Nb, Hf, and Ta also show a strong tendency to
form carbides prior to the reduction of the metal fluoride.
In contrast to the alkaline and alkaline earth metals, the
corresponding carbides MCx have values of x�1, and the
structures of the metal carbides are not related to the
structure of graphite. This implies that at the interface to
the carbon additive, a large amount of M species would
have to be built up, accompanied by a reconstructive
reorganization of C and M species for carbide formation.
Thus, although the formation of MCx is energetically
favoured, overpotentials arising from this redistribution
might reduce the likelihood of carbide formation. Never-
theless, once metal carbide clusters form, they are likely to
show reduced reversibility for reconverting, which is related
to the high melting temperatures of these carbide
materials.[21] One must also consider that the metals M have
high melting temperatures themselves, which could se-
verely impede the conversion process between the metal
and the metal fluoride as well. This would likely explain
why these metal fluorides have not been reported to be
used as anode materials so far, though their potentials and

Figure 5. Comparison of U(M/MFy)vs. Li/LiF, U(MCx/MFy+xC)vs. Li/LiF, and ΔU(MCx� M) for the different combinations of stable MFy with a low value of y and the
thermodynamically most stable carbide MCx. Actinides were not considered for the calculations since they do not show practical relevance. Furthermore,
certain elements (Tc, Pm, Pb, Sb, Bi, Te, Po) did not contain any entries for their corresponding metal carbides. Furthermore, some elements form molecular
carbides (H, N, O, S, Cl, Br, I) or do not form carbides at all (noble gases) and were thus not included.
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capacities would reasonably justify their experimental
investigation.

(4) Cr, Mn, Fe, Co, Ni, Mo, W, and Re have values of ΔU�0.
Therefore, carbide formation vs. metal formation will
strongly depend on overpotentials ϕ/ϕ’ for the different
reactions. Since all these metals have high melting
potentials and the corresponding metal carbides MCx have
values of x!1, both processes become unfavourable, and
these metals are unlikely to be reasonably exploited as
anode or cathode materials within conversion-type reac-
tions in the authors’ opinion.

(5) The different lanthanides LnCx deserve special attention
since many of their corresponding metal fluorides have
been considered as solid electrolytes for FIBs. Remarkably,
all lanthanides appear to energetically favor carbide
formation over metal formation within a FIB. However, the
values of x considerably fluctuate for the different lantha-
nides, with x�1 or x@1. Only Eu and Yb seem to favour
the formation of graphite intercalation compounds x@1
from an energetic viewpoint. However, because carbide
formation appears to be generally favourable for lantha-
nides, one can imagine that these metals would have a
strong tendency to form M� C adducts to non-graphite-like
regions of carbon additives, which would be energetically
susceptible to the formation of lanthanide carbides. There-
fore, we assume that the carbide reaction might indeed
prove to be a limiting factor for the use of LnFy-based
electrolytes[22] at the anode sides and that their usability
with low-potential anodes must be conceptually reconsid-
ered.

Conclusions

In this work, we have shown that carbide formation has the
potential to be a significant side reaction for metal fluoride MFy
conversion-based electrodes within fluoride-ion batteries (FIBs).
This is most severe in combination with electropositive metals
such as alkali, alkaline earth, lanthanides and early 3d/4d/5d
transition metals but is an unlikely process with anodes such as
Sn, Pb, Zn. Although carbide formation would be favoured for
all these metals, we emphasize that kinetic barriers might
facilitate this process most strongly for carbon-rich carbides
MCx with x@1, whose structures can be derived from the
layered graphite arrangement. However, the complexity of
carbon additives, which can also contain nongraphitic regions
with higher energies, might render carbon reduction with metal
adducts a possible scenario for metals that can form stable
carbides and other metals as well. This reaction should be
considered as a potential side reaction within anode materials
for FIBs in the future and has not been considered in previous
research so far.

Furthermore, we think that carbide formation, especially in
the context of metal insertion into graphite, could in principle
be exploited for designing anode materials for FIBs. This metal
fluoride conversion in combination with metal insertion into
graphite host lattices provides the opportunity for improving

the cycling stability of conversion anodes, which is currently
considered a key limitation for the development of functional
FIBs. This result is reminiscent of previous work on cathode
development for lithium-ion batteries, for example, by Reddy
et al.[23] who used iron metal fluorides at the cathode side (from
reacting Fe with carbon fluoride via ball milling) for fluoride
storage in the conversion of LiF according to LiF+Fe!FeF2 +2
Li+ +2 e� .

Thus, the successful implementation of metals into carbon
networks might provide the opportunity to create novel nano-
structured anodes with improved reversibility. Although this
would imply a reduction in the gravimetric capacity and a
reduction of operation potential, this process could be a cheap
alternative in combination with light alkaline earth metals, such
as Ca2+ or Mg2+ [24] (e.g., Cgrav,theo =860 mAhg� 1 for Mg/MgF2 vs.
Cgrav,theo =399 mAhg� 1 for the hypothetical pair MgC6/MgF2 +

C6). Although the intercalation of carbon is not known for the
naked metal cations, it can be supported by the addition of
complexation agents and intercalation of the complex instead
of the naked metal ion for M=Ca, Mg, Na.

We also think that potassium fluoride KF might deserve
special attention for designing electrodes with high reversibility,
especially within all solid-state FIBs. The potential for potassium
insertion into carbon is at a potential similar to graphite
materials used for lithium-ion batteries (see Figure 5). For KF+

8 C+e� !KC8 +F� , the capacity would be at a reasonable value
of Cgrav.theo. =174 mAhg� 1. More remarkably, considering the
molar volumes of the different reaction partners, the volume
change would be as low as + /-2.5% for changing between the
charged and discharged state. Additionally, potassium and
carbon have a high abundance and would not represent a
limiting factor for battery manufacturing.

Experimental Section
Our dataset is comprised of fluoride (MFy) and carbide (MCx)
structures from the Materials Project[8] and was analysed using the
Simulated Materials Ecosystem (Simmate)[25] and pymatgen.[26] The
Materials Project database was initially screened to include all
binary metal fluorides (522 structures). For compositions with more
than one known phase, only the most stable phase was used to
ensure that each composition was represented by a single entry
(258 structures). The Materials Project database was re-screened for
each M� F compound to identify M� C compounds (carbides). Like
the M� F materials, some M� C compositions had more than one
phase so only the most stable of these was used. This still allowed
for multiple compositions of the same M� C system. Carbides were
paired with the original fluoride such that all unique fluoride/
carbide combinations (930) for element M were represented.

Unstable metal fluorides with a convex hull energy <0.075 eV/
atom were included to account for computational uncertainty. This
excluded the most unstable fluorides, including subfluorides of
various metals (e.g., Fe3F), which are beyond any practical
realization. The 0.075 eV/atom cutoff was chosen because system-
atic and random errors in DFT-derived formation energies some-
times calculate a stable compound to be unstable. These errors
arise from electron self-interaction in localized electronic states and
the correction techniques employed by Materials Project typically
bring the errors within this 0.075 eV/atom range.[25–27] Some
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elements only had carbide structures with hull energies close to or
above the 0.075 eV/atom limit (e.g., Co2C) but were still included in
later analysis due to their interesting structural properties. For each
fluoride/carbide pair, relevant properties like reduction potentials,
hull stability, and space group were assembled and are presented
in Table S1.

Supporting Information

Supporting Information is available online and includes: 1) A
Dataset of all fluoride/carbide pairs obtained from screening of
the Materials Project database. The U(M/MFy), U(MCx/MFy+C),
and ΔU(MCx� M) columns were calculated using the formation
enthalpies of each pair. 2) A comparison of U(M/MFy)vs. Li/LiF,
U(MCx/MFy+

x/60 C60)vs. Li/LiF, and the corresponding ΔU(MCx� M)
for the different combinations of stable MFy with a low value of
y and the thermodynamically most stable carbide MCx.
Actinides were not considered for the calculations since they do
not show practical relevance. Furthermore, certain elements (Tc,
Pm, Pb, Sb, Bi, Te, Po) did not contain any entries for their
corresponding metal carbides. Furthermore, some elements
form molecular carbides (H, N, O, S, Cl, Br, I) or do not form
carbides at all (noble gases) and were thus not included.
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