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Batteries composed of CF, cathodes have high theoretical specific capacities (> 860 mAh/g). At-

tempts at realizing such batteries coupled with Li anodes have failed to deliver on this promise,
however, due to a discharge voltage plateau below the theoretical maximum lowering the realized
energy density and difficulties with recharging the system. In this study, we use first-principles cal-
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culations to investigate novel carbon allotropes for these battery systems: graphdiyne and “holey”
graphene. We first identify stable flourination structures and calculate their band gaps. We demon-
strate that the holes in these carbon allotropes can induce the formation of an amorphous LiF network
within the carbon and that this formation may, in fact, be kinetically favored. For structures where
amorphous LiF forms within the carbon, we predict it is easier to recharge and higher discharge
voltages can be achieved. If the LiF forms outside the carbon product, however, it will be crystalline
in form and lead to lower discharge voltages and more difficulty in recharging the systems. Finally,
we simulate XPS spectra of representative cases, demonstrating an experimental pathway for deter-
mining the reaction pathway of these systems. Our work suggests CF, allotropes with holes in them
as potential targets for high capacitiy, rechargable cathodes for Li batteries, provided they lead to
the formation of amorphous LiF within the C structure.

1 Introduction . g o si
comes into the “edge” of the graphene CF, structure, pulling sin-

Batteries made with fully flourinated CF, cathodes exhibit a high
theoretical specific capacity (> 860 mAh/g)L, and have been
commercially developed as primary discharge batteries?3. For
coupling with a Li anode, these batteries undergo the following
overall chemical reaction:

CF, +xLi — C+ xLiF. @D)

The carbon allotrope used in these reactions has typically been
in the form of graphene, the idealized carbon basis for CF,. For
graphene allotropes, an average theoretical discharge value of ~
4.57 V has been reported®=,

Physical realizations of these systems using graphene as the
carbon allotrope have much lower discharge values, typically
plateauing around = 2.5 VielZ, Leung et al. have explained this
plateau by identifying an edge mediated mechanism, where Li
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gle F atom from the system and then subsequently removing to a
LiF anode that forms outside the CFX. Furthermore, these sys-
tems generally are unable to recharge, unlike the chemically sim-
ilar Na/CF, system, although the exact nature of bond formation
in these systems is still unclear®., Leung et al. attribute this
to the difficulty of removing a F atom from crystalline LiF once
formed®. Graphite and carbon nanotubes have also been studied
as carbon precursors for CF, systems, although none have totally
overcome the issues mentioned above 1012,

While the edge mediated mechanism provides a strong expla-
nation for the mechanistic behavior of graphene CF, batteries3,
the location of the LiF product remains a subject of some debate
after discharge. Much work has also examined the possibility of
Li intercalating between CF, sheets, which would be simi-
lar to behavior seen in Na based CF batteries1617. Furthermore,
there seems to be some experimental evidence that in certain cir-
cumstance, LiF can end up forming an intermediate phase within
the CF, cathodes821. As a difficulty in recharging a graphene
based CFy electrode likely stems from the difficulty of pulling F
off a crystalline LiF structure, it is reasonable to hypothesize that
if one could encourage the formation of less crystalline LiF forma-
tion during discharge, recharge may be more facile.

Journal Name, [year], [vol.], 1 |1
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Fig. 1 The reaction pathway of CF, electrodes could take two paths. Starting with (a) F terminated graphdiyne and a Li anode, the system could
evolve to two configurations for the LiF: (b) crystalline LiF located outside of the C allotrope, or (c) amorphous LiF located within the graphdiyne

allotrope layers, with LiF columns existing within the C holes.

In this work, we investigates if the use of alternative flouri-
nated carbon allotropes could enable electrochemical recharge of
Li/CF, batteries. We use first-principles calculations to investi-
gate two alternative carbon allotropes for CF, based Li batter-
ies: graphdiyne and “holey” graphene with a hole width of ~ 12
A. Both of these allotropes introduce holes within the larger CF,
structure. We first determine stable structures and flourinations
for each of these structures as well as band gaps. As demonstrated
in Fig. [1} we then examine two possible locations for LiF forma-
tion during discharge: crystalline formation outside the cathode,
leading to an edge mediated discharge mechanism, and amor-
phous LiF formation between the C layers and extending through
the holes in the graphdiyne of graphene. In the latter case, since
removing F atoms from the C for these systems is not inher-
ently edge mediated, we find higher possible discharge potentials
(~3.5 V) can be achieved. Furthermore, recharging is also made
easier for these amorphous LiF systems since F atoms do not have
to break out of fully crystalline structures. Finally we demon-
strate with XPS calculations that varying LiF structures should
give distinct XPS signals, demonstrating an experimental path-
way for determining the LiF formation mechanism in these sys-
tems. This work demonstrates that alternative carbon allotropes
with significant holes in them may be a viable pathway for achiev-
ing higher theoretical discharge capacities promised by CF, elec-
trodes as well as enabling recharge— provided these carbon al-
lotropes encourage the formation of intercalated amorphous LiF.

2| Journal Name, [year], [vol.], 1

2  Methods

2.1 Computational Details

Electronic structure calculations are done using the Quantum
ESPRESSO packageZ. We use norm-conserving pseudopoten-
tials from the PseudoDojo repository? and the Perdew-Burke-
Ernzerhof exchange-correlation functional®®. We use kinetic en-
ergy cutoffs of 50 Ry and 400 Ry for the plane wave basis sets
used to describe the Kohn-Sham orbitals and charge density, re-
spectively. We use a 2x2x1 Monkhorst-Pack grid?® to sample
the Brillioun zone in our calculations. Equilibrium structures are
found by allowing the forces to relax below 0.05 eV/A. We use the
ENVIRON package to calculate the parabolic corrections when
running slab calculations. Reaction barriers were calculated using
the Nudged Elastic Band method, as implemented within Quan-
tum ESPRESSO.

Band structure calculations were carried out using ultrasoft
Vanderbilt pseudopotentials2Z and kinetic energy cut offs of 60
Ry and 400 Ry for the plane wave basis set and charge density,
respectively. An 8x8x 1 k-point grid was used for all GDY struc-
tures and a 4x4x1 k-point grid was used for holey graphene.
X-ray photoelectron spectra (XPS) were modeled by computing
1s core—electron binding energies of second-row elements using
custom made all-electron projector augmented wave (PAW) pseu-
dopotentials. The binding energies of core electrons were evalu-
ated as the difference between the core electron ionization energy
and the valence band maximum. The Brillouin zone was sampled
using a 4x4x4 k-point grid for the bulk LiF crystal and a 2x2x1
k-point grid for the LiF monolayer and amorphous LiF. The LiF
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Fig. 2 Optimized geometries and calculated band structures of (a) 1,4-
GDY, (b) 1,3,5-GDY, (c) y-GDY, and holey graphene in (d) rectangular
and (e) hexagonal cells.

monolayer was constructed by adding a vacuum layer to the pe-
riodic cell. The XPS spectra of Li,F, clusters were calculated at
the Gamma point by placing the cluster inside a cubic box with
an edge of 20 A.

3 Results

3.1 Structures and Electronic Properties of Carbon Al-
lotropes

Low-dimensional carbon allotropes with sp and sp? hybridiza-
tion are regarded as promising electrode materials for batter-
ies2822 To identify the potentially better performing CF, cathode
materials, we examined the structures and electronic properties
of several low-dimensional carbon allotropes, including a linear
graphdiyne chain (1,4-GDY)®%, a planar 1,3,5-graphdiyne (1,3,5-
GDY), gamma-graphdiyne (y-GDY)2L and a holey graphene22.
Optimized geometries and calculated electronic band structures
of these carbon allotropes are shown in Fig. To analyze the
influence of supercell symmetry on the electronic properties of
holey graphene, its atomic structure was modeled using both rect-
angular and hexagonal supercells.

The calculated band structures of 1,4-GDY, 1,3,5-GDY, and y-
GDY showed that these carbon allotropes were semiconducting
and had nonzero band gaps. Our calculations predicted direct
band gaps of 1.41 €V for 1,4-GDY, 2.37 €V for 1,3,5-GDY, and
0.47 eV for y-GDY, respectively. In contrast, holey graphene was
found to be a conducting material with zero band gap in both

Physical Chemistry Chemical Physics
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Fig. 3 Step-by-step mechanism of fluorination of 1,4-GDY. The fluori-
nation process is shown at (a) X =0, (b) X =04, (c) X =0.8, and (d)
X =1.2, where X is the fluorine content in CF,.

rectangular and hexagonal supercells.

3.2 Fluorination of Carbon Allotropes

In the next step, we investigated the sequential fluorination of
carbon allotropes with the formula CF,. Figure[3]illustrates a step-
by-step fluorination process of 1,4-GDY. Fluorination of 1,4-GDY
was carried out in three stages. During the first stage, 0 < X < 0.4,
fluorine atoms were attached to the triple C=C bonds of 1,4-GDY.
The resulting F-C bonds were orthogonal to the plane of the ben-
zene ring and alternated between up and down positions. During
the second stage, 0.4 < X < 0.8, second fluorine atoms were at-
tached to the same carbon atoms, changing their hybridization
from sp? to sp>. The equilibrium angle between the F-C-F bonds
was close to 108°. During the third stage, 0.8 < X < 1.2, hydrogen
atoms on the benzene ring were replaced with fluorine atoms.
The resulting F-C bonds were parallel to the benzene ring. The
electronic band gaps of fluorinated 1,4-GDY increased with the
increasing level of fluorination from 1.41 eV for X =0 to 3.33 eV
for X =1.2.

The sequential fluorination of 1,3,5-GDY is shown in Fig.
Fluorination of 1,3,5-GDY was performed in three stages. Dur-
ing the first two stages, 0 < X < 1/6 and 1/6 < X < 0.5, fluorine
atoms were attached to the different C=C bonds of 1,3,5-GDY.
The resulting F-C bonds were parallel to the plane of the benzene
ring. During the third stage, 0.5 < X < 0.75, hydrogen atoms on
the benzene ring were replaced with fluorine atoms. The result-
ing F-C bonds were also parallel to the benzene ring. We found
that fluorination above the X = 0.75 level resulted in structural
distortion and instability of fluorinated 1,3,5-GDY.

Figure[5|illustrates the fluorination process of y-GDY. Fluorina-
tion of y-GDY was carried out in two stages. During the first stage,
0 < X <2/3, fluorine atoms were attached to the C=C bonds of y-
GDY. The created F-C bonds were orthogonal to the benzene ring
and alternated between up and down positions. During the sec-
ond stage, 2/3 < X <4/3, second fluorine atoms were attached to
the same carbon atoms. Our calculations showed that the elec-
tronic band gaps of fluorinated y-GDY increased from 0.47 eV for

Journal Name, [year], [vol.], 1 |3
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Fig. 4 Step-by-step fluorination of 1,3,5-GDY. The fluorination process
is shown at (a) X =0, (b) X=1/6, (c) X=0.1/2, and (d) X =3/4. X is
the fluorine content in CF,.

(@) x=0 (b) x=2/3

Fig. 5 Step-by-step fluorination of y-GDY. The fluorination process is
shown at (a) X =0, (b) X =2/3, and (c) X =4/3. X is the fluorine
content in CF,.

X =0to 1.38 eV for X =2/3 and 3.57 eV for X =4/3.

The sequential fluorination of holey graphene is displayed in
Fig.[6] For this study, we selected the rectangular holey graphene
supercell shown in Fig.[2[(d). Fluorination of holey graphene was
performed in two steps. During the first step, 0 < X < 1/7, flu-
orine atoms were attached to the carbon atoms at the edges of
the hole. The resulting F-C bonds were parallel to the plane of
graphene. During the second step, 1/7 < X < 8/7, the surface of
graphene was fluorinated. The resulting F-C bonds were orthogo-
nal to the graphene plane and the attached fluorine atoms alter-
nated between up and down positions. The calculated electronic
band gap increased from 0 €V for non-fluorinated holey graphene
to 3.59 eV for fully fluorinated holey graphene.

Calculated fluorination energies of 1,4-GDY, 1,3,5-GDY, y-GDY,
and holey graphene are compared in Fig.|7| The fluorination en-
ergies per fluorine atom were calculated using Eq. for fluo-
rine atoms attaching to the carbon chains and Eq. for fluorine
atoms replacing hydrogen atoms on the benzene rings.

1 N
AEF = N <Er*Ei - EEF2> ; 2)
1
AEF:N(Er—E,'—NEFZ-0—1\7151-117)7 3

4 Journal Name, [year], [vol.], 1
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Fig. 6 Fluorination of holey graphene. The fluorination process is shown
at X=0, (b) X=1/7, and (c) X =8/7. X is the fluorine content in CF,.
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Fig. 7 Calculated fluorination energies of 1,4-GDY, 1,3,5-GDY, y-GDY,
and holey graphene. The energies are given in eV per F atom. X is the
fluorine content in CF,.

where E; and E, were the total energies of the system before and
after fluorination, Er, and Eyr were the energies of F, and HF
molecules, and N was the number of attached fluorine atoms.
Our calculations showed that for X < 0.75, the fluorination ener-
gies of the three studied graphdiynes were close to each other and
appeared to be almost independent of the fluorine content. In the
range of X > 0.75, the energies of fluorination for 1,4-GDY, 1,3,5-
GDY, and y-GDY, slightly increased with the with the increasing
level of fluorination from about -2.5 €V to about -2.0 eV. The fluo-
rination energy of holey graphene during the first stage of fluori-
nation, 0 < X < 1/7, was found to be approximately 0.5 eV lower
than that for the studied graphdiynes. However, in the range of
1/7 < X < 8/7, the energy of fluorination of holey graphene was
close to that for 1,4-GDY, 1,3,5-GDY, and y-GDY.

The computed fluorination energies of 1,4-GDY, 1,3,5-GDY, y-
GDY, and holey graphene were applied to estimate the equilib-
rium Li/CF, defluorination voltage for these carbon allotropes.
The computed formation energy of solid LiF was found to be
AErir = —5.9 €V per atomic pair using a DFT computational
method combined with the GGA-PBE exchange-correlation func-
tional. This was calculated as the difference between the total
energies of solid LiF, solid Li and F, (gas): Li(s) + %F2(g) >
LiF(s). This value was about 10% lower than the experimental
formation enthalpy of LiF. The equilibrium Li/CF, defluorination

Page 4 of 13
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Table 1 Calculated fluorination energies and equilibrium defluorination
voltages for 1,4-GDY, 1,3,5-GDY, y-GDY, and holey graphene.

Structure X AER (eV) V; (V)
1,4-GDY
0.4 -2.50 3.40
0.8 -2.67 3.23
1.2 -2.08 3.82
1,3,5-GDY
1/6 -2.60 3.30
1/2 -2.60 3.30
3/4 -1.87 4.03
y-GDY
2/3 -2.46 3.44
4/3 -2.15 3.75
holey graphene
1/7 -3.02 2.88
8/7 -1.88 4.02
voltage was evaluated as
Vi=AEp — AELiF, 4)

where the voltage V; was in volts and the energies AEr and AE;r
were in €V per fluorine atom. The computed defluorination volt-
ages for 1,4-GDY, 1,3,5-GDY, y-GDY, and holey graphene in the
range of 0 < X <4/3 are summarized in Table

According to our calculations, the equilibrium defluorination
voltages for 1,4-GDY, 1,3,5-GDY, and y-GDY in the range of
0 < X < 0.5 were predicted to be around 3.3-3.4 V. The equilib-
rium defluorination voltage for holey graphene at low fluorina-
tion level was estimated to be around 2.9 V. At a higher fluori-
nation level, X > 0.5, the equilibrium defluorination voltages for
1,4-GDY, 1,3,5-GDY, y-GDY, and holey graphene were found to be
in the range of 3.8-4.0 V.

3.3 LiF product formation

As shown in Fig. |1| for y-graphdiyne with X = 2/3, we examine
two different mechanisms for LiF formation upon discharge: (1)
crystalline LiF formation outside of a layered C cathode, and (2)
amorphous LiF formation within the C cathode. We suggest that
the latter outcome is particularly likely in these C allotropes, as
the holes within the graphdiyne and graphene allow extra chan-
nels for amorphous LiF columns to form within the cathode. Nev-
ertheless it is important to examine the thermodynamic stability
of each option.

For graphdiyne, we see that externally realized crystalline LiF
formation is the most thermodynamically favorable, as expected,
with a formation energy of -0.5 eV/LiF compared to a single layer
crystalline structure with the same number of atoms, where the
formation energy is calculated as

AEp = (Ecrystal - Elayer)/"LiFa (5)

where E are DFT calculated energies and n;  is the number of LiF
units within the structure. Amorphous LiF formation, however,
is also thermodynamically favorable compared to the crystalline
layered structure with a formation energy of -0.19 eV/LiF. This

Physical Chemistry Chemical Physics

less favorable energy can be attributed to the amorphous struc-
tures less maximally satisfying Li-F bonds, due to the interaction
with the underlying CF,. Nonetheless, these results indicate that
both LiF products can be achieved with thermodynamic stability,
depending on the specific mechanism involved in discharging the
system.

We see a similar story in holey graphene, as shown in Fig.
We model two different processes for the broad chemical reac-
tion Eq. (1) crystalline LiF formation outside of the layered
graphene structure, and (2) amorphous LiF formation within the
hole of the holey graphene. We again see that the crystalline LiF
outside of the graphene is slightly more thermodynamically favor-
able, with a formation energy of -0.56 eV/LiF atom compared to a
layered crystalline LiF layer. The amorphous LiF is still favorable,
however, with a formation energy of -0.34 eV/LiF. Both structures
are again favorable and the final outcome will therefore be depen-
dent on the kinetics of the exact reaction pathways taking place.
We have not modeled solvent effects due to the computational
complexity, but we note that here they are likely to play a signif-
icant role in directing which phase of LiF stabilizes most readily
in a given system. Note that the hole simulated for our holey
graphene is only ~ 12 A wide. This implies that even relatively
small holes can lead to stable amorphous LiF formations.

For the amorphous LiF structures within both the graphdiyne
and holey graphene, we performed phonon calculations around
the T point and found no imaginary frequencies for the vibra-
tional modes. This further demonstrates the stability of these
structures. See the supporting information for more details on
these phonon calculations. While it is not possible to determine
that these are global minimum atomic structures, we have inves-
tigated a number of alternatives and are displaying the lowest
energy structures after geometry optimization. The structures of
similar, but higher energy, structures that we tested can also be
found in the supporting information.

3.4 Kinetics of LiF formation

While crystalline LiF is thermodynamically most favorable, kinet-
ics will ultimately decide whether LiF is most likely to form as
an amorphous mixture within the graphdiyne or as an external
crystalline material. While it is ultimately out of scope for us to
simulate the entire reaction pathway, we have simulated the re-
action barriers for the initial atom migrations in these systems.
In Fig. [0] we demonstrate two initial reaction paths for LiF for-
mation. We start with an F terminated graphdiyne cathode near
a metallic Li anode, and then measure the reaction barrier for
either a Li migrating from the Li anode toward the CF, cathode
or a F migrating from the CF, cathode to the Li anode. We find
that the reaction barrier for Li migrating toward the cathode is
0.61 eV, while the reaction barrier for F migrating toward the Li
anode is 3.28 eV. These results imply that it is significantly easier
to nudge the system toward Li moving into the graphdiyne, seed-
ing the beginning of an amorphous LiF mixture. Due to compu-
tational restrictions, we do not include any solvent effects in this
calculation, which could significantly change the reaction barriers
shown here. These calculations should be thought of as a useful

Journal Name, [year], [vol.], 1 |5
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Fig. 8 Starting with (a) F terminated holey graphene and a Li anode, the system could evolve to two configurations for the LiF: (b) crystalline LiF
located outside of the C allotrope, or (c) amorphous LiF located within the holey graphene layers, with LiF columns existing within the C holes.
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Fig. 9 Initial kinetics of LiF formation. Starting from (a) a F terminated graphdiyne cathode next to a Li anode, we caclulate the reaction barrier
of either (b) a Li atom migrating from the anode to bond with the CF, structure, beginning the formation of an amorphous LiF network, or (c) a F
atom migrating from the CF, cathode toward the nearby Li anode, forming

first approximation at the kinetics of such a system.

Thus the amorphous LiF structure may, in fact, be kinetically
favored, making its properties for discharge and recharge worthy
of investigation.

3.5 Discharging

The equilibrium discharge potential ¥ rysaliine associated with an
incremental movement &x of Li into the CF, structure that then
goes on to form crystalline LiF

CF, + 8xLi — CF,_g, + SxLiF 6)
can be measured as
e%rystalline = [E (CFX) - E(CFx—Sx)] /5)6 + E(LiF) - E(Li), )

where E represents the DFT calculated energy of each respective
component. This equation assumes that the resulting LiF product
is forming in a crystalline manner, however. For incremental de-

6| Journal Name, [year], [vol.], 1

flourination where the LiF forms amorphous structures within the
CF, allotropes, we can determine the discharge voltage ¥amorphous
from the chemical reaction

CF, + 8xLi — CF,Lig,, 8

which gives

e%morphous = —[E(CFx) — E(CFqLis,)] /6x — E(Li). )

In the case of graphdiyne, we find a discharge voltage for crys-
talline LiF of #{rysaliine = 1.46 V, assuming that the system follows
the edge mediated mechanism put forward by Leung et al.®. This
is significantly lower than the ~2.5 V discharge potential found
for graphene, indicating that graphdiyne may actually be disad-
vantageous as a battery material with an edge mediated mecha-
nism.

For the formation of amorphous LiF within the graphdiyne
cathode, the reaction mechanism can proceed along several paths

Page 6 of 13
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Vamorphous =072V

Vamorphous =205V

Varnorphous =356V

Fig. 10 Different configurations of initial amorphous LiF formation within graphdiyne: (a) a single Li is introduced, attached to several F atoms, (b)
a LiF square forms, while still being significantly connected to the CF, structure, and (c) formation of a LiF square which detatches from the CF,j

strucutre into the hole within the C allotrope.

with Li intercalating within the cathode to form LiF fragments. As
shown in the supporting information, the Li does not attach to C
atoms on their own and will typically migrate toward the F atoms
due to their electrostatic attraction. These LiF fragments then re-
main caught within the broader CF, framework, forming the seed
for further amorphous LiF growth. We test a variety of configu-
rations for the initial Li atom insertion and formation, with rep-
resentative examples shown in Fig. The calculated discharge
voltage varies significantly depending on the location and nature
of Li insertion. When a Li atom is initially intercalating into the
CF, structure, it tends to bond with multiple F atoms and have a
lowered discharge voltage of ~0.7 - 0.8 V, with a typical example
shown in Fig. [I0p. When a LiF fragment begins to form within
the graphdiyne structure, but still has connection to the underly-
ing graphdiyne, we find discharge voltages of ~ 2 V, with a typical
example shown in Fig.|[10p. Finally, when amorphous LiF begins
to form within the holes of the graphdiyne, pulling away from the
carbon, the discharge voltage can approach ~3.5 V, with a repre-
sentative example shown in Fig.[I0. While our exploration of LiF
formation was nowhere near exhaustive, these three possibilities
seem to be broadly matched within our calculations.

This presents two possible discharge voltage profiles for the for-
mation of amorphous LiF. In the first, three distinct plateaus are
seen, with heights of ~0.75 V, 2 V, and 3.5 V. This route im-
plies that one of these mechanisms would dominate for signifi-
cant portions of LiF formation and then be replaced by another
mechanism. For instance, these voltages could correspond to sep-
arate stages of nucleation and growth of the LiF within the CF,
structure, as the predicted discharge voltage in our calculations
tends to increase as the LiF formation grows. If the higher volt-
age mechanisms at 3.5 V dominate for a significant portion of
time, this could lead to enhanced energy density compared to
graphene based cathodes. Another possibility is that this would
experimentally realized as a sloping discharge profile, with the
energy density benefits dependent on the relative amount of time
spent above 2.5 V. This discharge would likely still be distinguish-
able from the edge mediated formation of crystalline LiF, which
has a discharge potential of ~ 1.5 V and would likely show as a
voltage plateau experimentally. Discharge potentials could thus
be used to help distinguish the LiF phase formation mechanism
within the system.

The discharge pathway in holey graphene looks quite similar.
We assume that if discharge follows the edge mediated mecha-
nism to form crystalline LiF, the voltage will match the previous
graphene edge calculations (of ~ 2.5 V), as the hole would be
perpendicular to the fundamental mechanisms geometry and thus
have little impact.

For amorphous LiF formation, a number of reaction mecha-
nisms are again possible. The discharge voltage distribution again
has three broad peaks, with case examples shown in Fig. The
pattern of low to high discharge voltages switches in these ex-
amples, although voltages in all three cases are higher than in
graphdiyne. In systems where LiF forms and then inserts itself
into the graphene holes, the discharge voltage is typically lower,
~0.85V, as shown in Fig.[TTh. When the LiF is partially connected
to the underlying graphene structure, the voltage tends to rise to
~2.6 'V, as shown in Fig.[T1p. Finally, when the LiF is significantly
bonded with the underlying CF,, the voltage can reach ~ 4V,
as shown in Fig. [I1k. This again leads to two possible discharge
paths. One where there are three distinct voltage plateaus and a
potentially significant increase in overall specific capacity. In the
other possibility, we would likely see a sloped discharge profile as
the system evolves through these different phases. The fact that
both of the graphdiyne system and the holey graphene system see
increasing voltage as the LiF grows indicates that this may be a
nucleation effect, with the higher discharge voltages reached rel-
atively early in the lithiation. Both of these paths likely deviate
from the discharge voltage plateau at ~ 2.5 V that we would see
if LiF formation takes place via the edge mechanism. Once again,
experimental measures of discharge can be useful in distinguish-
ing between these possibilities.

3.6 Recharging

While the discharge profiles of amorphous LiF formation in
graphdiyne and holey graphene present potential but uncertain
improvement over edge mediated crystalline LiF formation, the
ability of the system to recharge is significantly improved. For
an edge mediated mechanism, we calculate the thermodynamic
energy difference AE of F migration away from the LiF to the
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Vamclrphous =262V
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Fig. 11 Different configurations of initial amorphous LiF formation within holey graphene: (a) formation of a LiF square detatched from the system,
(b) initial introduction of a Li atom which pulls of neighboring F, and (c) formation of a LiF square which is squeezed between the CF, layers.

AE = —0.11 eV AE, =0.0 eV

Fig. 12 Initial recharge pathways for graphdiyne. (a) A final amorphous LiF structure incorporated within graphdiyne layers and holes. (b) An initial
migration of F away from the LiF onto a C atom. (c) A second F atom’s migration from the LiF to the graphdiyne C.

graphdiyne edge as measured by
AE = E(CF,, s, + LiF,_g,) — E(CF, + LiF) (10)

to be 1.65 €V. In this convention, positive AE represent unfavor-
able outcomes. This is a relatively high energetic cost, and is
compounded by an even higher kinetic reaction barrier, AE, = 2.3
eV. This means that significant energy would have to be put into
the graphdiyne system to make recharge favorable, due to the
difficulty of breaking the crystalline LiF bonds.

In amorphous LiF systems, however, the energy needed to
break LiF bonds is significantly less. We simulate the thermo-
dynamic energy difference and energy barrier of the first F atoms
moving away from LiF toward graphdiyne C atoms in Fig.
For the first F atom migration we find an effortless recharge pro-
cess, with a thermodynamically favorable AE = —0.11 eV and no
reaction barrier. For the second F atom migration we do see an
energy requirement with a AE = 0.34 €V and a reaction barrier
of AE, = 0.52 eV. These energies are significantly smaller than
the energies needed for recharge in a crystalline LiF system, and
may be achievable at reasonable temperature/voltage conditions.
The lowered energy requirements of recharge from an amorphous
LiF system can be attributed to the lower cohesive energy of the
amorphous LiF, making it easier to break bonds, as well as conve-
nient to migrate to nearby carbons.

Amorphous LiF formation in holey graphene likewise provides
an opportunity for significantly lowering energy requirements for
recharge of the battery. For an edge mediated crystalline LiF
formation mechanism we can again assume the thermodynamic

8 | Journal Name, [year], [vol.], 1

value from Leung et al.’s previous study: AE = 2.44 eV™. We then
investigate the energy costs of F migration from amorphous LiF
onto the holey graphene C atoms in Fig. We find the first F
atom migrates with an energetic cost of AE =0.64 €V and a kinetic
barrier of AE;, = 0.68 eV. The second F atom migration has an en-
ergetic cost of AE = 0.37 eV and a kinetic barrier of AE;, = 0.39 eV.
These lower energy costs can directly be attributed to the easier
nature of breaking amorphous LiF bonds.

These lowered energy requirements raise the possibility of CF,
batteries paired with Li anodes that exhibit the ability to recharge,
greatly expanding possible use cases and economics of CF, de-
velopment. The consistency of the results within simulations of
both graphdiyne and holey graphene indicates that the key fea-
ture for lowered recharge energy requirements is the formation of
amorphous LiF. This can likely be achieved in many CF, systems
with similar holes throughout the structure, allowing for flexibil-
ity of battery preparation. This outcome presents new possible
synthetic targets to experimentally verify our findings.

3.7 Simulated XPS Spectra

We have proposed alternative reaction mechanisms for LiF for-
mation with carbon allotropes that may lead to improved battery
performance. It would be ideal, however, if we could experimen-
tally verify the proposed mechanism when examining these bat-
tery chemistries. X-ray photoelectron spectroscopy (XPS) is an ex-
perimental technique commonly used for elemental analysis and
surface characterization of organic and inorganic materials®3. Be-
cause XPS is highly sensitive to the elemental chemical state and
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AE =0.37eV AE, =0.39¢eV

Fig. 13 Initial recharge pathways for holey graphene. (a) A final amorphous LiF structure incorporated within holey graphene layers and holes. (b)
An initial migration of F away from the LiF onto a C atom. (c) A second F atom’s migration from the LiF to the holey graphene C.

surface composition of the studied materials, it could help iden-
tify the morphology and distribution of LiF in Li/CF, batteries. To
demonstrate the feasibility of this approach, we compared simu-
lated XPS spectra of different LiF structures, including crystalline
LiF, amorphous LiF, LiF monolayer, and small LiF clusters. Theo-
retical XPS spectra were modeled by computing the binding en-
ergies of core electrons for the F 1s level and applying a Gaus-
sian broadening of 0.005 Ry. The core electron binding energies
were evaluated as the difference between the core electron ion-
ization energy and the valence band maximum (VBM)@. To im-
prove agreement with the experimental XPS spectra, simulated
XPS peaks were shifted by the difference between the calculated
and experimental values of the core electron binding energy for
the F 1s level in a bulk LiF crystal.

The calculated structures of a LiF crystal, amorphous LiF, LiF
monolayer, and several small Li,F, clusters in the size range n =
2 — 16 are shown in Fig. The computed XPS spectra of the F 1s
core level for these structures are presented in Fig. The initial
atomic configurations of Li,F, clusters were adapted from Doll et
al.®8 and Yin et al.B7. The final cluster geometries were obtained
via structural optimization. The atomic structure of amorphous
LiF used in our XPS calculations was adapted from Fig.[I2|(a). The
equilibrium structure of a LiF monolayer was obtained by adding
a vacuum layer to the periodic cell and performing a variable-
cell optimization, during which the lattice vectors parallel to the
surface of the monolayer were allowed to relax, but the lattice
vector orthogonal to the surface was kept constant.

The calculated binding energies of the F 1s core electrons in a
bulk LiF crystal, LiF monolayer, amorphous LiF, and small Li,F,
clusters are compared in Fig. For the LiF structures with mul-
tiple XPS peaks, the plot shows the weighted average value of the
core electron binding energy. We observed significant differences
in the positions of simulated XPS spectral lines for the crystalline,
amorphous, and monolayer forms of LiF. Our calculations pre-
dicted the average F 1s core electron binding energies of 684.4
eV for the LiF monolayer, 684.8 eV for the amorphous LiF, and
685.0 eV for the LiF crystal. The absolute values of the F 1s core
electron binding energies for small Li,F, clusters increased with

Li12F12 Li16F16

Fig. 14 Calculated structures of a LiF monolayer, amorphous LiF, a bulk
LiF crystal and small Li,F, clusters.

increasing the size of the cluster. The simulated XPS spectra of
Li,F, clusters in the size range n = 2 — 12 were found to be sim-
ilar to the XPS spectrum of the LiF monolayer. In contrast, the
XPS spectra of larger LiF clusters appeared to be closer to those
of the amorphous and crystalline LiF. This result was consistent
with the emergence of semi-amorphous and bulk-like structures
for the Li,F, clusters in the size range n = 15— 16. Overall, our
study indicated a relatively straightforward relationship between
the size of the F 1s XPS chemical shift and the effective average
coordination number of Li ions in LiF structures. The results of
our calculations suggest the possibility of using XPS for determin-
ing the structural and morphological properties of LiF in Li/CF,
batteries.
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Fig. 15 Simulated F 1s X-ray photoelectron spectra (XPS) of small
Li,F, clusters, a LiF monolayer, amorphous LiF, and a bulk LiF crystal.
A Gaussian broadening of 0.005 Ry (~ 0.08 eV) was applied to the
calculated XPS spectra.
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Fig. 16 Calculated average binding energies of core electrons for the F
1s level in a bulk LiF crystal, LiF monolayer, amorphous LiF, and small
Li,F, clusters.

4  Conclusion

CF, batteries with Li anodes have a high theoretical specific ca-
pacity, but have limited applications due to their lower real world
discharge voltage and inabilitiy to recharge, limiting their applica-
tions to primary batteries. Practical and theoretical work on these
systems have largely focused on CF, in the form of flourinated
graphene or graphene-like carbons. In this work, we explore the
alternative carbon allotropes of graphdiyne and holey graphene
as cathodes in the CF,-Li battery system. We first find the stable
flourination structures of these systems as a function of the total
number of F added. We then explore how these systems may react
to discharge and recharge reactions. We find that the holes within
the graphdiyne and holey graphene structures induce another sta-
ble phase of LiF, where the LiF forms an amorphous structure lay-
ered between the graphdiyne/holey graphene layers and through
the holes in the structure. We demonstrate that the formation
of amorphous LiF may be kinetically favored with a lower reac-
tion barrier for the first atom’s movement. If such an amorphous
LiF structure were to form, it would likely have a sloping dis-
charge profile with magnitudes of up to ~ 4.0 V. If the higher
discharge voltages were to dominate,this may lead to increased
energy density compared to graphene based CF, systems. Fur-
thermore, recharge becomes significantly easier to achieve both
thermodynamically and kinetically for the amorphous LiF system
as the energy of bond breaking is less than if crystalline LiF is
formed. We also predict XPS spectra for a variety of LiF struc-
tures, showing that this may be a useful experimental route for
distinguishing between the reaction pathways identified in this
work.

These outcomes present a new heuristic for possible synthetic
targets for Li/CF, batteries. Our work suggests that C allotropes
with significant holes within layers, such as graphdiyne and ho-
ley graphene, may make excellent cathode targets for high spe-
cific capacity, rechargable Li/CF, based batteries. These enhanced
qualities are dependent, however, on holes within the carbon
structure inducing the formation of amorphous LiF layers inter-
mixed with the CF, cathode. Further theoretical and experimen-
tal work is needed to determine the exact reaction pathways of
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LiF formation in these structures and how they interact with dif-
ferent CF, allotropes.
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