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Calibrating density functionals with DMol3 applied on lithium oxide battery
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Density functional theory - based methods constitute part of the computational techniques considered for finding energy, temperature, pres-
sure, density, electronic structure, and more, of materials and other systems. There is not a general density functional for solving either
one or another system, rather there are approximations to the exchange-correlation functional designed to apply this theory, and the density
functional for the system in study is usually selected through the Jacob’s Ladder. The purpose of this article is to calibrate by means of
selecting multiple density functionals, for calculating potential energy curves on a specific system, and comparing these results with litera-
ture values to determine the most suitable functional. With this theory, when a calculation becomes cyclical means that it does not converge
after thousands of steps or iterations. The use of thermal smearing calculations can achieve the convergence of the molecular systems. The
density functional is calibrated at insignificant thermal smearing values (around 0.005 Hartrees), because the calculated minimum energy
is still consistent against experimental values. This level of theory allows searching for stable reaction products. Among the interactions
developed to find a suitable density functional are Li + O, Li + O2, Li + CO, 2LiO− + C38H8. We select GGA-PBE-Grimme as the most
suitable density functional. The resulting information is for applying it to infer about charge/discharge of a rechargeable battery, according
to the porosity of the cathode.
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1. Introduction

The aim of this study is to optimize one way to select a
more proper density functional for the studied system in DFT
(Density Functional Theory) through calculations of poten-
tial energy curves. DFT-based methods are to find poten-
tial energy curves by calculating single points step by step
among other things. It is known that it does not exist a gen-
eral functional for solving any different problem. Among the
models of density functional designed to apply DFT for the
material in study, Jacob’s Ladder is a tool for selecting one
proper. In this case, with a generalized gradient approxi-
mation (GGA) we used BP, VWN-BP, PBE, RPBE, PBE-
Grimme, and we also used hybrid GGA with B3LYP, and
B3LYP-Grimme. Then, constructing potential energy curves
by single point calculations on one system by various den-
sity functional for choosing one of them after calibrating each
one according to the experimental value. The result is to in-
fer charge/discharge of a rechargeable battery, according to
the porosity of the cathode. Furthermore, when a DFT calcu-
lation becomes cyclical, there is no convergence after thou-
sands of iterations, however using thermal smearing calcu-
lations the convergence of the molecular systems is possi-
ble. At thermal smearing values around0.005 Ha the density
functional is calibrated. On this level of theory, we can be
able to search stable reaction products.

The thermal smearing computation shows a heating or in-
crease in the temperature of the system, which is not signif-
icant when the values are around0.005 Ha [1], depending
on the material used. The latter is based on the change of
temperature (T [K]) and pressure (P [atm]) due to thermal
smearing variationδE [Ha] at a volume of638 Å3 as shown
in Table I of Ref. [2], and a graph corroborating the variation
of the energy as a function of the thermal smearing. How-
ever, a widely research on this aspect has been carried out
in the reference [3] providing reliable convergent results at
0.0001 Ha (0.00272 eV) in cluster calculationsDMol3 ac-
cording to the La and Lu atoms adsorbed on graphene. In the
best case, we can achieve a better approximation towards ex-
perimental (or theoretical) values when the density functional
is calibrated. In the worst case, we can find a density func-
tional that can achieve calculations for the system in study.
Here, DFT theory is to search for a stable molecular inter-
mediate of reactions as: Li + O, Li + O2, Li + CO, 2LiO−

+ C38H8, which are among those to be developed to obtain
information for choosing a functional to infer about the ma-
terial used in the cathode of a rechargeable battery, because
lithium ion is the material of its anode. A rechargeable bat-
tery consists of two electrodes (anode and cathode) separated
by a membrane. In this case, we proposeβ-Graphyne as the
main material of the cathode.
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β-Graphyne is an allotrope of carbon that has diamond-
like properties; that is to say, carbons fully bond with other
carbons without bonding with another different atom such
as hydrogen. There are three known types of graphyne:α −
β − γ-graphyne. Graphyne spreads out like a flat mesh just
as graphene does it, but with uniform, non-random porosity.
With graphyne, what we intend is to build ordered activated
carbon, which has a pore size distribution that can be manip-
ulated, depending on the facilities provided by the graphyne
type. It is known that there are batteries or cells with cat-
alytic carbon support, which in the best case is activated car-
bon with random porosity. Activated carbon has the property
of being of high porosity, or a large superficial area, with a
dispersion from small to large pores, whereby the pore size
distribution is not uniform [4-8].

Research on rechargeable batteries (cells) is still open for
industrial applications, such as electric vehicles and electro-
mobile devices (cell phones and laptops). The focus is on
rechargeable Li-ion batteries, and on electrical energy stor-
age devices which must have high energy density. For this,
metal-O2 batteries (Zn-O2, Al-O2, Li-O2) are attractive.
These batteries are characterized by having oxygen among
their electroactive materials. This simplifies the design and
increases the energy density of a battery. For the anode of
metal-O2 battery, the metal used can be for example: Ca, Al,
Fe, Cd and Zn [9]. Research on Zn-O2 and Li-O2 batteries is
of interest, and the former is a mature technology. Major part
of it, is contemplated in non-rechargeable batteries [9]. Ta-
ble II in Ref. [10] gives the most common commercial battery
systems.

Zinc-oxide Zn-O2 batteries have a theoretical energy den-
sity of 1 kWh/kg, five times above current lithium batter-
ies [11]. Lithium-oxide Li-O2 or Li-air batteries are an
alternative with high theoretical gravimetric energy density
(11− 13 kWh/kg). There are four types of cells with respect
to the electrolyte used: aprotic, aqueous, solid and hybrid
aqueous/aprotic. The efficiency of Li-air batteries is lower
than70 %, the low charge and discharge speeds or effect of
charge/discharge which is its cyclability, are limitations of
this type of battery. Therefore, it is sought to develop mate-
rials with better stability, and better efficiency in the reaction
and transport kinetics [11]. Li-CO2 rechargeable batteries
with graphene support are designed, identifying the discharge
product with first principles calculations [12]. It is concluded
that its kinetic parameters must be improved to achieve the ef-
ficiency of Li-O2 batteries [12]. To fabricate and characterize
long-cycle Li-O2 rechargeable cells, a lithium metal anode,
a membrane laminate made of glass-ceramic and polymer-
ceramic materials, and a solid-state cathode made of air and
carbon are needed [13].

The cells (or batteries) are thermally stable with a
recharge capacity between30 and 105◦C. A cell achieves40
discharge/charge cycles. The reproducibility of its design al-
lows the manufacture of safe, rechargeable lithium-air batter-
ies with high energy density [13]. In the development [14] of
non-aqueous LiO2 batteries based on LiOH to avoid instabil-

ity of their typical discharge products: LiO2 and Li2O2. The
use of the redox pairI−/I−3 is introduced to mediate the ox-
idation and reduction reactions of LiOH-based, and ionic liq-
uid containingLi and water to demonstrate reversible Li-O2

battery cycle based on LiOH. The addition of the ionic liquid
increases the oxidizing power ofI3, changing the charging
mechanism from the formation ofIO/IO3 to the evolution of
O2 [14].

We build here potential energy curves for several dif-
ferent density functionals used in DFT with the generalized
gradient approximation for choosing one, which better ap-
proximate to experimental values. We also accomplish some
calculations for the interaction between Lithium ion andβ-
graphyne. From this, we obtained two curves in one graph
exhibiting activating and dissociation energies. Our final aim
is to get a value for the specific surface area, which can be
used to get an average porosity of the material used, which
we think it is the main reason for a good efficiency of a bat-
tery.

2. Methodology

With the use of Density Functional TheoryDMol3 [15] from
BIOVIA Materials Studio software [16] calculations of min-
imum energy are carried out. This level of theory is useful
to figure out systems properties up to tens of electrons in
a spatial dependence of the electron density.DMol3 soft-
ware allows calculations for energy, geometry optimization,
dynamics, transition states, elastic constants, reaction kinet-
ics and electron transport. A molecular simulation is use-
ful given its ability as alternative to experimental synthesis
[17]. The facilities provided by DFT allow atom-atom, atom-
molecule, molecule-molecule interactions to be calculated, of
which simple cases are facing a lithium atom and an oxygen
atom, a lithium atom and an oxygen molecule, a lithium atom
with a molecule of CO, a molecular unit ofβ-graphyne with
an ion of lithium oxide. For example, lithium dioxide can be
obtained at least in two ways. One is with the interaction be-
tween a lithium atom and an oxygen molecule, and the other
is the interaction of a lithium dimer with a carbon dioxide
molecule.

DFT [18-21] is employed to perform energy calculations
essential for constructing potential energy surfaces that al-
low observing the adsorption of the two reactants. At ther-
mal smearing values around0.005 Ha the system encoun-
ters a change in temperature, which is slight and insignificant
when the values are around0.005 Ha. It is at these values
that a density functional can be calibrated. In this case, this
level of theory makes it possible to search for stable reaction
products. Geometry optimization calculations allows equi-
librium, and consequently stability of a complex intermedi-
ate molecule formed between the reactants; in this case, they
conduct to the formation of a lithium oxide molecule. Single
point step by step calculations can take us to get the interac-
tion between a lithium atom and an oxygen molecule. This is
through the construction of potential energy surfaces (curves
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FIGURE 1. Well of potential ofLi+O interaction with equilibrium
point at ( 1.76̊A, 66.88 kcal/mol) by means of BP functional.

in our cases), which are also all-electron,DMol3 software
with DFT-GGA level of theory using a set of DND bases for
Hartree-Fock spin unrestricted, and density functional: BP,
VWN-BP, PBE, RPBE, PBE-Grimme, B3LYP, and B3LYP
Grimme. The same method is used for choosing frequency
calculations, which is an additional option for achieving ei-
ther energy or geometry optimization calculations. When cal-
culations become cyclical without converging, we use ther-
mal smearing to break out the cyclical process, although
sometimes a slight bulge appears in the potential wells.

3. Results

First, the interaction between a lithium atom and an oxygen
atom is obtained, as it is seen in Fig. 1. Single-point cal-
culations of all-electron interaction between a lithium atom
and an oxygen atom are in a level of theory DFT-GGA-BP-
UHF carried out with DND 3.5 basis set using0.003 Ha
of thermal smearing, because at3.73 Å, of separation dis-
tance between the two atoms, calculations turn to be cycli-

cal without smearing. This potential energy curve is com-
pleted for thermal smearing of0.003 Ha since3.7 Å, and
shows the formation of a lithium oxide ion LiO− with a
bond that corresponds to chemisorption due to the size of the
potential well, which is around66.88 kcal/mol (see Fig. 1)
with length bond of1.762 Å. The error in the energy cal-
culation is 14.0% with respect to the dissociation energy
value ofD0 = 3.37 eV (77.8 kcal/mo) for theX2Π state
reported by means ofab initio CI [22] wave functions
calculations, with bond length of1.695Å, for a reference
configuration1σ22σ23σ24σ5σ1π3 that properly dissociates
Li:2S and O:3P [22]. This theoretical computedab initio
CI energy is in complete agreement with the experimental
value3.39± 0.26 eV [78.175± 5.996 kcal/mol] reported on
Ref. [23].

The formation of LiO− with an overestimation greater
than 10% when compared against experimental results does
not say that it is an appropriate density functional for the cal-
culations. Figure 2 shows a pertinent analysis that allows us
an adequate use of thermal smearing to calibrate the chosen
density functional whenever possible. In this case, we see
that as larger the thermal smearing, the dissociation energy is
closer to the experimental value, but the temperature/pressure
inadequately grows. Then, for thermal smearing of0.01 Ha
the equilibrium (1.727Å, −70.818 kcal/mol) point has an en-
ergy with 9% error respect to that on Ref. [22]. A bond length
with error of 1.89% compared against theab initio CI value
of Ref. [22] mentioned in the previous paragraph, which is a
theoretical result in excellent agreement with the experimen-
tal one. It must be noticed that in Fig. 2 normalized means a
translational position of the curve in the graph as it is shown
in Fig. 2a), which is not applied in Fig. 2b).

However, in all electron calculations using GGA-PBE-
GRIMME-UHF with 0.032 Ha of thermal smearing and
DND basis set with file 4.4 as seen in Fig. 3, the equilibrium
point is obtained at (1.651Å, −73.844 kcal/mol), and has an
energy with a5.32% error.

FIGURE 2. Potential energy curves for interaction between lithium and oxygen atoms a) normalized with BP functional at0.005, 0.01,
0.009, and0.008 Ha values of thermal smearing, b) without normalizing with PW91, BP, PBE, BLYP, BOP, VWN-BP, RPBE functionals.
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FIGURE 3. Potential energy curve of Li+O interaction using ther-
mal smearing of 0.032 Ha and DND basis set with 4.4 file with
PBE-Grimme functional.

FIGURE 4. Selected functionals BP, VWN-BP and B3LYP to cal-
culate the potential well of theLi + O interaction. TheLiO−

formation appears at each different equilibrium points.

The Fig. 4 exhibits a notable enhancement in the approx-
imation toab initio CI results of Ref. [22]. The5.8% per-
centage of error in the equilibrium energy point (1.749Å,
−73.27 kcal/mol) of GGA-VWN-BP is consequently lower
than 10%. In addition, with GGA-PBE-Grimme functional,
the calculated energy shows an error of 5.32%, and it is
the closest approximation to that one against which we
are comparing. Finally, the potential curve of the B3LYP
functional exhibits this hybrid functional, with a poten-
tial well very irregular, and an equilibrium point (1.722Å,
−83.825 kcal/mol) having an error of 7.7% in the energy with
respect to theab initio CI value of Ref. [22]. However, since
EB3LYP > EEXP there is no consistency in having a potential
well below the experimental energy, and it only occurs due
to the step that shows the potential energy curve built with
B3LYP, which risks the credibility of this density functional.

FIGURE 5. Trends of B3LYP functional by using 0.000 Ha, 0.002
Ha, 0.003 Ha, 0.008 Ha values of thermal smearing on Li+O inter-
action, and DNP, DNP+, DND basis set respectively, the file 4.4.

The case of the B3LYP hybrid functional using DND ba-
sis set is explored for the Li+O interaction in Fig. 5. By ap-
plying thermal smearing at0.002 Ha, it is a soft behavior
obtained, while it is deforming as its thermal smearing value
grows. The curves at0.002 Ha and0.003 Ha are similar.
About this, at least we must see two things: the first is that
as the curve is deforming, the equilibrium point in energy is
closer to the experimental value, until it significantly exceeds
such value. The second is that the trend to zero is clear when
thermal smearing value is0.032 Ha, while at0.002 Ha no
more points can be by our computational resources obtained.
It is inferred that calculating without thermal smearing the
minimum of the potential energy curve enhances more, given
that the scope in the distance would be lower. These trends
show that the use of the B3LYP hybrid functional can be ad-
equate according to the system under study. It is important
to mention that each curve has been towards zero normalized
by itself that is, using its own value to which the step-by-step
procedure in single-point calculations are constant or almost
constant according to a tolerance, by taking only one single
point taken for all the curves to compare them easily.

From the data for the interactions obtained applying step-
by-step single-point calculations, the equilibrium points are
in Table I listed.

When directly calculating without thermal smearing in
Table I, the results stay far of the experimental values. Some-
times, it is good to calculate thermal smearing at certain
value, and then to gradually decrease its value until cero,
this gives excellent results; however, in this case we chose to
apply calculations directly with the thermal smearing value
chosen to see clearly the conduct. Potential energy curves for
different density functional at0.003 Ha of thermal smearing
can be observed in Fig. 6a) (notice that once system is stable
in the calculations, it is easy to decrease the thermal smearing
up to zero with good results), where the minimum energy of
GGA-VWN-BP is close to the experimental value 2.55 eV
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FIGURE 6. Potential energy curves of the interaction between lithium atom and oxygen molecule using the functionals: PW91, BP, PBE,
BLYP, BOP, VWN-BP, RPBE. In case of GGA-VWN-BP, the minimum corresponding to the LiO2 intermediary complex is at the point: a)
(1.74Å, −58.32 kcal/mol), b) (1.74̊A, −58.53 kcal/mol).

TABLE I. Sensibilizing of equilibrium points [̊A, kcal/mol] on Li+O interaction as thermal smearing [Ha] changes for different density
functionals.

Functional Thermal Basis set Equilibrium

Smearing and File Point

values [Ha] [̊A, kcal/mol]

UHF GGA-BP 0.000 DND-3.5 (1.730, -65.400)

UHF GGA-BP 0.003 DND-3.5 (1.762, -66.880)

UHF GGA-BP 0.005 DND-3.5 (1.749, -64.810)

UHF GGA-BP 0.032 DND-3.5 (1.709, -70.716)

UHF GGA-BP 0.002 DND-4.4 (1.707, -71.074)

UHF GGA-BP 0.003 DND-4.4 (1.707, -72.325)

UHF GGA-BP 0.005 DND-4.4 (1.705, -71.823)

UHF GGA-BP 0.032 DND-4.4 (1.731, -71.760)

UHF GGA-BP 0.009 DND-4.4 (1.731, -70.282)

UHF GGA-BP 0.010 DND-4.4 (1.695, -68.885)

UHF GGA-VWN-BP 0.003 DND-4.4 (1.706, -72.243)

UHF GGA-VWN-BP 0.005 DND-4.4 (1.731, -69.931)

UHF GGA-VWN-BP 0.032 DND-4.4 (1.699, -73.568)

UHF-GGA-PBE-Grimme 0.032 DND-4.4 (1.697, -73.844)

UHF-GGA-RPBE 0.032 DND (1.709, -70.716)

B3LYP-Grimme 0.000 DND-4.4 (1.589,-61.696)

B3LYP-Grimme 0.000 DNP+ (1.688,-53.824)

B3LYP 0.002 DND-4.4 (1.693,-72.474)

B3LYP 0.003 DND-4.4 (1.693,-81.764)

B3LYP 0.032 DND-4.4 (1.692,-85.694)

(58.8 kcal/mol) reported on the Ref. [24]; however, GGA-
BOP is also very good minimum energy. Here we must
comment that in the Ref. [25] the following values were
also reported forD0 dissociation energy Li-O2 interac-
tion: i) 222 ± 25 kJ/mol (53.06 ± 5.97 kcal/mol) in a
flame study measurement by Doughertyet al. [26]; ii)
220 kJ/mol (52.58 kcal/mol) semiempirical calculation es-
timate by Alexander [27]; iii)302 ± 21 kJ/mol (72.18 ±

5.02 kcal/mol in a flame study measurement by Steinberg
and Schofield [28]; iv)≥ 180 kJ/mol (43.02 kcal/mol)
time-resolved kinetics by Planeet al. [29]; v) 296 kJ/mol
(70.74 kcal/mol)ab initio calculation by Planeet al., [29];
vi) 259 kJ/mol (61.9 kcal/mol)ab initio calculation by Allen
et al. [30]. These results indicate a wide diversity in both
measurements and theoretical values ofD0 dissociation en-
ergy Li-O2 interaction between lithium (atom) and oxygen
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(molecule), then other density functional can approximate
another experimental or theoretical value.

In the interaction between a lithium atom and an oxy-
gen molecule Li+O2, all electron single-point step-by-step
calculations at a level of DFT-GGA-BP theory, the poten-
tial energy curve show the formation of a LiO2 lithium ox-
ide molecule with a bond corresponding to chemisorption
due to the magnitude of the well of potential, which is
58.53 kcal/mol (see Fig. 6b) in complete agreement with
experimental measurements [24]. The measurement of the
dissociation energy of the Li-O2 interaction is: 2.55 eV
(58.8 kcal/mol) reported by Nefedovet al. [24,31], and
2.3 eV (53.06 kcal/mol) reported by Nefedovet al., [24-26].

Nevertheless, in another case in which all electron single-
point calculations of the interaction between a lithium atom
and an oxygen molecule now at a level of DFT-GGA-BP
theory are carried out with a set of DND-3.5 basis set for
Hartree-Fock non-restricted spin. In the potential energy
curve, the formation of a LiO2 lithium oxide molecule is ob-
served with bond corresponding to chemisorption due to the
magnitude47.3 kcal/mol of the well of potential (see Fig. 7).

The difference of 5.32% is good result; however, the need
to continue searching is due to the diversity of results in
this case, and to the existence of frequency calculations for
comparing against experimental results. This is a vibrational
methodology to investigate a computational result closest to
the experimental value. Experimental values of LiO2 forma-
tion in an argon matrix using infrared spectroscopy that cor-
respond to energy levels are next: 492.4 cm−1, 698.8 cm−1,
and 1096.9 cm−1 [32]. This last value is equivalent to
3.135 kcal/mol (1 cm−1 = 2, 858 cal/mol); so, it is not pos-
sible to compare against our values calculated through po-
tential energy wells since they are more than 10 times larger,
and therefore the comparison is not adequate. This leads to
the calculation of frequencies with the same DFT-GGA-BP
methodology used, which provides the following frequencies
(cm−1) for normal modes: i)7 : 347.8, ii) 8 : 658.3,

FIGURE 7. Potential energy curve of the interaction between a
lithium atom and an oxygen molecule. The minimum at the point
(1.7209̊A, −47.3265 kcal/mol) corresponds to the LiO2 intermedi-
ary complex by means of BP functional.

FIGURE 8. Potential energy curve of the Li+CO interaction us-
ing B3LYP functional with DND basis set file 4.4, at0.002 Ha of
thermal smearing.

iii) 9 : 1670.8, which are of the same order of magnitude as
the experimental values. In addition, the vibrational energy
of the zero point is +3.827 kcal/mol that is 18.07% greater
than the experimental, and that reveals an adequate compari-
son.

The B3LYP hybrid functional has been chosen to calcu-
late the Li+CO interaction, and the potential energy curve
obtained is in Fig. 8 shown, in which the minimum is lo-
cated at (1.893 Å, −10.53 kcal/mol), and corresponds to the
equilibrium point. The distance at this point is the bond
length, and the energy is the dissociation energy value, which
in this case is far from the experimental value 1806 cm−1

(5.1636 kcal/mol) reported in Ref. [33].
In this case, Fig. 9 shows the application of the density

functional ones that behaved best in the interactions Li+O.
The eligibility of B3LYP as functional is shown in Fig. 9a),
since when comparing it against GGA PBE Grimme, B3LYP
gives the best approximation to the experimental value. In
Fig. 9b) the calculations are compared without the use of
smearing. The minimum of Fig. 9b) when applying the
B3LYP hybrid functional is similar to that when thermal
smearing0.002 Ha is used, while by applying GGA-PBE
Grimme has the minimum at (2.057Å, −13.423 kcal/mol)
with an energy farther to the experimental value than with
B3LYP. However, the latter value is in complete agreement
with the ab initio result exhibited in reference [34], where
the bonding and structure of lithium-ion carbonyl complex
Li+CO was studied at CCSD and MP2 levels of theories, and
a global minimum of the Li+CO complex with bond dissoci-
ation energy of13.7 kcal/mol, and a linear configuration was
found.

Finally, the LiO and C38H8 are molecules independently
optimized. The optimized lithium oxide molecule turns out
to be the LiO− ion with hydrogen bond type as shown in
Fig. 10a) without visible bond. The C38H8 molecular unit of
carbons ring typeβ-graphyne [35] alternates single and triple
bonds except at four double bonds observed in Fig. 10a) turns
out to be flat after geometry optimization.

Rev. Mex. Fis.71010402
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FIGURE 9. a) Comparison among potential energy curves of Li+CO interaction between B3LYP and PBE-Grimme functionals without
smearing and at smearing of 0.002 Ha, and 0.008 Ha, b) Specific comparison between B3LYP and PBE-Grimme functionals without smear-
ing.

FIGURE 10. Graphyne system with lithium oxide. a) Lithium ox-
ide ion. b) Flat graphyne unit, c) Graphyne unit with two ions of
lithium oxide, d) Profile view of the optimized graphyne unit with
two lithium oxide ions.

For which DFT-PBE-Grimme-DND-4.4 is used with thermal
smearing of0.007 Ha, with which the resulting energy is
−6588.334 kcal/mol (285.605 eV). Each lithium oxide ion
is placed approximately in the center of each carbon ring of
Fig. 10b). With this configuration we tried about obtaining
the potential energy curve that was not possible to obtain. It
was only achieved when the complete system was optimized.
In this way, choosing the DFT-GGA-PBE-Grimme density
functional in all-electron calculations with not restricted spin
of Hartree-Fock, with DND basis set using the 4.4 file, with-
out thermal smearing, ’single point’ step by step calculations
are made about obtaining potential energy curves 2LiO− vs
C38H8, placed as seen in Fig. 10c). Figure 10d) shows that
after geometry optimization the molecules of lithium oxide
make the graphyne unit no longer flat.

In the Fig. 11, we see the potential energy curves of the
2LiO−+C38H8 interaction, where the original energy values
were to get energies tending to zero energy translated. Then,

FIGURE 11. Potential energy curves of the 2 LiO−+C38H8 in-
teraction. Each curve has two critical points, the PBE curve has
maximum at the point (0.658̊A, 147.59 kcal/mol), and minimum
at (2.64Å, −35.54 kcal/mol); and the PBE-Grimme curve has
maximum at (0.658̊A, 168.61 kcal/mol), and minimum at (2.78Å,
−24.34 kcal/mol).

maximum and minimum correspond to the energies searched.
Each curve has at least two critical points, the PBE curve
has a maximum at the point (0.658Å, 147.59 kcal/mol),
and a minimum at (2.64Å, −35.54 kcal/mol); and the PBE-
Grimme curve has maximum at (0.658Å, 168.61 kcal/mol),
and minimum at (2.78Å, −24.34 kcal/mol). The minimums
correspond to the formation of an intermediary complex
molecule 2LiO−C38H8 for both bond length and dissociation
energy.

This lithium oxide ion is a complex case, using another
strategy, we were able to get the visible bond between Li and
O, and we exhibit in Fig. 12a) such LiO− ion. Due to the
methodology strategy chosen, in this case we proceed to get
the adsorption energy using the equation:

E(ad) = E(LiO−C38) − E(C38) − E(LiO−),
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FIGURE 12. β-graphyne system with bonded lithium oxide. a)
Lithium oxide ion, b) Flatβ-graphyne unit, c) Input for optimiza-
tion of β-graphyne unit with one ion of lithium oxide, d) Output of
the optimizedβ-graphyne unit with one lithium oxide ion, e) Input
for optimization ofβ-graphyne unit with two ions of lithium oxide,
f) Output of the optimizedβ-graphyne unit with two lithium oxide
ions.

whereE(LiO−C38) = −6001.020 kcal/mol is the energy of in-
termediary complex formed with one lithium oxide ion and
one unit ofβ-graphyne,−92.061 kcal/mol is the energy of
one lithium oxide ion, and−5852.783 kcal/mol is the energy
of one unit ofβ-graphyne. Then in this case the adsorption
energy of one LiO− ion and one unit ofβ-graphyne.

E(ad) = −56.354 kcal/mol.

The adsorption betweenβ-graphyne and lithium-oxide
ion is accomplished between one carbon atom attached toβ-
graphyne and the oxygen atom of Lithium-oxide ion as it is
shown in Fig. 12d). Figures 12e) and 12f) exhibit that oxygen
is responsible of the planarity deformation ofβ-graphyne.

Figures 10d), 12d), and 12f) exhibit a charged cathode
expecting discharge by the user of the battery.

We achieve one calculation of specific surface area (SSA)
[36] on a unit ofβ-graphyne molecule using the equation

As =
6
ρd

,

whereρ = 1.109 g/cm3 is the density of the material that was
with molecular dynamics calculated using the NPT ensemble
at500 ps; and d is an average diameter of a graphyne unit ap-
proximately of13.2Å. Then the specific surface area in this
case is

As = 4098.5
m2

g
.

We consider that this is an excellent specific surface area.
On the other hand, using SBET measurements of surface area
for activated carbon fiber (ACP) the surface area is 1970 m2/g
[37], and our SSA result is2.32 times greater than this one.
We also previously reported activated carbon using burned
coconut shells at 900◦C a surface area of 452 m2/g using BET
measurements [6,38], which is smaller than our result.

4. Discussion

Calculations on Li+O have been widely analyzed given that
calculations are computationally cheaper than those for the
other systems, and we compare our results against data in-
formation of diatomic molecules on which we found the dis-
sociation energy near to the experimental value. However,
our best results appear by comparing against frequency mea-
surements information for Li+O2 and Li+CO interactions, for
which we selected GGA-PBE-Grimme density functional be-
cause the results are the most approximated to either exper-
imental or theoretical results. Our analyses have not been
exhaustive, because according to our results, and the sys-
tems used, we did not consider obtaining more potential en-
ergy curves given that van der Waals interactions supported
by PBE-Grimme on gas atoms as oxygen is widely recom-
mended in literature, and results of our calculations agree
with this fact. On the other hand, when we perform calcu-
lations using thermal smearing values lower than 0.002 the
number of iterations grows indicating that it is hard to con-
verge.

On the other hand, ab initio calculations for extended
ionic models report that LiO bond of3.774 au (1.997Å)
against the experimental value of3.711 au (1.964Å) in their
Table I about M-O bond lengths [39]. Ab initio calculations
used to provide bond lengths, harmonic frequencies, and
dissociation energies of low-lying electronic states for LiO,
LiO+, LiO− allowed the electronic structure [40]. There is
a close correspondence in the ground states of molecules in
which atoms are replaced by other atoms of the same column
from the periodic table. An exception to this occurs with the
alkali oxides where LiO has a2Π ground state. Ab initio
calculations, Hartree-Fock (HF), generalized valence bond
(GVB), and configuration interaction (CI) have allowed to
elucidate bonding and to explain its reversal [41]. The ground
state geometries of neutral and cationic LinH (n = 1 − 7)
and LinH2 (n = 2− 6) clusters are determined in the frame-
work of the SCF and CASSCF procedures. Large-scale CI
calculations for valence electrons are to determine stabilities
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carried out and ionization potentials (IP) [42]. We are com-
paring against ab initio CI [22] calculation in agreement with
experimental results [23], but another experimental result is
D0 = 3.49 eV given at Ref. [43], which is also in agreement
with the previous ones.

Using a self-consistent pseudopotential method equilib-
rium ground-state properties of Mo and Nb transition met-
als, equilibrium lattice constants, cohesive energies, and bulk
moduli, which are in excellent agreement with experiment,
have been from calculations obtained [44]. Small nickel
clusters were up to the tetramer investigated by the local
spin density functional theory. Some competitive states were
for the dimer studied. Calculations were by vibrational
analysis also followed to discriminate between real minima
and saddle points on the potential energy surface. Jahn-
Teller deformations played an important role in determin-
ing transition-metal cluster geometries. Equilibrium geome-
tries, electronic configurations, binding energies, magnetic
moments, and harmonic frequencies were in the work [45]
reported. Density-functional theory approach is with frac-
tionally occupied orbitals presented for studying prototypical
ferric-ferrous electron-transfer process in liquid water. The
use of fractional occupation numbers turned out to be cru-
cial for achieving convergence in most self-consistent calcu-
lations because of the open-shell d-multiplet electronic struc-
ture of each iron ion and the near degeneracy of the redox
groups involved [46].

Density functional theory molecular dynamics (DFT-
MD), and classical molecular dynamics using polarizable
force fields (PFF-MD) are employed to evaluate the influence
of Li+ on the structure, transport, and electrochemical stabil-
ity of three potential ionic liquid electrolytes is reported on
Ref. [47]. The effect of equilibration methodology and sam-
pling on ab initio molecular dynamics (AIMD) simulations
of systems of common solvents and salts found in lithium-
oxygen batteries is in Ref. [48] studied.

5. Conclusions

Using Jacob’s Ladder, we proposed to work with BP, VWN-
BP, PBE, RPBE, PBE-Grimme, B3LYP, and B3LYP Grimme

to construct their potential energy curves for comparing be-
tween them, and against experimental values. This brief
study lead us to the use of one of the functionals (GGA-BP,
GGA-PBE-Grimme, or B3LyP) in the systems required to
study lithium oxides with carbon LiO− support for batteries
that improve electric charge storage, ready to be used and
discharged by the user of the battery. In this case, it is con-
cluded that GGA-PBE-Grimme gives a minimum with lower
energy than GGA-PBE. This is more appreciable for charge
desorption in this charge storage system.

The reason to consider LiO− ion is due to its typeX +
Y −; that is, an oxidation - reduction process in which one
atom loses an electron and the other gain it. Electrons lost on
lithium ion is a fact when turns on the device with its corre-
sponding battery, and it must be recharged by external charge
by plug in the battery, to which lithium ion recovers its origi-
nal charge again. This is a reversible process.

Then from the three selected, PBE-Grimme is applied to
the interaction between two lithium ions and oneβ-graphyne
unit. Their interaction gives a potential energy curve, from
which we see one barrier corresponding to the activation en-
ergy, and one well of potential corresponding to the dissocia-
tion energy.

We observe that any of the two methodologies (poten-
tial energy curves or frequencies) used for choosing the bet-
ter functional is capable for giving suitable selection. In our
case, we selected the construction of potential energy curves
in this case. However, the last result of adsorption energy
has been with a different method calculated. Furthermore,
it is observed that oxygen atom in the lithium oxide ion is
responsible for deformation of the planarity ofβ-graphyne
since there is a strong interaction between one carbon atom
of β-graphyne and the oxygen atom of lithium oxide ion.

The selectedβ-graphyne unit molecule has an excellent
specific surface area. Then, its use as cathode of Li-ion bat-
tery might enhance its capability characteristics.
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