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Abstract. The paper presents a first-principles study of the C,0O monolayer
as a potential material for energy storage applications. We optimized the atomic
structure of the pristine monolayer, as well as those with an adsorbed lithium at-
om and molecular hydrogen. The binding energy of the lithium atom was found
to be approximately 1,4 eV, which is lower than the cohesion energy of bulk lithi-
um (~1,6 eV). The H, molecule also interacted with the monolayer rather weakly,
with a binding energy not exceeding ~90 meV. These results suggest that the stud-
ied material in its pristine form is not suitable for hydrogen storage, and lithium
decoration may not solve this problem due to the potential clustering of lithium
atoms on the C,0 surface. However, the obtained modeling parameters, including
the optimized characteristics of the atomic-orbital basis set, can be used to simu-
late other modifications of the monolayer and further investigate its properties.

Keywords: g-C,0 monolayer; hydrogen adsorption, Li sorption, density function-
al theory; local pseudoatomic orbitals (PAOs), basis set superposition error (BSSE).

Introduction

The C,0 monolayer is a material with a high specific surface area and, consequently, a potentially
large number of adsorption sites for lithium ions and molecular hydrogen. This feature makes it a prom-
ising candidate for applications in lithium-ion batteries and hydrogen storage devices. The stability of
this material has been previously predicted by theoretical methods [1], and its properties as a hydrogen
separation membrane have been investigated [2]. In this study, we used density functional theory (DFT)
to research the mechanisms of hydrogen and lithium sorption at the atomic level and to estimate the en-
ergy characteristics of the adsorbate-surface interactions.

DFT calculations can be computationally demanding, especially when accurate dispersion correc-
tions are required for simulating weakly interacting systems. Furthermore, the presence of a high vacu-
um volume in the model necessitates a careful choice of methodology. Therefore, the use of localized
pseudo-atomic orbitals as a basis set for wavefunction decomposition represents a reasonable approach.
This type of basis set can yield accurate and efficient results provided that thorough corrections for the
basis set superposition error (BSSE) are applied [3, 4]. We have previously demonstrated that after ap-
plying energy and geometry corrections for BSSE, results obtained with such a basis set can be as accu-
rate as those from plane-wave basis set calculations, which are inherently free from the BSSE [5]. In this
paper, we successfully simulated the atomic structure and sorption properties of the g-C,O monolayer
using computational resources limited to those of a personal computer.

Models and simulation details

Numerical experiments were performed with periodic boundary conditions using the SIESTA soft-
ware package [6], which employs an atomic-orbital basis set for wavefunction decomposition. We treat-
ed the 2s?2p? electrons for C, 2s°2p* electrons for O, 2s* electron for Li, and 1s' electron for H as va-
lence electrons. Norm-conserving pseudopotentials were taken from the database for the PSF format [7].
We utilized a double-C polarized basis set (DZP [8]), where three finite functions are used for each
atomic orbital: the main, modified, and polarized orbitals. To account for van der Waals interactions, we
employed the semi-empirical dispersion correction scheme by Grimme (DFT-D2) [9] in conjunction
with the Perdew—Burke—Ernzerhof (PBE) exchange-correlation (XC) functional [10], as well as the
vdW-DF functional of Dion et al. [11] with exchange modified by Berland and Hyldgaard (vdW-DF2-
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BH) [12]. Test spin-polarized calculations of the pristine, Li-decorated, and Hy-adsorbed g-C,O mono-
layer showed that all investigated systems were non-magnetic. Therefore, to accelerate the calculations,
most production simulations were performed without spin polarization. The simulation parameters used
in this work, which allowed us to achieve a precision in binding energy calculations of approximately 5
meV, are summarized in Table 1.

Table 1
Simulation parameters
XC functional PBE+D2 | BH-vdw
k-points 5x5x1
MeshCutoff, Ry 450 (=6,12 keV)
Total energy convergence criterion, eV 10°
Force convergence criterion, Ry/Bohr 5-107° (=1,3 meV/A)
Vacuum layer, A 33A
Optimized translational parameter, A 8,26 ‘ 8,25

The hexagonal simulation cell contained 12 carbon and 6 oxygen atoms. Fig. 1 shows the atomic
structure of the g-C,O monolayer after geometry relaxation. The equilibrium lattice parameter was de-
termined by minimizing the total energy of the system. Both employed exchange-correlation functionals
yielded similar structural parameters. The calculated bond lengths and pore diameter (d ;o =5,37 A

and 5,35 A for PBE+D2 and BH-vdW functionals, respectively) are in good agreement with previous
studies of the g-C,0 monglayer [1, 2].
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Fig. 1. Top view of the optimized atomic structure of the C,O monolayer obtained using the PBE+D2 functional. Carbon

and oxygen atoms are represented by grey and red spheres, respectively. The unit cell boundary is indicated by a solid

black line. The lattice parameters | for the different XC approximations are listed in Table 1. The calculated bond lengths
are (1) 1,41, (2) 1,39, and (3) 1,40 A. All structural images were generated using the VESTA 3 software package

The binding energies of a Li atom and a hydrogen molecule were calculated using the following
equation:

Eping = Ead + Ec,0 ~Ec,01ad— 1 Ecp | 1)

where E,q , Ec o, and Ec .o are the total energy of an isolated adsorbate (a Li atom or a hydrogen

molecule), an isolated C,O monolayer, and the adsorbate-substrate system (decorated g-C,O monolay-
er), respectively; Ecp is the Boys—Bernardi counterpoise correction for the basis set superposition error

[13]. Note, that with this definition, a positive value of the binding energy corresponds to an attractive
interaction between the adsorbate and the C,O monolayer.

Pseudo-atomic basis set optimization

Since all calculations were performed using a localized atomic-orbital basis set, the basis set param-
eters were optimized prior to the sorption simulations to ensure the highest possible accuracy of the
binding energy estimates. We monitored the convergence of the total energy of the g-C,O monolayer
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and “pressure” P for geometrical parameter with respect to the basis set cutoff radius, following the pro-
cedure detailed in [5]. The resulting convergence dependencies are presented in fig. 2.
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Fig. 2. Convergence of the total energy and the parameter P of the C,O monolayer with respect to the cutoff radii of a)
C(2s), b) C(2p), c) O(2s), and d) O(2p) atomic orbitals. The left panels show the dependencies for the first-g (main) orbital
function, while the right panels correspond to the second-g (modified) orbital function (the cutoff radius for the latter is

controlled by the SplitNorm parameter [8]). The chosen as optimal values are marked by solid gray vertical lines. The

atomic orbital radii are given in Bohr radius (a, ~ 0,53 A).
As shown in fig. 2, the convergence behavior for all considered valence orbitals was consistent with
theoretical expectations. Consequently, the optimal basis set parameters were selected according to
standard criteria: the cutoff radius for the first-C (main) orbital function was chosen at the point where
both the total energy and the parameter P reached stable plateau values, while the SplitNorm parameter
for the second-{ (modified) function was optimized to minimize the total energy of the g-C,O monolay-
er. The specific basis set parameters selected for all subsequent simulations are summarized in table 2.
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The default basis set parameters are in-

. . i Table 2
dicated in parentheses in table 2 for com- Basis set parameters
parison. It is evident that these default pa- . .
rameters differ significantly from the opti- Orbital % fm » % SplitNorm
mized values obtained in this work. Fur- | C(2s) | 7,64(409) | 281(335) | 0,35(0,15)
thermore, we have previously demonstrated | C(2p) | 8,03 (4,87) | 3,22(3,48) | 0,25(0,15)
that the default cutoff radii are insufficient 0(23) 7,00 (3’31) 2,77 (2’51) 0110 (0’15)
for accurate simulations of H, sorption [5].
Therefore, the optimized basis set parame- O(2p) 7,54 (3,94) 2,74 (2,54) 015 (0,15)

ters presented here are recommended for future simulations of decorated and/or defective g-C,O mono-
layer. For hydrogen and lithium the following parameters were used: r =6,05a, and r, =2,52a, for

H(1s) orbital; r =7,78a, and r,, =7,68a, for Li(2s) orbital.

Hydrogen sorption on the g-C,O monolayer
The initial position of the H, molecule was above the center of an oxygen pore, as this configuration
was previously identified as the most energetically favorable in a similar material [14]. After geometry
relaxation, the H, molecule remained centered above the pore with its molecular axis perpendicular to
C,0 sheet (fig. 3, b). The binding energy was calculated using eg. (1) for the different dispersion correc-
tions. Furthermore, to account for the BSSE in the relaxed geometry [5, 14], we calculated the BSSE-
corrected H,-monolayer distance (d.,,, ) and the corresponding corrected binding energy. All binding
energy results are summarized in fig. 3a. The calculated distances for the PBE+D2 approximation were
d=171 A and d, =196 A. For the BH-vdW functional, the distances were d =2,23 A and
deorr =2,41 A. A significant discrepancy between the two functionals is evident: the BH-vdW estima-
tions for the H,-monolayer distance are more than 20 % larger than those obtained with the PBE+D2
functional. Moreover, the PBE+D2 results were more sensitive to the BSSE geometry correction, with
deorr Deing 15 % larger than uncorrected distance d . For the BH-vdW functional, this increase was less
than 10 %.
120 — |Ecpl

Ebind +|ECF|

a)

Fig. 3. Hydrogen sorption on the C,O monolayer: a) binding energy of an H, molecule calculated using different dispersion
corrections, with and without BSSE corrections applied to the system geometry; b) top and side view of H, adsorbed
above the oxygen pore. The structure shown is the optimized geometry obtained using the BH-vdW functional, prior to the
application of the BSSE correction.

Fig. 3, a shows that for all used functionals the counterpoise (CP) correction for the BSSE
accounted for a considerable fraction (up to 30 %) of the uncorrected binding energy. While the
geometry optimization with the BSSE correction slightly improved the situation, the subsequent CP
corrections remained significant. This indicates that for weakly bonded systems, an energy correction
for the BSSE is essential. Surprisingly, the hydrogen binding energies obtained with the PBE+D2
functional were approximately 20 % lower than those from the BH-vdW functional, despite the
considerably shorter H,-monolayer distances observed with the Grimme correction scheme. Overall, the
binding energy did not exceed 100 meV per H, molecule, which is far too low for the desired room-
temperature application of the C,O monolayer as a hydrogen storage material.

Lithium sorption on the g-C,O monolayer
We also simulated the sorption of a single lithium atom on the g-C,O monolayer to evaluate the na-
ture of its bonding. The initial position for the Li atom was chosen above the center of the oxygen pore,
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as this site was previously reported to be the most energetically favorable in a similar material [15]. Af-
ter geometry relaxation, the g-C,O layer exhibited a sight distortion (see fig. 4, b, Al=0,65 A and
0,62 A for the BH-vdW and the PBE+D2 functionals, respectively). The Li atom remained coordinated
to the oxygen pore but was displaced from its center. The lithium binding energy was calculated using
Eq. (2). In this case, geometry correction for the BSSE was deemed unnecessary, as increasing the Li-
C,0 distance did not lead to a more favorable total energy. The resulting Li binding energies are pre-
sented in fig. 4, a.

a) 1.6 1 |Ecp|
Eping +|Ecel

1.4 -

bind” eV

Fig. 4. Lithium adsorption on the C,O monolayer: a) binding energy of a Li atom calculated using different dispersion cor-
rections; b) top and side view of the optimized structure of a Li atom adsorbed at the oxygen pore site, obtained using the
BH-vdW functional

Fig. 4, a shows that in the case of Li adsorption, the energy correction for the BSSE plays a less
significant role than for H, adsorption:; the CP correction does not exceed 10 % of the uncorrected Li
binding energy. Furthermore, the different dispersion corrections yielded consistent results for lithium,
with only a ~5 % difference between the estimates obtained with the PBE+D2 and BH-vdW functionals.
Overall, the Li atom binds to the C,O monolayer with an energy of approximately 1,4 eV. While this
value is adequate for lithium-ion battery applications, it is lower than the cohesive energy of bulk lithi-
um (~1,6 eV). This makes lithium an ineffective decorative agent for enhancing hydrogen sorption, as Li
atoms will tend to cluster with increasing concentration. The inner atoms in such clusters would not par-
ticipate in hydrogen binding.

Conclusion

The pristine and Li-/H,-decorated g-C,O monolayer was investigated using density functional theo-
ry with a pseudo-atomic orbital basis set for wavefunction decomposition. The relaxed C,O atomic
structure was obtained for the considered functionals, and the optimized parameters for the atomic or-
bital basis functions were determined. These parameters can be utilized in future simulations of C,O-
based systems.

For hydrogen molecule adsorption, the center of the H, molecule was located at a distance of 2,0-
2,4 A from the monolayer (depending on the dispersion corrections scheme). The calculated binding
energy ranged from 70 to 90 meV, which is below the optimal range of 200-600 meV required for ef-
fective sorption-desorption cycles under practical conditions. This indicates that the hydrogen molecule
interacts too weakly with the C,O surface to be retained effectively, diminishing the prospects of using
the pristine monolayer in hydrogen storage applications without further surface modification.

The lithium binding energy was approximately 1,4 eV, with the atom occupying the oxygen pore
site of the slightly distorted monolayer. While this value falls within the acceptable range for lithium-ion
battery anods, further simulations with higher lithium concentrations are necessary to draw definitive
conclusions regarding the application of C,0 in lithium batteries. Importantly, the lithium binding ener-
gy is lower than the cohesive energy of bulk lithium (~1,6 eV). This implies that decorating the C,0O
monolayer with lithium is not a viable strategy for enhancing hydrogen binding energy, as potential
clustering of lithium atoms would reduce the overall hydrogen capacity of the material.

The study was supported by a grant from the Russian Science Foundation No. 25-22-20023,
https://rscf.ru/project/25-22-20023/.
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DFT MOAENTMPOBAHUE MOHOCIOA G-C,0 KAK MATEPUANA-HAKOIMNUTENA
SHEPTUMN

M.C. Nopwkos, 4.10. ®auszoea, E.B. AHUKuUHa
tOxHo-Ypanbckuli 2ocydapcmeeHHbIl yHusepcumem, 2. YensbuHck, Poccutickass ®edepayus
E-mail: anikinaev@susu.ru

AnHotanus. IIpoBeneHo nepBonpuHUUIIHOE HcciaenoBaHue MoHOcHos C,O Kak MOTEHUUATbHOTO
MaTepHaga-Hakonurenast sHepruu. [lomyyeHa onTHMHU3HMpPOBaHHAS aTOMHAs CTPYKTypa YHCTOTO MOHO-
CIIOsI, & TaKKe C afcopOMpPOBaHHBIMH aTOMOM JIMTHS M MOJEKYJISIPHBIM BOAOPOAOM. JHEPTHs CBSI3U
aToMa JIMTHs OKa3aiach MeHble 1o BenuuuHe (~1,4 3B), yem sHeprus Kore3uu KpUCTALTMYECKOTo JH-
tus (~1,6 3B). Monekyna H, Toxxe mocrarodno cirabo B3anMoIeHCTBOBANIa ¢ MOHOCTIOEM: BEIIMYHMHA €€
3HEpruM cBsA3M He mpesbimana ~90 md3B. K coxanenuro, Takue pe3yiabTaThl MOKa3bIBAIOT, YTO HCCIIEN0-
BaHHBIN Marepual B YUCTOM BHJAC HC NPUTOACH I WCIIOJIB30BaAHUA B KAa4YC€CTBEC BOAOPOAHOI'O0 XpaHU-
JMIIA U IEKOPUPOBAHUE JIUTHEM HE CMOXKET PEIIUTh 3Ty MpoOjIeMy M3-3a €ro MOTeHUHAIbHON KiacTe-
pusaunu Ha noBepxHoctd C,0O. Ilpu 3TOM nosydeHHbIE MapaMeTpbl MOAEIUPOBAHMS, BKIIOYAIOLINE B
ce0sl XapaKTEPUCTUKU 0a3UCHOTO Habopa, MOTYT OBITh UCIIOIB30BaHbI JUISI MOJICIIUPOBAHUS APYTUX MO-
TuUKAITI MOHOCTION U TahbHEHIIETO UCCIIEIOBAHMS €TI0 CBOMCTB.

Kurouesvie cnosa: monocnou 9-C,0; adcopoyusa éodopoda, copoyusa numus,; meopusi (hyHKYUOHALA
91eKMPOHHOL NIOMHOCMU,; AMOMHONO000HbIE OPOUMAnU; OwubKa cCynepno3uyuy 6a3ucHo2o Habopa.
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