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ABSTRACT: Designing and optimizing graphene-based gas sensors in silico entail
constructing appropriate atomistic representations for the physisorption complex of an

analyte on an infinite graphene sheet, then selecting accurate yet affordable methods for g

geometry optimizations and energy computations. In this work, diverse density functionals
(DFs), coupled cluster theory, and symmetry-adapted perturbation theory (SAPT) in
conjunction with a range of finite and periodic surface models of bare and supported graphene
were tested for their ability to reproduce the experimental adsorption energies of CO, on
graphene in a low-coverage regime. Periodic results are accurately reproduced by the
interaction energies extrapolated from finite clusters to infinity. This simple yet powerful
scheme effectively removes size dependence from the data obtained using finite models, and
the latter can be treated at more sophisticated levels of theory relative to periodic systems.
While for small models inexpensive DFs such as PBE-D3 afford surprisingly good agreement
with the gold standard of quantum chemistry, CCSD(T), interaction energies closest to

experiment are obtained by extrapolating the SAPT results and with nonlocal van der Waals functionals in the periodic setting.
Finally, none of the methods and models reproduce the experimentally observed CO, tilted adsorption geometry on the Pt(111)
support, calling for either even more elaborate theoretical approaches or a revision of the experiment.

Bl INTRODUCTION

Among practical applications of graphene—a two-dimensional
sheet of sp*-carbon atoms arranged in a honeycomb lattice' ~*—
detection of small gaseous molecules is arguably most readily
geared toward viable real-life implementation.””* Development
and optimization of graphene-based gas sensors, which typically
operate via (non)covalent interactions of adsorbates with the
graphene surface, greatly benefit from theoretical insights into
the strengths and nature of these interactions.” Examples of the
properties studied in silico include adsorption geometries,
energies, and charge transfer of small molecules (H,O, NO,
NO,, NH;, and CO) adsorbed on graphene; 10 selectivity of NH;
detection with §raphene nanoribbons;'" the role of adsorbate
concentration;'” and surface defects'” in the adsorption of CO,
and CO on graphene. In these studies, graphene and its
derivatives were modeled as periodic systems; however, an
infinite graphene sheet can instead be represented by a finite
molecular fragment. For example, in a joint theoretical and
experimental study on the adsorption of organic molecules on
graphene, averaged ab initio molecular dynamics energies
obtained with nonlocal van der Waals functionals were in
excellent agreement with empirical data.'*

Choosing an appropriate model of the adsorbate—surface
complex in conjunction with an electronic structure theory
method, which affords an efficient sampling of adsorption
geometries for a given adsorbate concentration regime, is a key
to accurately simulate graphene-based gas sensors.” Periodic
representation of the surface can be advantageously free of
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defects and edge effects; yet, on an ab initio level it is usually
feasible only at the local density or generalized gradient
approximations (LDA and GGA, respectively) of density
functional theory (DFT), which cannot describe dispersive
interactions without empirical corrections or nonlocal func-
tional extensions. While more high-level density functionals,
periodic second-order perturbation theory (MP2), random
phase approximation (RPA), and the GW approach are available
and able to address the aforementioned limitations of LDA and
GGA DFT, they generally come at a prohibitively high
computational cost.” This is particularly the case for adsorption
in the low-coverage regime, where large surface slab models are
required, in addition to large vacuum gaps along the normal
directions of the surfaces. Finite cluster models, on the other
hand, can be treated with a broad spectrum of wave-function-
based methods, as well as density functionals from the higher
rungs of the Jacob’s ladder.'>'® Unfortunately, these models
suffer from artificial edge effects and heavy size dependence of
the resulting computed properties. Several studies performed a
comparison of cluster and periodic models for studying
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Figure 1. (A) Graphene surface models: the smallest model in red, a midsized model in red and green, and a large model in red, green, and blue. (B)
Principal adsorption sites are shown for a parallel orientation of CO, on benzene.

adsorption on graphene. Specifically, Lazar et al.'"* computed
adsorption enthalpies of small organic molecules on coronene
and infinite graphene with a range of empirical, density
functional theory, and wave function theory methods. For the
coronene model, the best agreement with the reference
CCSD(T) interaction energies was achieved with a nonlocal
optB88-vdW functional (mean error of 0.6 kcal mol™') and
SCS(MI)-MP2 method (mean error of 0.4 kcal mol™"),
although all tested methods were able to reproduce the
qualitative ordering of experimentally measured adsorption
enthalpies. The latter were best reproduced with a periodic
graphene model and ab initio molecular dynamics at the optB88-
vdW level. Haldar et al.'’ demonstrated convergence of
interaction energies for two organic electron acceptor molecules
adsorbed on graphene with the size of coronene-based models,
justifying the use of cluster models. Considering the levels of
theory, the SCS-MP2/CBS, BLYP-D3, and AMBER force field
all afforded modest accuracy (within several kcal mol™") with
respect to the reference MP2.5/CBS/6-31G*(0.25) values.
Very recently, Stachova et al.'® assessed the performance of
several DFT methods for predicting adsorption energies of
monolayers of noble gases (Ar, Kr, Xe) and small molecules (N,,
0,, CO, CH,, C,H,, and C;H;) on free-standing graphene and
graphene on a Pt(111) support. Both high-level RPA and fixed-
node diffusion Monte Carlo computations and previously
published experimental results were used as benchmarks. For
bare (unsupported) graphene, the authors recommended PBE-
D3 for adsorption energies and optB86b for geometries. For
graphene on Pt(111), the choice of the best approach was found
to depend on the strength of the interactions: PBE-D3 for
weakly interacting systems (interaction energies below 20 kJ
mol™") and optB86b-vdW for physisorptions stronger than 20 kJ
mol ™.

In this study, we aim to establish the most balanced approach
to simulating the adsorption of CO, on graphene, pertinent to
the development of efficient technologies for carbon dioxide
capture and conversion.'” To address this question, we assessed
the performance of diverse electronic structure theory methods
across the surface model sizes for the adsorption geometries and
energies of CO, on graphene. In silico findings were
corroborated via comparison with the results from two recent
experimental studies. In a study by Takeuchi et al,,”” adsorption
of carbon dioxide on a monolayer of epitaxial graphene on a
SiC(0001) surface was analyzed by temperature-programmed
desorption (TPD) and X-ray photoelectron spectroscopy
(XPS). At low CO, coverage, the adsorption energy was

found to be 30.1 + 1.5 kJ mol ™, decreasing to 25.4 + 1.5 kJ
mol ™" at higher coverages. The XPS results indicated blue shifts
of the O 1s and C Is electron binding energies with increasing
adsorbate coverage. Additional periodic density functional
theory computations using nonlocal van der Waals exchange-
correlation functionals suggested that CO, is adsorbed parallel
to the surface. In a more recent study by Smith and Kay,”' a
binding energy of 26.1 + 2 k] mol™! was reported for low CO,
coverage on graphene on a Pt(111) surface. While this value is
close to that reported by the first study,”” the results of reflection
adsorption infrared spectroscopy (RAIRS) suggested that CO,
is instead tilted away from the surface. Furthermore, the
vibrational band of the antisymmetric stretch mode of CO,,
which is located at 2350 cm ™" at low coverage, is blue-shifted to
2378 cm™" upon the transition to higher coverages.

In this study, we test the ability of various simulation
approaches to reproduce the reported experimentally measured
adsorption energies and analyze the adsorption geometries of
carbon dioxide on graphene in a low-coverage regime. Examined
methodological approaches span from the smallest possible
graphene model, benzene, treated at various approximations to
the DFT exchange-correlation functional and at highly accurate
wave-function-based methods, to the realistic periodic repre-
sentation of monolayer graphene alone and on experimentally
relevant supports, SiC(0001) and Pt(111), in conjunction with
several density functionals.

B COMPUTATIONAL DETAILS

Chemical Model. Finite models of graphene investigated
here (Figure 1A) can be categorized based on their edge
structures and shapes as circular (benzene, coronene, and
circumcoronene), zigzag (rhomboid shapes), and armchair
(rectangular shapes). For each of these models, three principal
adsorption sites (top, hollow, and bridge, shown in Figure 1B for
benzene) are considered in parallel (shown in Figure 1B) and
orthogonal orientations. In the larger systems, CO, is located
either near the central C—C bond (for 2 X 2-zigzag, 4 X 4-zigzag,
3 X 2-armchair) or near the central 6-membered ring.
Constrained optimizations, in which restrictions to angles
were introduced through auxiliary dummy atoms, were
performed to preserve the initial adsorption geometries, since
they do not necessarily correspond to the local minima on the
potential energy surface (PES); the corresponding structures
and their energies were then compared to those in the fully
relaxed minima, obtained in unconstrained optimizations and
confirmed by normal-mode analyses.
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Figure 2. Periodic models used in this work. (A) Top view of the 7 X 7 bare graphene model. (B) Top and side views of a graphene 3 X 3 cell placed on
top of a three-layer (111) 3 X 3 Pt surface slab. (C) Top and side views of the (\/3 X \/3)-R30-SiC(0001) unit cell.

Finite Model. The following DFT methods in combination
with appropriate dispersion corrections were used in geometry
and energy computations: generalized gradient approximation
functional PBE-D3,”>** hybrid-GGA functional B3LYP-D3,>**°
long-range separated functional ®B97X-D3” and its nonlocal
version @B97X-V*’ for single-point energies, and the double-
hybrid functional DSD-BLYP-D3.>* The latter two functionals
were found to be among the best for describing inter- and
intramolecular noncovalent interactions.”” All DFT computa-
tions were performed with a recent version of the ORCA
program™ using very tight convergence thresholds and the
largest DFT grids (keyword: GRID7). A sample input is
provided in the Supporting Information. Coupled cluster with
singles, doubles, and perturbative triples (CCSD(T)) compu-
tations were Eerformed using the XNCC module of the CFOUR
program.’”>* ORCA’s capability to function as an external
optimizer was utilized to perform geometry optimizations with
Cartesian coordinates with and without constraints using the
exact same convergence criteria as for the DFT computations.
An in-house interface using Atomic Simulation Environment
(ASE)* was used to transform the gradients between the input
orientation and CFOUR’s standard orientation. Using ORCA,
we have also performed domain local-pair natural orbital
coupled cluster with perturbative triples, DLPNO-CCSD(T),
computations to obtain interaction energies in conjunction with
two default sets of thresholds, NormalPNO and TightPNO.34’35
The symmetry-adapted perturbation theory (SAPT)**™**
computations at a SAPTO level in conjunction with DFT
geometries were performed in the dimer basis for the fragments’
wave functions with the resolution-of-the-identity (RI)
approximation using Psi4.’”*" The SAPTO results are relatively
independent of the DFT functional used to obtain the
geometries (see Table S7), thus data based on the PBE-D3
geometries are reported herein.

The interaction energy is computed as the difference between
the energies of the optimized dimer and the two monomers in
their dimer geometries

D D D
Eint = Egraphene/CO2 (D) - ECO2 (D) - Egraphene (D) (1)

where EY(D) is the energy of the fragment X in the dimer
geometry using the dimer basis set. Computations for the
monomer fragments are performed using the basis set of the
dimer to correct for the basis set superposition error (BSSE).
Importantly, computed interaction energies are always slightly
lower than the adsorption energies, since the latter contain
additional, albeit relatively small in noncovalently bound
complexes, relaxation effects (or deformation energy) of the
monomers.

Periodic Model. Computations on an infinite (periodic)
model of graphene were performed using Quantum Espresso™’
with pseudopotentials from the PSLibrary.** An energy cutoff of
90 Ry for the plane-wave expansion of the wave function was
selected after careful evaluation of the interaction energy
dependence on the cutoff value (see Figure S1). In all systems,
a3 X 3 X 1 k-point grid was used (see Table S1). In contrast to
the finite cluster systems, no constraints were needed, since
initial adsorption geometries were preserved throughout
optimizations. The systems were optimized using the default
optimization parameters of Quantum Espresso. Computations
were performed with the GGA functionals and empirical
dispersion corrections, namely, PBE-D3 and B86BPBE-
XDM," and with nonlocal van der Waals functionals vdW-
DF1,** vdW-DF2,* optB88-vdW,* and optB86b-vdW."” For
all computations, PBE-derived pseudopotentials were used.
Nudged elastic band (NEB)**~>' computations as implemented
in the ASE*® were performed to find the minimum energy paths
between different adsorption sites.

For a bare monolayer of pristine graphene, a 7 X 7 supercell
approach with 98 carbon atoms was used (Figure 2A). For
graphene on a platinum support, a 3 X 3 graphene supercell was
placed on a 3 X 3 X 3 Pt(111) supercell (Figure 2B). The
resulting lattice strain for graphene, estimated using the
STRAIN structural utility of the Bilbao Crystallographic
Server,”>™>* is 0.06354; strain energy, computed at the
optB86b level of theory as the difference between the energy
of graphene with lattice deformation and the energy at the
experimental lattice constant, is 0.77 eV/atom. Although this
strain energy per atom is rather high and other adlayer
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Table 1. Computed Interaction Energies (in kJ mol™') for CO, on Benzene at Various Adsorption Sites and Orientations®

Method Global Local minima (constrained optimisation) MAD ¢
minima
Parallel orientation Orthogonal orientation  Par. Ort. Tot.
bridge top  hollow bridge top  hollow
Method//CCSD(T)/def2-TZVP
DLPNO-
CCSD(T)/(TightPNO)/CBS P -10.0 -9.7 -9.3 -9.1 -1.6 -1.7 2.2 0.0 | 0.0 | 0.0
DLPNO-CCSD(T)
(TightPNO)/def2-QZVPPD -9.2 -8.9 -8.6 -8.4 -1.5 -1.4 -1.8 08 | 03 | 05
DLPNO-CCSD(T)
(NormalPNO)/def2-QZVPPD -10.2 -9.8 -9.4 -9.4 -1.9 -1.6 2.4 0.1 | 02 | 02
CCSD(T)-EP2(2/3,MP2) b -10.9 -10.6 | -10.2 | -10.0 -1.7 -1.7 -2.3 09 | 0.1 | 0.5
CCSD(T)-EP2(3/4,MP2) P -10.7 -104 | -10.0 -9.8 -1.7 -1.7 -2.4 0.7 | 0.1 | 0.5
CCSD(T)/def2-TZVP -7.6 -7.2 -6.9 -7.1 -0.4 -0.4 -0.5 23 | 14 ] 19
DLPNO-CCSD(T)
(TightPNO)/def2-TZVP -7.1 -6.8 -6.5 -6.7 -0.5 -0.5 -0.5 28 | 1.3 | 22
DLPNO-CCSD(T)
(NormalPNO)/def2-TZVP -8.0 -7.8 -7.4 -1.7 -0.8 -0.8 -1.3 1.8 1 09 | 14
SAPTO0/jun-cc-pVDZ -9.0 -8.4 -8.0 -8.2 0.1 0.0 0.2 1.2 1 20 | 15
SAPTO0/def2-TZVP -12.0 -11.5 | -11.0 | -10.8 -1.0 -1.0 -1.4 1.8 | 0.7 | 13
SAPT0/def2-QZVPPD -14.2 -13.7 | -13.1 | -12.7 -2.1 -2.1 -3.0 39 | 0.6 | 25
SAPT2/def2-QZVPPD -12.9 -12.5 | -12.0 | -11.8 2.9 2.8 -4.0 27 | 14 | 22
SAPT2+/def2-QZVPPD -12.2 -119 | -114 | -11.2 -2.6 -2.6 -3.6 2.1 1.1 1.7
SAPT2+(3)/def2-QZVPPD -11.7 -11.3 | -10.8 | -10.8 2.2 -2.1 -3.0 1.6 | 0.6 | 1.2
SAPT2+3/def2-QZVPPD -12.4 -12.1 | -11.6 | -11.2 -2.2 -2.1 -2.9 23 | 0.6 | 1.5
PBE-D3/def2-TZVP -10.1 -9.7 -9.5 -9.4 -1.7 -1.7 -2.0 0.1 | 0.1 | 0.1
B3LYP-D3/def2-TZVP -10.8 -10.5 | -10.1 -9.9 -0.8 -0.8 -1.2 08 | 09 | 0.8
®B97X-D3/def2-TZVP -11.3 -10.8 | -104 | -10.2 -0.9 -0.9 -1.4 1.1 | 0.8 | 1.0
©B97X-V/def2-TZVP -10.7 -10.3 -9.9 -9.9 -1.2 -1.2 -1.8 06 | 05 | 05
DSD-BLYP-D3/def2-TZVP -9.2 -8.8 -8.5 -8.4 -0.7 -0.8 -1.1 08 | 1.0 | 09
Method/def2-TZVP//Method/def2-TZVP
PBE-D3 -10.2 -9.9 -9.6 -9.5 -1.7 -1.7 -2.1 02 | 01 | 02
B3LYP-D3 -10.9 -10.5 | -10.2 | -10.0 -0.9 -0.9 -1.3 09 | 0.8 | 0.8
oB97X-D3 -11.3 -109 | -10.5 | -10.3 -1.0 -1.0 -1.5 1.2 | 0.7 | 1.0
oB97X-V -10.6 -10.2 -9.8 -9.8 -1.2 -1.2 -1.8 06 | 04 | 05
DSD-BLYP-D3 -9.2 -8.8 -8.4 -8.4 -0.8 -0.8 -1.1 0.8 | 1.0 | 0.9
Method/def2-QZVPPD//Method/def2-TZVP

PBE-D3 -10.2 -9.9 -9.7 -9.4 -2.0 -2.0 -2.4 03 | 03 | 03
DSD-BLYP-D3 -10.1 -9.8 -9.5 -9.2 -1.4 -1.3 -1.9 0.1 | 03 | 0.2

“Par. stands for parallel orientation, Ort. stands for orthogonal orientation, and Tot. stands for total for all considered orientations. bHere, the aug-
cc-pVXZ basis sets were used for extrapolations (see details in the Supporting Information). “The cells are colored according to their mean absolute
deviation (MAD) with respect to the reference DLPNO-CCST(T)/(TightPNO)/CBS results. The first column is colored with the averaged total
MAD over all geometries (last column).

configurations resulting in lower strain energies are certainly layers were frozen during the optimization, except for the top
possible, the (3 X 3) domains of graphene on Pt(111) have been one.

observed experimentally™ and are therefore not only computa-
tionally convenient but also realistic models. Adsorption

B RESULTS AND DISCUSSION

energies do not change significantly when thicker models of
the Pt(111) supports are used (see the Supporting Information
for details). The two lowest Pt layers were fixed during the
optimization. For graphene on a silica carbide support, (\/ 3 X
\/3)-R30-SiC(0001) model was capped such that Si atoms
interact with the graphene layer (Figure 2C). Though this
domain was not directly observed in the experiment, it
corresponds to the so-called CSG model (covalently bound
stretched graphene), which was proposed by Emtsev et al. as a
computationally feasible alternative to larger, experimentally
detected (6\/3 X 6\/3) domains.*® To ensure a low CO,
adsorption concentration, we created a (2 X 2) supercell from
the CSG model. The resulting lattice strain®”~>* for graphene is
0.04410 (the computed strain energy is 0.42 eV/atom). All SiC

Method Assessment: Geometries and Energies for
CO,--Benzene. We have chosen two experimental studies” '
as sources of reference data for our computations. In these
works, orientation of the carbon dioxide molecule on graphene
is coparallel when graphene is deposited on SiC(0001) and
tilted with respect to the graphene surface for Pt(111) support.
Correspondingly, we investigated several principal adsorption
sites for both orientations (Figure 1B). Initial assessment of
diverse density functional and wave function theory methods
and basis sets was performed for the smallest possible model
system—CO,--benzene complex—using DLPNO-CCSD(T)-
(TightPNO)/CBS level of theory as a reference (Table 1).5%%
Interaction energies (eq 1) were computed with wave function
theory methods in conjunction with the CCSD(T)/def2-TZVP-
optimized geometries; density functional theory methods were
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Table 2. Geometrical Parameters across Adsorption Sites of CO, on Benzene Computed with Different Electronic Structure
Methods”
Global minima Local minima (constrained optimisation)
‘9 Parallel orientation Orthogonal orientation
d bridge top hollow bridge top hollow
©
Method/def2-TZVP o,° ,° d A d A
CCSD(T) 92.5 3.8 3.25 3.24 3.24 3.40 341 3.42 3.27
PBE-D3 93.8 1.6 3.30 3.30 3.29 3.47 3.46 3.46 3.36
B3LYP-D3 93.3 2.1 3.25 3.25 3.24 3.40 3.44 3.43 3.29
oB97X-D3 93.2 2.2 3.21 3.22 3.21 3.38 3.45 3.46 333
DSD-BLYP-D3 92.5 3.2 3.24 3.23 3.23 3.39 3.40 3.40 3.26

“The inset figure illustrates these parameters.

Table 3. Size Dependency of the Interaction Energies (k] mol™') of CO, on Multiple Graphene Models Computed with PBE-D3

local minima (constrained optimization)

model no. of carbon atoms global minima
benzene [ —10.2 -9.9
coronene 24 -13.9
circumcoronene 54 —-154
2'2-zigzag 16 —-13.1
3'3-zigzag 30 —14.3
4'4-zigzag 48 -152
2'2-armchair 20 —-13.3
3'2-armchair 28 —14.4
§’3-armchair 66 -15.5
extrapolated —-16.3

bridge

—-13.9
—15.4
—13.1
—14.2
—-15.2
—-13.3
—-14.4
-18.5
-16.3

parallel orientation orthogonal orientation

top hollow bridge top hollow

-9.6 -9.5 -1.7 -1.7 -2.1
—13.2 —12.8 —-6.0 —-5.8 —-6.9
—14.6 —14.0 -7.6 -7.5 —-82
—-12.3 —-11.4 =51 —4.9 —-4.9
—13.6 —13.1 —6.3 —6.4 n/a“”
—14.5 —13.8 7.4 7.4 -7.8
—13.0 —12.2 —-5.2 —=5.2 —-6.2
—13.7 —-12.8 —6.6 —-6.4 —-6.9
—14.8 —14.0 -=7.7 -7.6 —8.3
—15.6 —14.9 —-8.6 —8.6 -9.4

?(Constraint) minimum structure that preserved the initial characteristics was not located.

tested in conjunction with the corresponding DFT-optimized
geometries. jun-cc-pVDZ basis set, corresponding to the so-
called bronze level of SAPT,* is used exclusively for SAPTO,
while def2-TZVP and def2-QZVPPD basis sets are used with
other methods.

Coupled cluster theory results reveal basis set dependence;
e.g., the deviations from the reference data become larger (up to
2.8 k] mol ') when moving from def2-QZVPPD to def2-TZVP.
Among the symmetry-adapted perturbation theory approaches,
SAPTO/jun-cc-pVDZ results stand out in that positive
interaction energies are predicted for orthogonal adsorptions,
and the relative stabilities for the parallel adsorptions disagree
with the reference DLPNO-CCSD(T)(TightPNO)/CBS//
CCSD(T)/def2-TZVP results. All other SAPT-based ap-
proaches result in mean absolute deviations between 0.6 and
3.9 kJ mol™" relative to the reference, with the disagreement
being larger for parallel adsorptions. Finally, all density
functionals predict the correct relative energetic order of the
adsorption geometries with high accuracy (less than 1.0 k] mol ™
deviation from the reference in most cases). Based on mean
absolute deviations, performance of the density functionals in
this work is generally in line with the findings of an extensive
benchmark study by Goerigk et al.,”® who report the following
mean absolute deviations for the S66 test set (in k] mol™): 1.67
(PBE-D3), 1.09 (B3LYP-D3), 1.00 (#B97X-D3), 0.50
(wB97X-V), and 0.71 (DSD-BLYP-D3). A notable deviation
from this trend is the PBE functional, which, according to our
results, noticeably outperforms other density functional
approximations. Nonetheless, all computed E;, values are
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significantly smaller than the reported experimental adsorption
energies for CO, on graphene (30.1 + 1.5 k] mol ™" and 26.1 + 2
kJ mol™),””*" suggesting that larger models might be needed to
reproduce these values.

Considering the specific adsorption geometries, parallel
orientations are significantly more stable than orthogonal
orientations, independent of the computational method. For a
given parallel orientation, top and bridge sites are very close in
energy, while the hollow site is on average approximately 0.5 kJ
mol ™ less stable. We further analyzed the distance d between the
adsorption site (benzene ring plane) and the CO, molecule
(carbon or oxygen atom in case of parallel or orthogonal
adsorption, respectively); tilt angle @ between the CO, axis and
the surface plane; and angle f representing an angle between the
adsorption site, CO, center of mass (i.e., the carbon atom), and
its projection onto the surface plane (Table 2). Within the
constrained geometries, the bridge and top sites in the parallel
orientation feature very similar distances d, which are
consistently larger by approximately 0.17 A in hollow geo-
metries. The converse is evident for orthogonal orientations,
where the hollow adsorption occurs at a shorter distance relative
to the top and bridge counterparts. These structural trends
reflect the corresponding interaction energies (Table 1): the top
and bridge adsorptions are more stable for parallel but less stable
for the orthogonal orientations compared to the hollow
adsorptions. The global minimum geometries are generally
very similar to the bridge parallel adsorption site; however, the
CO, in the former is slightly shifted toward the center of the ring,
as indicated by the f angle.
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Compared with the CCSD(T) reference, all density func-
tionals predict qualitatively correct trends. However, PBE-D3
results tend to overestimate d by 0.05—0.09 A for all adsorption
geometries; this behavior of GGA functionals for covalent bonds
has been attributed to their neglect of the Hartree—Fock-like
exact exchange,”” but the reasons can certainly be more complex
in the noncovalent case and may include additional many-body
effects. Geometries obtained with the global hybrid B3LYP-D3
and the long-range separated wB97X-D3 are closer to the
CCSD(T) geometries than those computed using PBE-D3.
Finally, double-hybrid functional DSD-BLYP-D3 reproduces
the CCSD(T) geometries most accurately, with a maximum
deviation of only 0.02 A.

Overall, the double-hybrid functional DSD-BLYP-D3 pre-
dicts geometries and energies that are the closest to the
CCSD(T) reference, in line with the recent benchmark study.”
However, the scaling of its computational cost is less favorable
cornqured to B3LYP-D3 and wB97X-D3, and especially to PBE-
D3,°”°® which predicts excellent energies and good geometries.
This factor, while insignificant for a relatively compact
benzene---CO, complex, can become crucial when moving
toward larger and more realistic surface models.

Size Dependency. How transferable is the computed
interaction energy of carbon dioxide with benzene to the
infinite graphene sheet? To address this, we have tested the size
dependency of E;, computed with various DFT methods across
arange of cluster models (Figure 1); for clarity, only the PBE-D3
results are detailed further (Table 3; corresponding geometrical
parameters and the results of other methods can be found in
Tables S4, S5, and S7).

These results suggest that

(1) Larger surface models lead to more stable clusters
independent of the computational method and the
adsorption geometry. On average, the interaction energies
are lower by 6—8 kJ mol™" for the largest considered
graphene models compared to the smallest ones.
Furthermore, this increase in the stability of CO,-
graphene complexes is accompanied by shorter inter-
action distances (see Table S4), albeit to an extent
dependent on the adsorption site. A similar correlation
between larger graphene models and shorter adsorption
distances was reported by Irle et al.>’

(2) The relative order of interaction energies does not depend
on the system size. For example, the bridge parallel
adsorption is always the most stable (optimized under
constraint), followed by the top and hollow parallel
orientations. Similarly, the hollow adsorption site is the
most stable among orthogonal orientations (except for
the 2 X 2-zigzag model).

(3) Alllarger models (circumcoronene, 3 X 3-zigzag, and S X
3-armchair) converge to similar adsorption geometries.
For example, all large models feature similar CO,---surface
distances for the bridge parallel adsorption (see Table
S4).

(4) Geometries of all global minima are similar to each other
and very similar to the bridge parallel adsorption.

(5) The interaction energy is approximately linearly propor-
tional to the inverse size of the surface model (beyond
benzene), i.e., the inverse of the number of carbon atoms
it contains (PBE-D3 data are shown in Figure 3, while the
plots for other methods are given in Figure S2). The linear

fit of this data intercepts the y-axis at lim m/x + n, where
x—> 00

0
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Figure 3. PBE-D3 interaction energies of CO, plotted vs the inverse of
the number of carbon atoms in the underlying finite surface model
(circles), linear regression fits of the finite model data points (dashed
lines), and corresponding PBE-D3 E,, for the periodic model
(diamonds).

x is the number of carbon atoms in the surface model.
Similar extrapolation schemes have been established for
E, of graphene with water (exponential fit),"" acetone
(three-parameter exponential fit),”” a second graphene
layer,”" and nucleobases®” (nonlinear two parameter fits).
An extensive study of water physisorption on graphene by
Brandenburg et al. using such sophisticated many-body
electronic structure methods as CCSD(T), random phase
approximation, and diffusion Monte Carlo in a periodic
setup, questioned the reliability of extrapolated inter-
action energies.”> However, Jordan and Hefelmann
demonstrated that upon rigorous inclusion of long-
range electrostatic effects an excellent agreement is
achieved between the aforementioned high-level periodic
computations and those obtained using extrapolation
from cluster models.”* Importantly, such an extrapolation
scheme gives interaction energies for an artificial,
infinitely large graphene model at any quantum chemical
method applicable to finite systems (Table 4).

Extrapolated values for the interaction of carbon dioxide with
an artificial infinite graphene sheet follow the same trends in
terms of preferred adsorption geometries at all levels of theory
considered (Table 4). The bridge parallel adsorption site is the
most stable and converges with the values obtained for the global
minimum adsorptions. The highest E;, values are obtained with
PBE-D3 computations and the lowest with B3LYP-D3. The
interaction energies obtained with SAPTO are sensitive to the
basis set but largely independent of the underlying geometries
(see also Table S8) and are even lower than the B3LYP-D3
values (Table 4).

Periodic Models. In the experimental studies,” " graphene
was deposited on substrates, which likely affect its adsorption
properties. To elucidate the influence of these supports and
verify the reliability of the extrapolation scheme based on finite
(cluster) models, we further computed adsorption energies of
CO, on bare graphene and with SiC(0001) and Pt(111)
supports (Table 5).

First, we note that adsorption geometries in the optimized
periodic models are relatively similar across the methods and
supports and are also close to those obtained with the larger
cluster models (see Table S6). For the CO, adsorption on
unsupported (bare) graphene, dispersion-corrected GGA func-
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Table 4. Extrapolated Interaction Energies (kJ mol ') of CO, Adsorbed on an Artificial Infinite Graphene Model Computed with

Several Density Functionals and SAPTO

method global minima
PBE-D3 —-16.3
B3LYP-D3 —19.8
wB97X-D3 —-17.9
wB97X-V —18.6
DSD-BLYP-D3 —18.9
PBE-D3 —24.8
B3LYP-D3 —25.7
wB97X-D3 —25.6
DSD-BLYP-D3 -27.0
PBE-D3 —-20.7
B3LYP-D3 —-20.9
wB97X-D3 —-20.8
DSD-BLYP-D3 —21.4

local minima (constrained optimization)

parallel orientation

orthogonal orientation

bridge top hollow bridge top hollow
Method/def2-TZVP//Method/def2-TZVP
—-16.3 —15.6 —-14.9 —-8.6 —-8.6 -9.4
—19.8 —18.8 —18.0 -9.5 -9.5 —-10.6
—-17.8 -16.6 —15.8 —8.4 —8.4 -9.5
—18.6 -17.4 —-16.7 -9.7 -9.7 —-10.4
—189 —18.0 —-17.3 —-10.3 —-10.3 —11.6
SAPTO/def2-TZVP//Method/def2-TZVP
—24.8 —23.2 —-22.0 —14.2 —14.1 —15.9
—25.6 —-23.9 —=22.7 —14.7 —14.5 —16.5
—25.5 —23.8 —22.6 —14.3 —14.2 —16.1
—26.8 —=25.1 —23.8 —-15.3 —-15.2 —18.2
SAPTO/jun-cc-pVDZ//Method/def2-TZVP
—20.6 —-19.3 —18.4 —-12.7 —-12.7 —14.0
—-20.9 —19.5 —18.5 —-12.9 —-12.9 —14.4
—20.7 —-19.3 —18.5 —12.7 —12.7 —14.1
-21.2 —20.0 —189 —-13.2 —13.2 —14.9

Table 5. Interaction Energies (in k] mol ') of CO, Adsorbed on Periodic Bare Graphene and on Periodic Single-Layer Graphene
Deposited on Silica Carbide and Platinum Supports”

local minima (constrained optimization)

method bridge
PBE-D3 —-15.2
B86BPBE-XDM —13.0
vdW-DF-1 -21.0
vdW-DF-2 -17.7
optB88-vdW -21.5
optB86b-vdW -22.5
PBE-D3 ~153 (=0.1)
B86BPBE-XDM ~10.6 (2.5)
vdW-DF1 n/a?
vdW-DF2 n/a?
optTB88-vdW —24.4 (-2.9)
optB86b-vdW -25.5 (=3.0)
exp. (low coverage)®'
PBE-D3 —142 (1.0)
B86BPBE-XDM —9.4 (3.6)
vdW-DF1 -22.0 (-1.0)
vdW-DF2 —18.3 (—0.6)
optB88-vdW —22.4 (-09)
optB86b-vdW -23.3 (—0.8)
exp. (low coverage)®’ -30.1+ 1.5
exp. (high coverage)®’ —-254+ 15
PBE-D3" -16.3
DSD-BLYP-D3” -189
SAPTO0°/PBE-D3" -20.6

parallel orientation

top hollow bridge
Bare Graphene
—-13.8 —-13.2 -7.8
—-12.3 —11.1 —6.0
—20.6 —-20.0 -12.9
—-17.2 —-16.3 —10.1
-20.9 -19.4 —-12.5
-21.7 —-20.4 —-12.7
Graphene on Pt(111)
~14.8 (-1.0) ~13.7 (-0.6) ~10.5 (—2.6)
—104 (1.9) —8.6 (2.4) —6.7 (—0.7)
—22.7 (-2.1) n/a? n/a?
—18.0 (—0.8) n/a n/a?
242 (-3.3) -222 (-2.9) —146 (-2.1)
—24.9 (-3.2) -23.3 (-2.9) —15.2 (-2.4)
—26.1+2
Graphene on SiC(0001)
—14.1 (-0.3) —13.1 (0.1) —8.4 (—0.6)
~12.7 (~0.5) -4.9 (6.2) —7.4 (~14)
-21.7 (-1.1) —20.9 (-0.9) —14.5 (-1.6)
—18.0 (—0.8) —16.8 (—0.5) —11.1 (-10)
-223 (~1.5) —20.8 (~1.5) —13.9 (-1.3)
—22.8 (-1.1) —21.5 (=1.1) —142 (-1.4)
Extrapolated (Bare Graphene)
—15.6 —14.9 -8.6
—18.0 -17.3 —-10.8
-19.3 —-18.4 —-12.7

orthogonal orientation

top hollow
-7.8 -83
—6.0 —6.6
-12.9 —134
—-10.0 -10.5
—12.4 -132
—12.6 -13.3
—9.4 (=1.6) —10.1 (—1.8)
-5.8(0.2) -7.9 (-13)
—15.1 (=2/3) -13.3 (0.1)
n/a? n/a?
—14.7 (=2.3) —15.8 (=2.6)
-15.3 (-2.7) -16.3 (-3.1)
—8.3 (—0.5) —9.1 (—0.8)
-39 (2.0) —8.6 (=2.1)
—14.5 (-1.6) —15.1 (-1.8)
—11.1 (-1.1) —12.1 (=1.6)
—13.5 (=1.1) —14.8 (-1.6)
—14.0 (—1.4) —14.7 (-1.4)
—-8.6 -9.4
-10.3 —-11.6
—-12.7 —-14.0

“Numbers in brackets are differences between E;, on a support vs bare graphene at a given level of theory. Extrapolated E;, from Table 4 and
experimental (exp.) binding energies are shown for convenience. bdef2-TZVP basis set. Sjun-cc-pVDZ basis set. dOptimization diverged from

intended adsorption site.

tionals, PBE-D3 and B86BPBE-XDM, predict E;,, approximately
4t0 9 k] mol ™" higher (weaker) than the vdW functionals. At the
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PBE-D3 level, the periodic results are only 0.8 and 1.8 kJ mol ™"
higher than the extrapolated values, validating the reliability of
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the extrapolation scheme. Across adsorption geometries,
Pt(111) support generally provides between 0.4 and 2.6 kJ
mol ™! stabilization of CO, adsorbate with GGA functionals and
between 0.5 and 3.3 kJ mol™! with nonlocal vdW functionals.
These results are in a very good agreement with a recent study
investigating adsorption of small molecules other than CO, on
free-standing Pt(111)-supported graphene.'® Stabilization on
silica carbide is mostly smaller, e.g., 0.3—2.1kJ mol ™! at the GGA
level and 0.5—1.8 kJ mol™" at the nonlocal vdW level. However,
in several orientations, the introduction of supports leads to the
weakening of adsorption at the GGA level, particularly with the
B86BPBE-XDM method (by up to 6.2 kJ mol™). Overall,
nonlocal vdW functionals predict significantly lower adsorption
energies on supports, in some cases by over 10 k] mol ™', than the
GGA DFT functionals. Comparing the two support materials,
the values of E, on platinum are approximately 1—2 kJ mol™
lower (more stabilizing) than on silica carbide. Finally, across all
tested methods and materials (bare graphene, graphene on
Pt(111), and graphene on SiC(0001)), parallel orientations are
preferred over orthogonal ones by ca. 5—10 kJ mol™', with the
bridge parallel geometry having the lowest interaction energies.

Modeling CO, adsorption on supported graphene approaches
a more realistic representation of the experimental setup but
does not reproduce the experimental adsorption energies and
geometries. Correcting the extrapolated PBE-D3 interaction
energies for the effects of supports (values in brackets in Table
5) leads to —17 kJ mol™" for graphene deposited on platinum
and —15.9 kJ mol™" for graphene on silica carbide, as opposed to
the experimental values”””" of —26.1 + 2 and —30.1 + 1.5 kJ
mol ™, respectively. In fact, while other methods, such as
nonlocal van der Waals periodic computations (—25.1 kJ mol™
on Pt(111) and —23.3kJ mol™" on SiC(0001) for bridge parallel
orientation at the optB86b-vdW level) or extrapolated SAPTO
values corrected for the support effects (e.g., —23.6 k] mol™" on
Pt(111) and —21.6 kJ mol™" on SiC(0001) for bridge parallel
orientation using the optB88-vdW corrections), predict more
stable adsorptions, ie., are closer to the experimental values,
none of the methods reproduces the key experimental
observations—that CO, adsorbs on Pt-supported graphene in
a tilted manner (corresponding to the orthogonal orientation in
our models) and that adsorption on graphene on silica carbide in
low-coverage regime is more exothermal than on a platinum
support. Overall, these findings are in a stark contrast to the
results obtained by Stachova et al,,'® whose DFT results are
within only 1.9 kJ mol™" in terms of mean absolute errors from
experiment.

Potential Energy Surface Scans. To further explore the
intricacies of carbon dioxide orientation once it is adsorbed on
graphene, we computed the minimum energy paths that connect
the bridge parallel adsorption geometries with all three
orthogonal orientations by using the nudged elastic band
approach at the optB86b level of theory for CO, on bare
graphene (Figure 4). All three minimum energy paths are rather
similar and reflect the differences in the interaction energies at
the corresponding adsorption sites (Table S). This overall
picture does not change when using the PBE-D3 instead (see
Figure S4); interaction energy surface scans for the rotation of
CO, adsorbed on benzene for all three adsorption sites,
computed using the symmetry-adapted perturbation theory,
are also provided in the Supporting Information.

Vibrational Effects. Experimental measurements do not
give adsorption energetics in terms of interaction energies, but
rather 0 K adsorption enthalpies, which contain changes in
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Figure 4. Minimum energy paths are computed with the nudged elastic
band approach. The paths connect the bridge parallel adsorption site
(BP) with the three orthogonally oriented adsorption sites: bridge
orthogonal (BO), hollow orthogonal (HO), and top orthogonal (TO).

vibrational zero-point energies.”” We have accounted for the
latter using the harmonic oscillator approximation (see details in
the Supporting Information). Since the second-order geo-
metrical derivatives were computed numerically, only the most
stable bridge parallel geometry was considered for the optB86b-
vdW functional. We arrived at an adsorption enthalpy of AH, 4, =
—21.7 k] mol ™, a rather small correction of +0.8 k] mol™" to an
interaction energy of —22.5 k] mol ™" (the deformation energy is
negligible). The main reason for the small vibrational effects is
due to weak physisorption, which leaves the normal modes
almost undisturbed with respect to free CO,.

B CONCLUSIONS

In search of an optimal methodological approach to modeling
the adsorption of CO, on graphene, the ability of various density
functional theory and wave function theory methods, as well as
finite and periodic models, to reproduce experimental
adsorption energies of carbon dioxide on graphene has been
probed. For the smallest model, benzene, a comparison with the
gold standard of quantum chemistry, CCSD(T), shows that the
double-hybrid DSD-BLYP-D3 functional performs the best, in
accordance with previous benchmarks. The dispersion-
corrected generalized gradient approximation method, PBE-
D3, also yields exceptionally good interaction energies and
reasonably good geometries, while also being 35 times faster
than the double-hybrid computation.”® For a series of cluster
models of pristine graphene (up to 66 carbon atoms), a linear fit
extrapolating computed interaction energies of CO, to infinity
allows the results of periodic computations to be closely
reproduced at a given level of theory. This scheme represents a
simple yet powerful tool for obtaining accurate interaction
energies for CO, with infinite graphene from a few relatively
inexpensive cluster computations. Surprisingly, interaction
energies, computed for CO, adsorbed on periodic bare
graphene, differ by up to 10 kJ] mol™' between dispersion-
corrected GGA functionals and nonlocal van der Waals
functionals. The lowest and closest to the experiment interaction
energies are obtained with the latter in a periodic setting and
with the symmetry-adapted perturbation theory using the
extrapolation scheme from the cluster models. Correcting
these results for the presence of SiC(0001) and Pt(111)
supports, as well as for vibrational effects, leads to a rather minor
change of 1-2 kJ mol™'. Most notably, across all tested
theoretical procedures, graphene models, and supports, the
parallel adsorption mode of carbon dioxide is energetically
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preferred over the orthogonal (tilted) one. Thus, the
experimental observation that CO, adsorbs on Pt-supported
graphene in a tilted manner remains unreproduced in silico. Re-
examination of this experimental result and further expansion of
the computational models to include the influence of pressure
and concentration, account for dynamic effects, possible island
formation (even at low temperatures and concentrations), and
structural defects in bare graphene and kinks in the supports
might resolve this disagreement in the future.

In this study, we have demonstrated that even for such a
seemingly simple system as CO, physisorbed on a polyaromatic
hydrocarbon interaction energies vary significantly depending
on the chosen electronic structure theory, basis set, and
computational model of graphene. While “gold standards” of
quantum chemistry can be used as benchmarks for small, finite
systems, choosing reliable approaches for periodic systems
ultimately necessitates more experimental data, measured ceteris
paribus.
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