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Field-induced structural control of COx molecules adsorbed on graphene
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Using the density functional theory combined with both the van der Waals correction and the

effective screening medium method, we investigate the energetics and electronic structures of CO

and CO2 molecules adsorbed on graphene surfaces in the field-effect-transistor structure with

respect to the external electric field by the excess electrons/holes. The binding energies of CO and

CO2 molecules to graphene monotonically increase with increasing hole and electron

concentrations. The increase occurs regardless of the molecular conformations to graphene and the

counter electrode, indicating that the carrier injection substantially enhances the molecular

adsorption on graphene. Injected carriers also modulate the stable molecular conformation, which

is metastable in the absence of an electric field. Published by AIP Publishing.
https://doi.org/10.1063/1.5029510

I. INTRODUCTION

Because of its unique structural and electronic proper-

ties, graphene is a potential material for integration into

functional devices. A two-dimensional honeycomb network

of sp2 C atoms endows graphene with pairs of linear disper-

sion bands at the Fermi level and six corners of the Brillouin

zone, leading to a zero-gap semiconducting electronic struc-

ture.1–3 With this peculiar electronic structure around the

Fermi level, graphene exhibits remarkable carrier mobility4–6

of up to 200 000 cm2 V–1 s–1 that enables high-speed switch-

ing within electronic devices.7 Nevertheless, the electronic

structure of graphene is fragile against the formation of

hybrid structures with foreign materials, such as insulating

substrates,8–11 metal electrodes,12 molecular/atomic adsor-

bates,13–21 and structural defects.22–26 Furthermore, an exter-

nal electric field can tune the electronic structure of graphene

and its hybrids.27 That is, foreign materials can be detected

by monitoring the electronic structure of graphene.28 In our

previous works, metal nanoparticles adsorbed on graphene

with a field-effect transistor (FET) structure affect the carrier

injection in graphene: Depending on their mutual arrange-

ment with respect to the electrode, the nanoparticles pin the

Fermi level at the energy level associated with them.

Despite the electronic structure of graphene hybrids hav-

ing been well studied to date, little is known about the struc-

tural properties of graphene hybrids under external

perturbations, such as the external electric field and mechani-

cal deformations. Such studies may advance the application of

graphene in sensing devices because adsorption phenomena

are influenced by charge density distributions on graphene and

adsorbates. Indeed, mechanical strain has been reported to

cause both increases and decreases in the interaction between

graphene and adsorbed C60.
29 Furthermore, optimum adsorbed

structures of metal nanoparticles on graphene strongly depend

on the carrier density injected via the gate electrode and on

their mutual arrangement with respect to the gate electrode

associated with the interplay between the electron states of the

metal nanoparticles and the small density of states near the

Fermi level of graphene.20 Moreover, the energetics and

geometries of environmental molecules, such as COx and NOx,

under the external electric field are still unclear. The binding

energy and the stable molecular arrangement of such mole-

cules on graphene are expected to depend also on the carrier

density and species injected under the gate voltage in FET

structures. By analogy with metal nanoparticles on graphene

in FET structures, this expectation would certainly further

improve or tune the molecular sensing efficiency of graphene-

based sensing devices.

The purpose of this work is to clarify, using density

functional theory (DFT) combined with the effective screen-

ing medium (ESM) method, the energetics and the geome-

tries of the CO and CO2 molecules adsorbed on graphene

with regard to carrier density and species injected under gate

voltages for providing guiding principle to tune and control

the binding properties of these molecules to graphene using

an electric field. Our calculations show that the energetics

and stable binding structures of CO and CO2 adsorbed on

graphene are sensitive to the carrier density and species

injected by the counter gate electrode simulated by ESM.

The carriers can control the binding energy and stable con-

formations of these molecules on graphene by tuning the car-

rier density and species. These results provide a guiding

principle in developing graphene-based sensing and catalytic

devices in terms of the external electric field.

II. CALCULATION METHOD

All calculations were performed based on DFT30,31

using the STATE package.32 For the calculation of the

exchange-correlation energy amongst the interacting elec-

trons, the generalized gradient approximation was used with

the Perdew–Burke–Ernzerhof functional form.33 To describe

the weak dispersive interaction between COx molecules and

graphene, we considered the van der Waals (vdW) correction
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by treating vdW-DF2 with the C09 exchange-correlation

functional.34–36 We used ultrasoft pseudopotentials gener-

ated using the Vanderbilt scheme to describe the interaction

between nuclei and electrons.37 The valence wave functions

and deficit charge density were expanded in terms of the

plane-wave basis set with cutoff energies of 25 and 225 Ry,

respectively. Brillouin zone integration was performed with

the C-centered 8� 8� 1 uniform k-mesh for self-consistent

electronic structure calculations for graphene with a 4� 4

lateral periodicity, which corresponds to a 32� 32� 1 k-

mesh in a primitive 1� 1 cell of graphene, resulting in suffi-

cient convergence in the geometric and electronic structures

of graphene and its derivatives. With this choice of the k-

mesh, the Brillouin zone integration contains the K and K0

points, enabling the phenomena associated with the Dirac

point to be analyzed. Geometric structures of CO and CO2

adsorbed on graphene were fully optimized until the remain-

ing force acting on each atom was less than 0.005 Ry/Å with-

out an electric field. For calculations with an electric field,

the internal atomic coordinates of CO and CO2 adsorbed on

graphene are set to those without the electric field.

The ESM method was adopted to investigate the ener-

getics and geometries of graphene adsorbing CO and CO2

molecules under an external electric field. To inject electrons

and holes into CO and CO2 adsorbed on graphene, we con-

sidered a FET structure in which a planar counter metal elec-

trode described by the ESM with an infinite relative

permittivity is situated above the graphene at vacuum spac-

ing of 6.35 and 9.00 Å from the center of mass of the gra-

phene adsorbing CO and CO2, respectively [Figs. 1(a) and

1(b)].38 CO and CO2 molecules are adsorbed on the elec-

trode side of the graphene surfaces per 4� 4 lateral periodic-

ity with two representative molecular conformations

characterized by their orientations (horizontal and vertical

conformations) and positions (on-top and hollow sites) with

regard to the graphene layer.

III. RESULTS AND DISCUSSION

Figure 2 shows the total energy of CO and CO2

adsorbed on graphene with regard to the carrier concentra-

tion ranging from 0.3e for CO and 0.2e for CO2 to 1.0h as a

function of their spacing. The total energy, E, is calculated

using

E ¼ EF
Gra=COx

� E0
Gra � E0

COx
;

where EF
Gra=COx

; E0
Gra, and E0

COx
are the total energies of the

graphene adsorbing COx under an electric field, an isolated

graphene without the external field, and an isolated COx

without the external field, respectively. The energy minima

without the electric field are shallow regardless of the

molecular species, orientation, and mutual position, indicat-

ing that COx is weakly bound to graphene. The calculated

binding energy of CO and CO2 is about 0.1 eV, slightly

depending on the molecular species and orientation, which

is comparable to their binding energy on other two-

dimensional materials.39,40 For the lying molecular arrange-

ment with regard to the graphene layer, the adsorption

property is insensitive to the mutual position of the adsor-

bates, whether they are located in on-top or hollow sites of

the graphene network. For a standing molecular orientation

to graphene, the adsorption depends on their mutual orien-

tation and position with respect to the hexagonal covalent

network of graphene. Note that these molecules are hardly

or are not bound to graphene without the vdW corrections.

In contrast, by injecting carriers, energy landscapes are sub-

stantially modulated, depending on carrier species and con-

centrations: The energy minima are deepened and the

optimum spacing decreases with increasing carrier concen-

tration, except for the standing conformation in which the C

atom is located on the electrode side. In particular, mole-

cules in a lying conformation are tightly bound under the

injection of carriers compared with conditions encountered

without the electric field.

Figure 3(a) shows the optimized equilibrium spacing

between the CO molecule and graphene as a function of

carrier concentrations. The equilibrium spacing ranges

from about 3.4 to 3.6 Å without the electric field, depending

on the mutual molecular position and orientation with

respect to the graphene network. For the lying molecular

conformation, the optimum spacing is insensitive to the

mutual position of CO on graphene. In contrast, the spacing

under the standing molecular conformation is sensitive to

the mutual position of the molecule on the hexagonal net-

work of graphene. The optimum spacing for the molecule

adsorbed on the hollow site is shorter than that for the on-

top atomic site. Furthermore, in the standing conformation

the optimum spacing between CO and graphene also

depends on whether the C atom is situated on the electrode

side. Among all conformations, a standing conformation at

an on-top site where the C atom is not situated on the elec-

trode side leads to the largest spacing between CO and gra-

phene. In contrast, a standing conformation at a hollow site

where the C atom is situated on the electrode side leads to

the smallest spacing. Under carrier injection, the spacing

monotonically decreases with increasing electron and hole

concentrations, regardless of their molecular conforma-

tions. The optimum spacing is narrower by about 0.6 and

0.3 Å under the hole concentration of 1.0h and the electron

concentration of 0.3e, respectively. Furthermore, the spac-

ing exhibits an unusual feature for the standing conforma-

tion in which the C atom is situated on the electrode side:

FIG. 1. Structural models of CO with (a) the lying molecular conformation

and (b) the standing molecular conformation adsorbed on graphene in the

FET structure. Red and brown balls denote O and C atoms, respectively.

The blue slab above the molecule adsorbed on graphene represents the coun-

ter metal electrodes simulated by the ESM.
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The spacing again increases with increasing hole concentra-

tions of 0.7h or higher and electron concentrations of 0.2e

or higher.

Figure 3(b) shows the optimized equilibrium spacing

between the CO2 molecule and graphene as a function of car-

rier concentrations. With regard to the CO2 molecule, the

spacing is sensitive to the molecular conformation and

mutual position with respect to the graphene network. The

smallest spacing is about 3.2 Å under the standing conforma-

tion at the hollow site, whereas the largest spacing is about

3.4 Å under the lying conformation at the hollow site without

the electric field. Furthermore, the spacing also monotoni-

cally decreases with increasing carrier concentration, regard-

less of their molecular arrangements, except standing

conformations under hole concentrations of 0.8h or higher.

As stated above, carrier injection deepens the potential

landscape of the molecule adsorbed on graphene and

decreases its equilibrium spacing. This fact implies that car-

rier injection can control the binding properties of CO and

CO2 molecules on graphene. To give a quantitative discus-

sion, we analyze the dynamical properties of the adsorbed

molecules on graphene by calculating the frequency of

FIG. 2. Total energies of (a) CO and

(b) CO2 adsorbed on graphene as a

function of the spacing between

adsorbed molecules and graphene under

various carrier concentrations. Circles

and triangles correspond to the total

energy of the C atom in the molecules

adsorbed in the hollow sites and on-top

sites of graphene, respectively. In each

panel, the subscript symbols, ? and ==,

indicate the standing and lying molecu-

lar conformations, respectively, to gra-

phene. For the CO molecule, center and

right panels correspond to the standing

conformations in which the C atoms are

situated on the graphene and electrode

sides, respectively.

FIG. 3. Equilibrium spacing, d, between adsorbed molecules and graphene

as a function of carrier concentration for (a) CO and (b) CO2. Circles and tri-

angles correspond to a lying molecular conformation with hollow and on-

top adsorption sites, respectively. Squares and inverse triangles (rhombuses

and crosses) correspond to a standing molecular conformation with hollow

and on-top adsorption sites, respectively, in which for the CO molecule, the

C atom is situated on the electrode side (on the graphene side).
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molecular oscillations around the equilibrium position on gra-

phene under the various carrier concentrations (Fig. 4). The

frequency monotonically increases with increasing numbers

of electrons and holes, except for CO and CO2 in the standing

conformation and at high carrier concentration, in which the C

atom is situated on the electrode side for the CO molecule.

The frequencies of CO and CO2 under a hole concentration of

0.7h are higher by about 3 and 2 times, respectively, than

those under neutral conditions. Furthermore, the frequency

also strongly depends on the molecular conformation for each

carrier concentration. For the standing molecular conforma-

tion in which the C atom is situated on the electrode side for

the CO molecule, the frequency decreases with increasing

high carrier concentration; for CO adsorbed on graphene, the

electron and hole concentrations are 0.2e and 0.7h or higher,

respectively, and the hole concentration is 0.8h or higher in

CO2 adsorption to graphene, in accordance with the increasing

equilibrium spacing. Therefore, in THz spectroscopic experi-

ments, we can detect molecular conformations and relative

positions with respect to graphene.

Figure 5 shows the relative total energy of the CO and

CO2 molecules on graphene with respect to their molecular

orientation and position to graphene as a function of carrier

concentration. The energies are measured from that of the

lying conformation on the hollow and on-top sites for CO

and CO2, respectively, which corresponds to their ground

state molecular arrangements without the electric field.

Although the lying conformation is the most stable without

the electric field, the injected carriers change their stable

molecular orientation from lying to standing. Therefore, CO

or CO2 molecules adsorbed on graphene may undergo a

structural phase transition induced by the external electric

field. In that case, intermolecular interaction may also affect

the molecular conformation on graphene, leading to more

complex dependence of their orientation on carrier

concentration.

Figure 6 shows the accumulated carrier density injected

under a gate voltage for CO and CO2 adsorbed on graphene

under the equilibrium spacing as a function of the z axis

normal to graphene. The distribution of the accumulated car-

rier depends on the carrier species, molecular species, and

their orientation to the graphene layer. With electron doping,

the electrons mainly accumulate on the electrode side of the

graphene surface. Accordingly, holes and electrons are

induced on the graphene and electrode sides of the COx mol-

ecules, respectively. Thus, the molecules possess a dipole

moment with respect to the normal to the graphene surface.

With hole doping, similar carrier accumulation occurs. The

hole injected into the electrode side of the graphene induces

electrons and holes on the graphene and electrode sides of

the molecules, respectively. In this case, a similar dipole

moment is induced on the adsorbed molecules by the carrier

injection. The Coulomb interaction between the dipole

moment induced on the molecule and the carriers on gra-

phene may enhance the binding energy of these molecule on

graphene, leading to the decrease in the equilibrium spacing

and the increase in frequency under hole or electron doping.

Furthermore, the distribution of the accumulated carriers on

the molecule is sensitive to the molecular orientation. The

distribution of the carrier density on the standing molecular

conformation is wider than that on the lying one, stabilizing

the standing molecular conformation under carrier injection

because the Coulomb interaction between COx and graphene

is enhanced.

Figure 7 shows the Kohn–Sham states of CO and CO2

adsorbed on graphene near the Fermi level with respect to

carrier concentration. Without the electric field, the electron

states associated with the adsorbed molecules are absent near

the Fermi level, indicating that the adsorbed molecules do

not affect the carrier injection into the hybrid systems under

low carrier concentrations. The molecular adsorption to gra-

phene induces modulations of the energy gap between the high-

est occupied (HO) and the lowest unoccupied (LU) states of

CO and CO2. The gap is narrower or wider by up to 0.2 eV

than that in the isolated forms, depending on molecular species

and conformations. The carriers are primarily accommodated

FIG. 4. Frequency of the molecular oscillation of (a) CO and (b) CO2 mole-

cules around the equilibrium position on graphene as a function of carrier

concentration. For the meanings of the symbols, see Fig. 3.

FIG. 5. Relative total energy of (a) CO and (b) CO2 on graphene as a func-

tion of the carrier concentration. The energies are measured from that of the

lying molecular arrangement on the hollow and on-top sites for CO and

CO2, respectively, which correspond to their ground state molecular arrange-

ments without the electric field. For the meanings of the symbols, see Fig. 3.
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within the graphene sheet, leading to a monotonic shift in the

Fermi level. The Dirac point retains its energy during carrier

injection because of the ridged band nature of electron states

of graphene upon the carrier injection. In contrast, the electron

states associated with adsorbed molecules vary under carrier

injection: Eigenvalues of the HO and the LU states of CO and

CO2 molecules monotonically shift downward with increasing

electron concentration, whereas they shift upward with increas-

ing hole concentration. For CO adsorption, the HO state of CO

in a standing conformation in which the C atom is situated on

the electrode side crosses the Fermi level under the hole con-

centration of 0.7h. The threshold carrier concentration depends

on the molecular orientation. For the standing molecular con-

formation in which the C atom is situated on the electrode

side, the threshold carrier concentration is lower than that for

other molecular conformations because the distribution of the

HO state in the conformation is closest to the counter electrode

among the molecular conformations studied here. Above the

critical carrier concentration, the eigenstates associated with

CO are insensitive to the carrier injection because the Fermi

level is pinned at the HO state of the CO molecule. For CO2

adsorption, as for CO, the HO state of CO2 in a standing con-

formation crosses the Fermi level at the lower hole concentra-

tion of 0.8h than that in a lying conformation. Therefore, the

adsorbing properties of COx molecules on graphene exhibit

further variation at high carrier concentrations.

IV. SUMMARY

Using DFT with the vdW correction and the ESM

method, we investigated the geometries and energetics of CO

and CO2 molecules adsorbed on graphene under the external

electric field. Our theoretical investigations found that the

binding energies of these molecules on graphene monotoni-

cally increased with increasing carrier densities, regardless of

the molecular orientation and their relative position to gra-

phene. This fact indicates that the electric field or excess car-

riers control the binding properties of molecules, thereby

enhancing the molecular sensing capability of graphene.

Furthermore, detailed analyses regarding the geometric struc-

ture clarified that the stable molecular orientation strongly

depends on the carrier concentration for both molecules: The

lying conformation to graphene is the ground state under neu-

tral conditions, whereas the standing conformation is the

ground state under either electron or hole injection, whose crit-

ical density is sensitive to the direction of the C atom and the

relative position of these molecules on graphene.

FIG. 6. Plane-integrated charge density of the injected carriers in graphene

adsorbing CO with (a) the lying conformation and the standing conforma-

tions in which the C atom is located on (b) the graphene side and (c) the

electrode side. Plane-integrated charge density of the injected carriers in gra-

phene adsorbing CO2 with (d) the lying conformation and (e) the standing

conformation. In each figure, the left and right panels correspond with the

charge distribution under 0.2e and 0.2h injection, respectively, by the gate

voltage. Circles, squares, and triangles denote positions of the C atoms

belonging to graphene, the C atoms belonging to COx, and the O atoms,

respectively. The counter electrode is located on the right-hand side of each

figure.

FIG. 7. Electronic structure near the Fermi level of (a) CO and (b) CO2

adsorbed on graphene as a function of carrier concentration. DP, Ef, a, and

b indicate the Dirac point of graphene, the Fermi level, the lowest unoccu-

pied states of the adsorbed molecule, and the highest occupied states of

the adsorbed molecule, respectively. For the meanings of the symbols, see

Fig. 3.
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