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Electrophysical properties of thin films of holey graphene functionalized

with carbonyl groups
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Using the density functional theory based tight binding method, we have studied the effect of carbonyl groups on

the electrophysical properties of thin films of holey graphene with almost circular holes with a diameter of 1.2 nm

and a neck width of 0.7−2 nm. The landing of functional groups was carried out on atoms at the edges of the

hole based on an analysis of the map of partial charge distributions according to Mulliken. The phenomenon of

charge transfer from carbonyl groups to holey graphene during their interaction has been established. Regularities

of changes in the specific electrical conductivity of the films under study with increasing neck width in the
”
zigzag“

direction and in the
”
armchair“ direction of the hexagonal graphene lattice have been revealed. It was shown that

the electrical conductivity changes abruptly in the
”
zigzag“ direction and demonstrates a close to linear increase

in the
”
armchair“ direction. The presence of anisotropy of electrical conductivity in films of holey graphene was

discovered when choosing the direction of quantum electron transport.

Keywords: electrical conductivity, density functional theory based tight binding method, neck width, partial

charge, anisotropy.

Introduction

Currently, a new structural derivative of graphene, called

perforated graphene is a subject of many theoretical and

experimental studies [1–7]. It is a graphene monolayer

with nanoscale holes arranged both regularly and irreg-

ularly, at some distance from each other (from ∼ 1 nm

to several µm). Thin films of perforated graphene are

semiconductors with the ability to control the band gap

by controlling the periodicity and shape of the holes [8].
There are several topological types of perforated graphene

structures: perforated graphene structures with almost

round, triangular, rectangular holes [9–13] and arbitrary

shape holes [14–17]. The most frequently synthesized

perforated graphene films are perforated graphene films

with round holes and arbitrary shape holes. It was

shown in Ref. [9] using a density functional theory (DFT)
method, that perforated graphene films with round holes

are characterized by the largest energy gap compared to

perforated graphene films with triangular and rectangular

holes. The advantages of perforated graphene films with

round holes include high mechanical stability that was pre-

viously determined [18] and isotropic elastic properties [19].
Moreover, nanotubes of various chirality [20,21] can be

grown on the basis of perforated graphene structures with

round holes. For instance, it was previously shown that the

growth of single-walled carbon nanotubes (SWCNT) (6.6)
and (9.9) is energetically beneficial in round holes with a

size of ∼ 0.8−1.2 nm [22,23].

Perforated graphene is commonly used in various applica-

tions due to its unique properties. Field-effect transistors are

already manufactured on the basis of perforated graphene

structures, ensuring a current almost 100 times greater

than similar devices based on graphene nanoribbons [24].
Perforated graphene is a promising material for the pro-

duction of electrodes for supercapacitors and lithium ion

batteries, since the presence of holes facilitates the free

penetration of lithium ions into the electrode [25–27].
The porous structure of perforated graphene allows it to

be used for production of highly efficient membranes for

separating various gases in mixtures [28] and for water

purification [29–31]. The perforated graphene has some

unique physical and chemical properties in addition to the

advantages already listed, due to the modification of the

edge atoms of the holes by attaching various functional

groups to them, such as carboxyl groups COOH, amine

groups NH2, hydroxyl groups OH, as well as the oxygen

atoms, hydrogen, etc. Modification of the edges of the holes

results in a significant expansion of the range of functional

applications of perforated graphene, and for this reason such

modification is called functionalization.

The purpose of this study is to identify patterns of the

effect of functionalization by carbonyl (C=O) groups on

the electrophysical properties of thin films of perforated

graphene with almost round holes with a diameter of 1.2 nm

from the perspective of analyzing the prospects for the

potential use of such films as a sensitive element in sensors.

Perforated graphene films with almost round holes with a
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diameter of 1.2 nm and a neck width varying in the range

of 0.7−2nm are the subjects of the study.

1. Research methods

The study was conducted using the density functional

theory method in the approximation of self-consistent-charge

density-functional tight-binding (SCC DFTB) [32] using the

software package DFTB+ [33,34]. The method and the

software package used have previously been widely tested

in the studies of the atomic structure, electronic and elec-

trophysical properties of carbon nanomaterials of various

topologies [35]. The SCC DFTB method is chosen also

due to the polyatomic nature of the calculated supercells,

which contain several hundred atoms. The electrophysical

characteristics of the studied films were calculated in the full

basis (s - and p-electronic orbitals). The equilibrium atomic

configuration of thin film supercells within the framework

of optimization was searched until the values of interatomic

forces became less than 10−4 eV · Å
−1

. The reverse

space was partitioned according to the Monkhorst−Pack

scheme [36] using a mesh of k-points of size 4× 4× 1 for

optimization of the atomic structure of supercells.

The electrical conductivity of the studied structures was

calculated within the framework of the Landauer−Butticker

formalism [37] according to the following formula

G = 2e2/h

∞
∫

−∞

T (E)FT (E − EF)dE, (1)

where T (E) — the average electron transmission function,

EF — the Fermi level of the electrodes, e2/h — the quantum

of conductivity, FT — the function of thermal broadening of

energy levels, defined as

FT =
1

4kBT
sech2

(

E − EF

2kBT

)

. (2)

The coefficient 2 before the integral takes into account

spin. The electron transmission function T (E, k) is ex-

pressed as follows

T (E, k) = Tr
(

ŴS(E, k)GA
C(E, k)ŴD(E, k)GR

C(E, k)
)

, (3)

where GA
C(E, k) and GR

C(E, k) — leading and lagging

Green’s matrices describing the interaction of the simulated

system with electrodes, and ŴS(E, k) and ŴD(E, k) —
expansion matrices of electronic states of the source and

drain electrodes. All calculations were performed with

T = 300K.

2. Atomic structure of supercell films of
perforated graphene

The initial supercell of the perforated graphene film

had dimensions 2.46× 2.55 nm (along axes X and Y ) and

contained 186 carbon atoms (Fig. 1, a). Almost round

hole in the center of the supercell has a diameter of

∼ 1.2 nm. The minimum distance between two adjacent

holes in the periodic structure of the film, referred as

the neck width, was 0.74 nm in the direction of
”
zigzag“

(axes X) and 0.99 nm in the direction of
”
armchair“ (axis Y ).

These metric parameters were chosen taking into account

experimental data on the synthesis of perforated graphene,

according to which the most commonly synthesized struc-

tures of perforated graphene have a hole diameter in the

range 1−5 nm [38] and a neck width of 0.6−1.2 nm [39].
A certain set of statistical calculation data was required for

defining the relationship between the atomic structure and

the electrophysical properties of the studied nanomaterial,

and therefore 10 supercells of perforated graphene films

were constructed, differing in neck width along the direction

”
zigzag“ (WX) and along the direction

”
armchair“ (WY )

(fig. 1, b). The supercells were built using to the following

principle: 1) the width of the neck WX varied from 0.74

to 2.22 nm in increments of 1WX = 0.24 nm, while the

neck width WY remained equal to 0.99 nm; 2) the neck

width WY varied from 0.99 to 2.27 nm in increments of

1WY = 0.42 nm, while the neck width WX remained equal

to 0.74 nm.

3. Step-by-step functionalization of
perforated graphene films by carbonyl
groups

The process of step-by-step functionalization of perfo-

rated graphene films in C=O groups was modelled using

an original algorithm for attaching functional groups to the

edge atoms of the hole [40]. The functional groups were

attached precisely at the edges of the hole, since unsaturated

carbon bonds are present in this area, which means that

the edge atoms have greater reactivity. The attachment

point for each subsequent C=O group was chosen based

on the analysis of the electron density distribution over the

atoms of the perforated graphene supercell. It is known

that it is the atoms with the largest excess charge that act

as active centers during the formation of covalent bonds

with absorbent chemical compounds. Therefore, at each

step of functionalization, the C=O group was attached to

the atom with the largest excess negative charge. Mulliken

partial charge distribution map was calculated for the atoms

of the initial supercell (Fig. 2, a) for the attachment of

the first functional group and the edge atom of the hole

with the largest excess charge was determined according

to this map. The neighboring atoms were saturated with

hydrogen atoms for avoiding the formation of unnecessary

covalent bonds between the C=O group and carbon atoms,

which are the nearest neighbors of the atom on which the

functional group sat. After that, the equilibrium atomic

configuration of the supercell was searched by varying the

coordinates of all the atoms of the supercell, and then a new

map of Mulliken partial charges was calculated (Fig. 2, b).
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Figure 1. Supercell of perforated graphene with the minimum possible step of increase of the neck width in the directions
”
zigzag“

(1WX ) and
”
armchair“ (1WY ) (a); the width of the neck along the direction

”
zigzag“ (WX ) and along the direction

”
armchair“ (WY ) (b).
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Figure 2. Maps of Mulliken partial charge distributions for supercell atoms of perforated graphene during step-by-step functionalization

with C=O-groups: without C=O-groups (a); with one C=O-group (b); with nine C=O-groups (c). The color scale shows the value of

the partial charge.

Further, the following C=O groups were joined step by step

according to the algorithm described above. The complete

saturation of the edge atoms of the hole of the considered

supercell of perforated graphene was achieved by joining

nine C=O groups. The partial charge distribution pattern for

this case is shown in Fig. 2, c. The analysis of the calculated

distributions showed that the attached C=O groups give

charge to the atoms of perforated graphene, and the total

value of the given charge was 2.51 e.
It was important to ensure the energy efficiency of the

process of attachment of each subsequent C=O group dur-

ing the step-by-step functionalization of perforated graphene

which means that the studied object retains its structural

stability. For this reason the value of the energy of formation

of 1H f was calculated at each step of functionalization

using the following formula:

1H f = EG+n C=O+mH − EG − En C=O − EmH, (4)

where EG+nC=O+mH — the energy of a supercell of

perforated graphene with planted groups C=O (n — the

number of C=O groups) and attached hydrogen atoms

(m — number of hydrogen atoms planted), EG — energy

of perforated graphene in the absence of functional groups,

EnC=O — energy of C=O groups, EmH — hydrogen atoms.

The values of 1H f at different stages of functionalization

range from −1.6 to −12.8 eV according to the calculated

data. Negative values of 1H f indicate the energy stability

of the considered configuration of the atomic structure.

4. Electrophysical properties of
perforated graphene films
with carbonyl groups

The impact of carbonyl groups on the electrophysical

properties of perforated graphene films was estimated by
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Figure 3. Graphs of the dependence of the conductivity of perforated graphene functionalized by carbonyl groups on the width of the

neck as it increases along the
”
zigzag“ (a) and

”
armchair“ (b) direction.
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Figure 4. Graphs of the dependence of the conductivity of nonfunctionalized perforated graphene on the width of the neck when it

increases along the
”
zigzag“ (a) and

”
armchair“ (b) direction.

the magnitude of the conductivity. The conductivity was

calculated for two directions of quantum electron transport

in the studied films: along the direction
”
zigzag“ (axis X)

and along the direction
”
armchair“ (axis Y ) of the hexagonal

graphene lattice. The conductivity values σ of perforated

graphene films with fully saturated C=O-group atoms along

the edges of the hole calculated for two directions of

electron transport are shown in Fig. 3 for different values of

the neck width WX and WY . Figure 4 shows for comparison

the dependences of the conductivity σ on the neck width

(WX and WY ) for films of nonfunctionalized perforated

graphene. The analysis of the graphs in Fig. 3, a shows

that the conductivity changes abruptly in both directions

of electron transport with an increase of the neck width

along the
”
zigzag“ hexagonal lattice of graphene. The step

of the jumps is equal to three, i.e. maximum conductivity

values are observed with values of neck width WX = 1.23

and 1.97 nm. For the same values of the neck width,

the conductivity in case of the current transfer along the

direction
”
armchair“ is greater than along the direction

”
zigzag“, and differences of values σ become 2−3-fold with

the increase of WX . Fig. 3, b shows that the conductivity

does not change abruptly with an increase of the neck width

along the direction
”
armchair“ but demonstrates an increase

close to linear in both directions of electron transport. The

values of σ are greater in the
”
armchair“ direction than in

the
”
zigzag“ direction, and the difference is 2-fold at values

WY = 0.99 and 1.42 nm and the difference is 0.93 times with
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Values of the Fermi level of a perforated graphene (PG) film

functionalized by C=O groups

The stages of functionalization of perforated graphene EF, eV

0: Nonfunctionalized perforated graphene −5.25

1: PG+ 1C=O+ 2H −5.04

2: PG+ 2C=O+ 4H −4.98

3: PG+ 3C=O+ 4H −4.91

4: PG+ 4C=O+ 5H −4.68

5: PG+ 5C=O+ 7H −4.46

6: PG+ 6C=O+ 7H −4.40

7: PG+ 7C=O+ 8H −4.26

8: PG+ 8C=O+ 9H −4.12

9: PG+ 9C=O+ 9H −4.06

WY = 2.22 nm. In general, it can be said that an anisotropy

of conductivity is present in films of perforated graphene

functionalized by carbonyl groups. It is possible to draw

the following conclusions comparing the conductivity graphs

in Fig. 3 and 4:

1) The anisotropy of the perforated graphene electrical

conductivity is characteristic of both functionalized and non-

functionalized perforated graphene.

2) The abrupt behavior of the value σ with an increase

of the neck width WX occurs regardless of whether the

perforated graphene is functionalized by C =O groups or

not. At the same time, the order of alternating maxima

and minima of the magnitude of σ changes when carbonyl

groups are added.

3) The patterns of change of the magnitude of σ with

an increase of the neck width WY of nonfunctionalized and

functionalized perforated graphene are similar. At the same

time, the difference in values of σ between the directions of

electron transport in the presence of C=O groups becomes

smaller.

4) Functionalization by C=O-groups results in an increase

of the conductivity of perforated graphene several times

compared to the original non-functionalized configuration.

The above-mentioned changes of the electrical conductiv-

ity of perforated graphene in case of attachment of C=O

groups to atoms at the edges of the hole can be explained

by the following reasons:

1) Perforated graphene films receive a charge from

functional groups, which changes the position of the

Fermi level, as clearly demonstrated by the data in the

table. The displacement of Fermi level by more than 1 eV

towards the conduction band results in noticeable changes

of conductivity since the electronic states precisely near the

Fermi level EF are the main contributors to the electron

transmission function.

Z

Y

X

Figure 5. A supercell of a perforated graphene film functionalized

by nine C=O groups (side view).

2) The position of the edge atoms of the hole in the basal

plane changes after the addition of C=O groups as a result

of optimization of the atomic structure of the supercell of

perforated graphene. Fig. 5 shows that the carbon atoms

along the edges of the hole to which the functional groups

are attached are no longer located in the basal plane, but

either above or below it, which suggests a change of the

valence and dihedral angles between the corresponding

C−C bonds.

Conclusion

In summary, the following patterns were defined based on

the results of SCC DFTB calculations. The functionalization

of atoms along the edges of the hole of perforated graphene

by C=O-groups results in the redistribution of the electronic

charge in the system
”
perforated graphene+C=O groups“,

as a result of which a significant part of the charge passes to

the carbon atoms of graphene from the functional groups.

The electronic structure of perforated graphene significantly

changes because of the received charge which is manifested

by the displacement of the Fermi level in the direction of

the conduction band by more than 1 eV. Perforated graphene

functionalized by C=O groups is characterized by an abrupt

change of the conductivity with an increase of the neck

width in
”
zigzag“ direction of hexagonal graphene lattice,

which is also characteristic of nonfunctionalized graphene.

At the same time, the order of alternating minima and

maxima of conductivity changes when functional groups

are attached because of the above-described changes of the

electronic structure of perforated graphene and distortion

of its hexagonal lattice near the hole. The conductivity

anisotropy is inherent in both nonfunctionalized and func-

tionalized perforated graphene. It is possible to assume

that perforated graphene films functionalized by carbonyl

groups will be a promising material for manufacturing of

highly sensitive sensors.
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