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In this paper, we propose a new method for the stepwise functionalization of graphene nanomesh (GNM) with carboxyl
(COOH) groups. The key point of this method is the determination of landing sites for COOH groups. As a criterion for
determining the most favorable arrangement of COOH groups, it is proposed to use the charge distribution over the GNM
atoms. According to our idea, atoms with the largest negative charge will more easily form strong covalent bonds with
functional groups. Testing of the proposed method is carried out on the example of GNM supercell with a circular hole 1.2 nm
in diameter and 2.46 nm in the direction of zigzag edge and 2.55 nm in the direction of armchair edge. The self-consistent
charge density functional tight-binding (SCC-DFTB) method is used to simulate the stepwise functionalization of GNM with
a sequential increase in the number of COOH groups from 1 to 9. During landing, COOH groups are located at the GNM hole
edges. The orbital charge distribution is analyzed according to the Mulliken. According to the binding energy calculations, the
addition of COOH groups by selected GNM atoms is energetically favorable at each step of functionalization. In the course of
functionalization, the energy gap of GNM practically does not change, and the Fermi level shifts downward by several tenths
of electron volts. At the maximum saturation of the hole edge atoms with COOH groups, the Fermi level and the energy gap
of the functionalized GNM take values close to the values of the non-functionalized GNM.
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HoBasa MmeTomuKa onpeneieHNs SHEPre THYeCKNU BBITOTHBIX MECT
MOCAaKM KapOOKCVIbHBIX IPyNI NPy GYHKIIMOHATN3 AN
HaHOCeT4aToro rpadena

I'nyxosa O.E., bapkos II. B.!

CapaToBCcKuil HallOHAIbHBIN UCCTIEI0BATENbCKIUI TOCYlapCTBeHHbIN YyHUBepcuTeT uMenn H. I. YepHbineBckoro,
Caparos, 410012, Poccusa

B pabote npenioskeHa HoBasi MEeTOAVIKA [TOIIATOBOI (PyHKIMOHaM3auy HaHoceT4aToro rpagena (HCI') kap6okcuabHbBIMU
(COOH) rpymmammn. KioyeBbIM MOMEHTOM J[IaHHOJ METOHVIKY ABJAeTCA BbI6Op MecT mocapku mia rpynn COOH.
B kauecTBe KpuTepus JyIA olpefieNieHNs Haubojee BoIrofHoro pacnonoxenns rpynn COOH npeparaercs UCIIoONb3oBaTh
pacmpenenenne 3apsagos mo aromam HCI. CornacHo Haiieil mjee aTOMbI ¢ HaMOONMBIINM O BelTNYNMHE OTPULIATENTbHBIM
3apaoM OymyT ylerde o6pa3soBbIBaTh IIPOYHBIE KOBA/JICHTHBIE CBA3M C aTOMaMl (PyHKI[MOHAJIBbHBIX rpymn. TectupoBaHue
IpefIOKeHHON MeTOAVKI IIPOBOAMIOCHh Ha mpuMepe cynepbaderiku HCI ¢ KpyripiM oTBepcTeM AyaMeTpoM 1.2 HM u
pasMepamy 2.46 HM B HaIlpaB/IeHUY Kpas 3Ur3ar 1 2.55 HM B HaIllpaBJIeHNN Kpas Kpecio. MeTooM GpyHKIMOHa Ia IVIOTHOCTH
B NpUOMVDKEHUM CUIBHON CBsI3U C NpUMeHeHueM camocornacoBaHHoro 3apsiga (SCC-DFTB) mopenupoBancs mporecc
nomarosoi ¢pynkiyonammsanuy HCI mpu nocnegosarensHoM yBemdenyy yycna rpynn COOH or 1 o 9. Ipynmst COOH
IIpY [IO0CajKe pacnonaraauch no kpasam orsepctusa HCI. AHanus pacnpepeneHus sapsjia 1o op61TaIAM IPOBOAMIICS COITIACHO
nponenype mo Mammkeny. ITo pesynbratam pacueTa SHEPIMI CBS3BIBAHMVA YCTAHOBIIEHO, YTO IPOLECC NPUCOENVHEHN
rpynnn COOH Bwi6pannbiMu atromamy HCI' sAB/IsteTcA 9HepreTMYeCcK) BBITOFHBIM Ha KaXKIOM ILIare (PyHKIVIOHA/IM3AL[UIL.
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IToxasaHo, 4TO B XOfie MOIIAroBoJ PYHKIVOHAMM3auy sHepreTrdeckas menb HCT mpakTudecku He MeHAETCS, @ YPOBEHb
Depmy cMeltaeTcss BHU3 110 OCK SHEPTUY BHU3 Ha HECKONBKO JIeCATHIX 37IeKTPOH-BOJBT. IIpy MaKkcuMamIbHOM HACBIILEHUN
KpaeBbIx aToMOB oTBepcTs rpynnamu COOH yposenb @epmu 1 sHepreTndeckas enb GyHKIoHansuposanuoro HCT
IPYHUMAIOT 3HaUeHNs, 61M3K1e K 3HaUeHUAM HeyHKIMoHam3uposanHoro HCL.

KiroueBble croBa: HaHOCeTYaThIil rpadeH, KapOOKCUIbHBIE TPYIIIB, (PYHKIVOHAIN3A1UA, SHEPreTUYecKas 1ie/lb, SHEPTUSA CBA3BIBAHNAL.

1. Introduction

In recent years, GNM has attracted considerable attention
of researchers due to its promising properties and a wide
range of potential applications [1-3]. GNM possesses an
adjustable band gap, a high specific surface area, a unique
porous structure, and also contains a large number of
abundant superficial and border active sites [4]. GNM-
based structures are widely used as filter membranes, in
catalysis, in energy storage/conversion devices, as well
as in electronics and nanosensorics [5-9]. An important
key to controlling and adjusting GNM properties is
functionalization. To date, there are numerous examples
of successful functionalization of GNM for its subsequent
application in nanoelectronics and sensorics. For example,
DNA-decorated graphene nanomesh based sensor devices
with fast response and recovery have been developed to
detect various types of vapors, including carboxylic acids,
aldehydes, organophosphates, and explosives [10]. A high-
performance nitrogen-doped GNM electrochemical sensor
for determination of methyl parathion has been successfully
developed [11]. Amine-functionalized GNM has been
used as a metal-free catalyst for the oxygen reduction
reaction [12]. Functionalization with silicon or nitrogen
makes GNM a promising material for the manufacture of
electrodes for lithium-ion batteries and supercapacitors.
Kung et al. showed that the binder-free Si-GNM composite
electrode demonstrates reversible capacities of 3200 mAh/g
at 1 A/gand 1100 mAh/gat 8 A/g [13]. Xu et al. found that
the performance characteristics of nitrogen-doped GNM
electrodes were significantly improved compared to pure
GNM. In particular, the discharge/charge capacities of
the electrode were as high as 3056/990 mAh/g at 0.1 A/g,
and the battery with such an electrode demonstrates stable
operation while maintaining capacity for 6000 cycles [14].
The most common in practice is the functionalization of
GNM with oxygen-containing groups. There are quite
a few works describing the prospects for using GNM
functionalized with oxygen-containing groups as a material
for electrochemical energy storage [15-19]. One of them
[19] clearly showed that the presence of oxygen-containing
groups leads to an improvement in the specific capacity of
GNM due to additional faradaic charges. In this case, the
samples of the functionalized GNM retain capacitance better
than the original GNM at both higher voltage scan rates
and current densities [19]. The use of GNM with oxygen-
containing groups for sensors seems to be no less promising.
It has previously been shown that oxidized graphene exhibits
excellent sensitivity to numerous gases, including NO,, NH,,
CO, ethanol, H,O, trimethylamine, HCN, and dimethyl
methylphosphonate [20], and also has great potential for
use in chemoreistors [21]. When functionalizing graphene

with oxygen-containing groups, it is important to correctly
determine the site of the atoms of oxygen functional groups.
For the GNM, no effective method has yet been proposed
for determining the sites for landing oxygen-containing
functional groups. This paper is devoted to the development
of such a method using computer modeling tools.

2. Computational details

The search for equilibrium states of the objects under
consideration was carried out within the framework of
the SCC-DFTB method [22]. Using the tight binding
approximation within the DFTB method, the total energy of
a polyatomic system was given by:

ETOT = EOCC + ESCC + EREP (1)

The components of Eq. (1) were responsible for the energy
of occupied electronic states (E___), the energy of interaction
of electrons (E,_.) and the repulsive energy of atomic nuclei
(Epp)> respectively. The terms E___ and E, . were calculated
in the course of a self-consistent procedure, since the
Hamiltonian of the system depends on the magnitude of the
Mulliken charges. The Mulliken charges were expressed in
terms of the overlap matrix S and the expansion coefficients
¢, ¢; of one-electron wave functions in atomic orbitals.
Expansion coefficients can be obtained in the course of
finding the eigenvalues of the Hamiltonian.

The binding energy E, for GNM with COOH groups was

calculated using the following formula:

Eb = EGNM +nCOOH EGNM - EnCOOH’ (2)

where E,=E_  isthe energy of GNM functionalized
with COOH groups, 7 is the number of COOH, E_,, and

E o groups are the energies of isolated GNM and COOH
groups, respectively.

3. Results and discussion

We have developed a method for the functionalization of
edge atoms of the hole in GNM with COOH groups. The key
point in the development of the methodology was the choice
of the criterion for determining the landing site of functional
groups. As such a criterion, the value of the charge per atom
of the GNM was chosen. According to our idea, atoms with
the highest negative charge will more readily form strong
covalent bonds with atoms of functional groups. We will
describe the principles of the method using the example of
a GNM supercell with a circular hole of 1.2 nm in diameter
and dimensions of 2.46 nm in the direction of the zigzag edge
and 2.55 nm in the direction of the armchair edge. This GNM
supercell had already been obtained and described by the
authors of this work [23]. At the initial stage, we calculated
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the charge distribution over the atoms of the GNM supercell
(see Fig. 1a). Based on the obtained distribution, the hole
edge atom with the largest negative charge was determined.
Then, the COOH group was placed on this edge atom, and
the atomic structure of the GNM supercell was reoptimized.
For the reoptimized supercell, the charge distribution was
calculated again. Analysis of the charge distribution over
the supercell atoms showed that the COOH group took
most of the GNM charge (see Fig. 1b). This suggests that
carboxyl groups are the most reactive. Based on the charge
distribution shown in Fig. 1b, the next hole atom for the
landing of one more COOH group was determined. As a
result of optimization of the atomic structure of GNM with
two COOH groups, it was found that COOH groups formed
covalent bonds with edge atoms adjacent to the landing
site (see Fig. 1c). The presence of such covalent bonds can
reduce the sensitivity of the functionalized GNM, which is
extremely undesirable for a potential GNM based sensor.

In order to avoid the formation of unnecessary covalent
bonds, it was decided to return to the initial GNM supercell
without COOH groups and saturate the hole atoms with
hydrogen to the left and right of the landing site of the
COOH groups. The landing site was chosen according to
the charge distribution, as described above. After optimizing
the structure of the GNM supercell with already placed
functional groups, the charge distribution was calculated and
the landing site for the next COOH group was determined.
The stepwise functionalization of the edge atoms of the hole
in the GNM supercell with an increase in the COOH groups
from 1 to 9 was carried out in the manner described above.
Fig. 2 clearly illustrates this stepwise process and how our
method works. As a result of the functionalization of the
GNM with nine COOH groups, a holey graphene structure
with completely occupied atoms of the hole was obtained (see
Fig. 2i).

To check whether the process of addition of each
subsequent COOH group is beneficial from an energy
point of view, the binding energy E, was calculated at each
stage of functionalization. The obtained calculation results
are presented in Table 1. The data in Table 1 show that the
configurations of GNM supercells with different numbers of
COOH groups are characterized by a negative value of E,.
Therefore, the process of functionalization is energetically
beneficial for them.

0.0947
-0.0659

-0.2267

Along with the calculation of the binding energy E,,
we were also interested in how the electronic and energy
characteristics of GNM, namely the Fermi level (E;) and
the energy gap (E_ ), will change during functionalization.
The calculated values of these characteristics are presented
in Table 1. As can be seen from the data in Table I, the
energy gap of the GNM functionalized with COOH groups
practically did not change in comparison with the non-
functionalizedone, therefore the type of conductivity of
the GNM was preserved. This result indicates that the
presence of carboxyl groups did not affect the sensitivity of
GNM to detected molecules during sensor operation. The
Fermi level behaved differently. In the presence of only one
COOH group, the GNM shifts downward immediately by
0.4 eV, which indicates the emerging rearrangement of the
electronic structure of the GNM. However, with complete
saturation of atoms at the edges of the GNM hole, the Fermi
level approaches by 0.2 eV to its value in the absence of
COOH groups, which means that the electronic structure of
functionalized graphene is stabilized.

4. Conclusions

In the course of testing the proposed stepwise procedure
for the functionalization of the GNM with carboxyl groups
COOH, an energetically stable atomic structure of the GNM
supercell with fully occupied edge atoms of the hole was
obtained. It was found that the Fermi level of the energetically
stable atomic configuration of the GNM with nine COOH
groups was shifted down the energy axis by 0.2 eV compared

Table 1. Energy characteristics of functionalized GNM.

Structure E,, eV/atom Egap, eV E, eV
GNM - 0.06 -4.73
GNM +1COOH -0.08 0.02 -5.19
GNM +2COOH —-0.08 0.06 -5.18
GNM +3COOH -0.02 0.01 -5.20
GNM +4COOH —-0.05 0.01 -5.16
GNM +5COOH -0.07 0.03 -5.16
GNM +6COOH -0.02 0.06 -5.17
GNM +7COOH —-0.05 0 -5.18
GNM +8COOH —-0.05 0.04 -5.16
GNM +9COOH -0.02 0.07 -4.99

0.6501

0.0982

-0.4536

Fig. 1. (Color online) Map of charge distribution on the supercell of the non-functionalized GNM (the edge atom with the highest negative
charge is circled in red) (a); GNM supercell with one COOH group (b); the case of the formation of covalent bonds between the COOH

group and the edge atoms of the GNM hole (c).
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0.6230

0.0859

-0.4511

0.6265

0.0758

-0.4748

0.6290

0.0628

-0.5033

g h

0.6227 0.6240
0.0775 0.0759
-0.4676 04721
C
0.6260 0.6260
0.0759 0.0755
-0.4742 -0.4750
f
0.6296 0.6308
0.0610 0.0617
0.5075 0.5074

i

Fig. 2. (Color online) A phased process of the GNM functionalization with an increase in the number of COOH groups from 1 to 9 (a-1i).

to the non-functionalized GNM. In this case, the energy gap
practically does not change, which indicates the retention
of the electrically conductive properties of the GNM after
functionalization. Taking into account the energetically
favorable nature of the covalent bonds of GNM with
COOH groups and insignificant changes in the conducting
properties of the functionalized GNM, it is possible to
predict the prospects of using this configuration of GNM as
a sensor for detecting various molecules.
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