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Abstract - Theoretical calculations are very powerfli tool in the investigation of energetically most teible electronic structures and
partial atomic charges distribution of the multi-atomic systems. Being one of the most importarab initio methods, two-dimensional
(2D) periodic boundary condition (PBC) calculationsof density functional theory (DFT) model are more gecifically applicable while
computing structures and properties of solid statenulti-electron atomic or molecular systems. Presenivork is aimed at investigating
and analyzing the effect of n-type dopant nitrogerin the ground state electronic structures and parthl atomic charges distribution of
the 2D monolayer graphene sheet by employing 2D PBg&lculations of the DFT. At first, the 2D low enegy unit cell structures of N-
doped and undoped graphene sheets are produced segtely and then confirmed hexagonal, honeycomb-likgoattern of the carbon
rings in their lattice. Interestingly, no significant distortions to the graphene lattice are observedvhile doping N atom (graphitic N-
doping type). The inhomogeneous partial atomic chars in the terminal and nonterminal carbon atoms asvell as a strong charge
variation in the N and C atoms bonded to N are preidted by the Mulliken population analysis method. These theoretical achievements
are not only important to speculate the most chematly "active-sites" in the N-doped and undoped monlayer graphene sheets, but also
to justify increased capacitance of N-doped graphen materials. It is believed that present study wodl be very useful while
functionalizing such 2D solid materials, means whal tuning their physicochemical properties.

Keywords - 2D PBC-DFT, 2D N-doped/undoped graphenehsets, Graphitic N-doping, Unit cell geometries, ah Mulliken atomic
charges.

I. INTRODUCTION computing process or repeated mathematical calontaf2].
This computational procedure involves calculatidnttoe
wave function and energy at a starting molecular
confirmation and then proceeding to search the estar
minimum energy confirmation using the smallest namtf
calculations possible. Thus, in computational/ th&oal
chemistry, the energy minimization methodology that
generates atomic Cartesian coordinates of the stasie
electronic structure of the molecule, dimensions tloé
optimized parameters such as atomic distances agiésa
Mulliken atomic charges distribution, and electdipole
moments [3] is widely used to find a route fromralt
structure to the global minimum structure (grounetes
electronic structure)ln order to implement such powerful

In experimental research, advanced instrumentation
techniques such as X-ray photoelectron spectroscopy
(XPS), X-ray emission spectroscopy (XES), and FEtett
Absorption and Fluorescence spectroscopy are most
commonly used [1] to probe ground state electronic
structures. However, in theoretical/computatioresearch,
advanced mathematical calculations such as energy
minimization (also called energy or geometry optiation)
techniques are used to compute the equilibrium
configuration of molecules and solids. Such techeg
precisely locate minimum energy confirmation frofmet
initial structure of the molecular specimen by aiese of
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computational methodology in the theoretical resleaan
electronic structure packageown asGaussian has been
offering the wide verities of computational mod¢l§. A
density functional theory (hereafter, DFT) modebige of
them. It is a renowned quantum mechanical mddel
investigating ground state electronic structurethef multi-
electron atomic or molecular systems [5, 6] in esif its
many notable limitations while applying to large
molecular/atomic assemblies [7]. Even though itudes a
formalism for approximately solving Schrodinger'sws
equation, it produces better results ttaninitio electronic
structure methods at the similar computational {&s9]. It
offers very promising calculations that are appileato
optimize solid state systems: one-dimensional, two-
dimensional (hereafter, 2D), and three-dimensipeailodic
boundary condition (hereafter, PBC) calculationsr fo
analytic energy and optimizations, and numerical
frequencies [3].

As the 2D monolayer graphene sheet possesses many
extraordinary properties in terms of strength (Zfonger
than steel), electrons mobility (100xfaster thahcan),
electricity (13xbetter than copper), and heat caotidn
(2xbetter than diamond) [10-16], attaching foreigioms
and functional parts in its lattice atoms and/dossituting
lattice atoms by some foreign elements may leaahddify
many of these properties, resulting derivation ahgtypes
of functional graphene nanostructures and techiaatlg
relevant solid substrates. A process of addingtgubiag
some impurity atoms in the pure graphene strugtucalled
doping and the impurity atoms are called dopantg].[1
Among the various possible n-type (electron dortoms)
and p-type (electron acceptor atoms) dopants, thge
dopant nitrogen (hereafter, N) being its atomiciuadA,)
comparable to that of carboA,(of C and N are 67 pm and
56 pm respectively) has captivated many researceiits
doping directly affects many physicochemical preipsrof
the monolayer graphene [17] sheet without changing
original hexagonal lattice structure [10-13] anitkhess (=
0.335 nm) [14-16] in the 2D plane. In the N dopprgcess,
three possible types of C-N bonding configuratiare
found in the literatures: graphitic N, pyridinic Nand
pyrrolic N [17-19]. Among them, the graphitic Njlog
type that can be achieved simply by substitutingpbene
ring C by N atom has been considered in this stBégause
of such substitutional doping of C by N, the atoriarges
distribution in the entire graphene framework would
highly influenced (electronegativity) values for C and N
by Pauling scale are 2.55 and 3.04, respectivehgreas, a
high electron mobility of the original graphene nraynain

preserved [19]. Several experimental investigatiohshe
nitrogen doped (hereafter, N-doped) graphene based
materials have claimed their potential applicatiomsthe
field of fuel cells (as a catalyst or carbon supgorcatalytic
chemistry including industrial catalytic reactiofexygen
reduction reaction (ORR), other catalysts suppprtend
technology development by fabricating many types
metal-free carbon-based catalysts [18-23].

of

On the one hand, N-doped graphene possesses very
impressive characteristics that not only enabl& ishow
many exceptional properties such as its high elebgmical
activity towards ORR, higher stability and durafilthan
Pt-based catalysts, and high conductivity, but aisdke it
an emerging nanomaterial for developing many hybrid
materials for energy applications (in solar c&®][ but on the
other hand, in-depth investigation about what maksach
an amazing material carrying more potentialitiesanth
undoped graphene is still lacking. In particular,
comparatively better theoretical/computational
methodologies that can be used to determine tleetedf n-
type nitrogen dopant in the ground state electrstrigcture
and Mulliken atomic charges distribution of the ratayer
graphene sheet are being widely sought. In thisestnthe
2D PBC calculations of DFT that are previously fduo
produce very reliable results while applying to gD
monolayer graphene sheet [25] are applied agaits thl-
doped counterpart and presented the theoreticalltses
Previously, the DFT predicted geometries and Matik
charges distribution of the 2D monolayer graphehees
were explained straight forward [25] rather thamparing
with its N-doped counterpart. That is why, the mop
comparative studies of the ground state electrsimicctures
and atomic charges distribution before and aftepirdp
carbon by N in the graphene lattice are quite pelisable.
For this purpose, few data sets and figures fraarptievious
publication are reproduced here. It is believed tirasent
theoretical studies have unveiled an extensive kedye
for explaining the effects of n-type dopant nitrogen
modifying many physicochemical properties of such
'‘wonder carbon material'. The structure of thisguaip as
follows. The computational methods are outlinecgéation
2. The results and discussion are presented ifoeegtand
the summary and conclusions are given in section 4.

Il. COMPUTATIONAL METHODS

At first, a trial structure of the undoped monolaye
graphene sheet with 18 carbon atoms and 14 dumomysat
in two lattice dimension was built by using GaussVi
visualization application software [26] and thereauf the
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central ring carbon atoms was substituted by nimog C-N-C) bond angle 119.973and two sets of C-C-C-C
(graphitic N-doping) to build N-doped monolayer giiane dihedral angles: C3-C15-C7-C16 (N18-C14-C6-C15 in
sheet as shown in chart 1. These initial unit stelictures of N-doped graphene) type =°,0and C15-C7-C16-C8

the N-doped and undoped monolayer graphene have eac (C14-C6-C15-C7 in N-doped graphene) type = °180
C-C (and a C-N) bond length 1.4113A, each C-C-C (or

Chart1  Trial structures of (a) N-doped, and (b) undoped mnolayer graphene
sheet. The central carbon ring iencircled.

Terminal
Carbon
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The edge or terminal carbon atoms were left as an
incomplete bonding in order to realize the origigedphene
sheet computationally. The initial atomic Cartesian
coordinates were extracted from each trial strectand
used them manually to prepar@aussian input files
separately for their geometry optimization. All tBaussian
keywords and  methodologies were selected asuaist
in Gaussian 09 manual [3]. The hybrid functional based
DFT method known as B3LYP was used with the basis s
of this type: 3-21G i.e. the methodology used wasr D
B3LYP/3-21G; the periodic systems were specifieh &
normal trial molecule specification for the uniticand the
additional two translational vectors (hereafter, sJ\Mvere
appended to each molecule specification with nerirgning
blank line. By utilizing such TVs, the DFT methodasv
forced to replicate the unit cell in the specificedtion(s)
and hence, created a supercell. In this way, thePBT
calculations in B3LYP/3-21G were set for approxiimgt
an infinite 2D solid state N-doped and undoped lgeap
system separately. Moreover, to solve the eledaroni
Schrodinger equation iteratively, the self-consistéeld
(SCF) with both default SCF procedure (SCF=Tight}l a
Berny algorithm for optimizations to a local minimuvere
selected inGaussian 09 [4]. TheGaussian output log file
was read by using th&aussian graphical interface i.e.
GaussView and various chemical data displayed ieeth
dimensions were extracted. And then the optimized
structures, optimized parameters such as bondHengond
angles, and torsional angles, and Mulliken atontarges
distribution of the both N-doped and undoped moyeia
graphene sheet were analyzed thoroughly.

Ill.  RESULTS AND DISCUSSION

3.1 Ground state electronic structures

A DFT optimized geometries of the N-doped and
undoped monolayer graphene sheets are shown imeFigu
where the grey and blue spheroids represent C aaiNs
and the x-axis and y-axis represents the firstdimeensions
and the z-axis, a third dimension. For analyzing th
optimized geometry and partial atomic charges itistion
more clearly, all the atoms present in the bothplgeae
structures are leveled as 1C, 2C, 3C, etc. By luphit the
optimized structures carefully, one can confirmt thath N-
doped and undoped monolayer graphene sheets that ar
composed entirely of single layer of carbon atoraseh
hexagonal, honeycomb-like pattern of carbon rings.
Interestingly, no significant structural changesha carbon
motif of the undoped graphene sheet is observedewhi
substituting 3C by 18N (graphitic N-doping). Theiopzed

unit cell structures of both graphene sheets viethealugh
z-axis (Figure 1) and xy plane (Figure 2) demonstthat
both of them consist of only two dimensions: lengtid
width represented in x- y coordinate axis.aAslle, the
optimized geometries must be specified mostly imge
of the three parameters namely bond length: anageer
distance between the nuclei of two atoms bondeeitheg in
any given molecule; bond angle: angle formed betwee
three atoms across the two bonds; and torsiond¢aangle
between the plane formed by the first three atonts the
plane formed by the last three atoms, the explicitl
measured theoretically calculated values of them Ne
doped and undoped monolayer graphene sheets ta ilis
Table 1 and Table 2 respectively.

If the bond angles and lattice structures of thepbene
sheets are compared before and after doping Nhtslig
angular distortions resulting a relatively smabtdition on
the graphene lattice are observed. Such negligibtpular
distortions might be due to bonding between C and N
having dissimilar types of hybridized orbitals wikferent
angular orientation: C has shybridized orbitals (angular
orientation: 126) and N has sphybridized orbitals (angular
orientation: 107 due to lone pair-bond pair repulsion). As a
whole, all the concerned C-N and C-C bond lengtis a
the C-N-C and C-C-C bond angles in the optimizeid un
cells of N-doped and undoped monolayer graphenetshe
are found to be in the range of 1.45 A and 1.44TAa(
structure: C-N or C-C bond length = 1.411 A), ai®.F
and 120 (Trial structure: C-N-C or C-C-C bond angle =
119.97) respectively, and the dihedral angles are eiffier
or 180 (depending on the plane formed by the atoms) as in
the specific trial structures (chart 1). Such DFmputed
values of the optimized unit cells parameters auad to be
consistent with the experimentally determined and
dynamically simulated values: i) for N-doped graphe
layer: experimental C-N and C-C bond lengths a#dA.
and 1.42 A respectively [27] and Vienalainitio simulation
package (VASP) calculated values: C-N-C bond amgle
118, C-C-C bond angle = 12(28] and ii) for undoped
graphene layer: experimental C—C bond length =A, 42d
C-C-C bond angle = 12(429] and dynamically simulated
(molecular dynamics simulation) values: C-C bonjth =
1.418 A, and C-C-C bond angle = 22(B0]. As in
experiments and simulations, present DFT computeN C
and C-C bond lengths (1.45 A and 1.44 A respegtjvel
the N-doped and undoped graphene layers are faume t
intermediate while comparing it with the lengthseofC=C
double bond (1.35 A) in ethene {££CH,) and a C—-C
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Figure 1. DFT optimized unit cell geometries of Kajloped, and (b) undoped monolayer graphene sheet
viewed through z-axis. The grey and blue sphen@gdsesent C and N atoms, respectively.
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Figure 2. DFT optimized unit cell geometries of K&floped and (b) undoped monolayer graphene sheet

viewed through xy plane. The grey and blue sphsrmegresent C and N atoms, respectively.

Table 1. DFT optimized parameters of the N-dopedatayer graphene sheet

Bond length (A)

Bond angle ¢)

Dihedral angle ()

C1-C4 =1.4439
C1-C8 =1.4463
C1-C14 =1.4323
C3-C16 =1.4320
C3-C22 =1.4439
C3-C23 =1.4464
C5-N18 = 1.4557
C6-C9 =1.4463
C6-C14 =1.4323
C6-C15 = 1.444
C7-C15 =1.4378
C10-C15 = 1.4435
C10-C16 = 1.4325
C10-C17 = 1.4464
C11-C17 = 1.4464
C12-C17 =1.4384
C14-N18 =1.4553
C16-N18 =1.4558
etc.

C4-C1-C8 =119.78
C4-C1-C14 =120.82
C8-C1-C14 = 11941
C9-C6-C14 =119.40
C9-C6-C15 =119.79
C14-C6-C15 =120.81
C3-C17-C4 =120.03
C15-C10-C16 =120.84
C15-C10-C17 =119.78
C16-C10-C17 =119.38
C1-C14-C6 =121.08
C1-C14-N18 =119.46
C6-C15-C7 =120.26
C6-C15-C10 = 119.45
C7-C15-C10 = 120.29
C3-C16-C10=121.11
C3-C16-N18 = 119.46
C10-C16-N18 = 119.44
C5-N18-C14 = 120.00
C5-N18-C16 = 119.99

C4-C1-C14-C6 = 180.00
C8-C1-C14-N18 = 180.00
C5-N18-C14-C6 = 180.00
C14-N18-C16-C3 = 180.00
C16-C10-C17-C11 =180.00
C14-C6-C15-C7 = 180.00

C4-C1-C14-N18 = 0.00

C8-C1-C14-C6 =0.00
C1-C14-C6-C9 = 0.00

C3-C16-C10-C17 = 0.00
C10-C16-C18-C14 = 0.00
C11-C17-C10-C15 = 0.00

C17-C10-C15-C7 = 0.00

C16-C10-C15-C7 = -180.00
N18-C14-C6-C9 = -180.00
C3-C16-C10-C15 = -180.00

C4-C1-C14-C6 = -180.00

C1-C14-N18-C16 = -180.00
etc.
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C14-N18-C16 = 120.00
etc.

Table 2. DFT optimized parameters of the undopedatayer graphene sheet

Bond length (A)

Bond angle ¢)

Dihedral angle ()

C1-C9 =1.44359
C1-C5 =1.44383
C1-C15 =1.44324
C15-C7 =1.44392
C15-C3 =1.44374
C3-C6 =1.44317
C7-C10 =1.44303
C7-C16 =1.44383
C16-C11 = 1.44387
C11-C17 = 1.4404
C17-C4 =1.44280
C11-C18 = 1.44280
C12-C18 = 1.44413
C18-C13 =1.44387
C8-C28 =1.44416

C9-C1-C5 =120.01
C15-C1-C5 =119.99
C15-C1-C9 =119.99
C10-C7-C15 =120.01
C15-C3-C6 =120.01
C6-C3-C17 =120.01
C3-C17-C4 =120.03
C3-C17-C11 =119.99
C17-C11-C16 = 120.03
C11-C16-C7 =119.99
C16-C8-C29 =120.04
C16-C11-C18 =119.99
C12-C18-C13 =119.96
C18-C13-C30 = 119.99
C18-C13-C29 = 120.04

C5-C1-C15-C3 =0.00
C5-C1-C15-C7 = 180.00
C6-C3-C15-C7 = 180.00

C6-C3-C17-C4 =0.00

C4-C17-C11-C16 = 180.00
C4-C17-C11-C18 = 0.00
C17-C11-C18-C13 =0.00
C12-C18-C11-C16 = 0.00

C8-C16-C7-C10 = 0.00 C38-C14-C3pb-
C12 =180.00

C25-C5-C20-C2 = 180.00

etc.

C5-C25 =1.44309
etc. etc.

C16-C7-C10 = 120.01

single bond (1.47 A) in ethane {ECH). It reflects that
each C-N and C-C bond in the N-doped and undoped
graphene rings has partial double bond characteanmthe
electrons inside the graphene rings are not agsdcigith
any single atom or single covalent bond but arelyiko be
found equally anywhere along the chemical bonddnas
other aromatic conjugatedr electron systems such as
benzene etc. Such resonating behavior of elecisonsost
commonly called electrons delocalization. In order
accurately depict the nature of bonding and thetelas
resonance, the carbon rings (with and without Nmtof
both of the graphene sheets are shown with a catgdg
double bonds in Figure 1. The genius of the elastro
delocalization model can be further explained bythbo
hybridization and valence bond theory (hereafteBTY
concepts. As each interior and exterior C—-C-C antll-€C
bond angles of the DFT optimized graphene carbaysrin
both N-doped and undoped graphene layer are mehasre
~12C which is almost equal to C-C-C bond angle in its
graphite structure and in its aromatic conjugateglectron
system (benzene ring) but slightly larger than the
prospective value of 109.5n its diamond structure, these

other by forming trigonal units with no angularaétr at all
(i.e. bond angle = ~12)) which then unite together and
produce a regular hexagonal shape of the grapliege as
shown in Figure 1. According to the VBT, such regul
hexagonal shape of the carbon rings (with and withd
atom) will only be formed whenever each carbon af@m
1<, 2S2P) has 3sp hybrid orbitals bonded covalently to
three other carbon (each nitrogen atom (N, 252P°) has
3sp’ hybrid orbitals bonded covalently to three otharbon
atoms in the case of N-doped graphene) atqingz( bond)
on the 2D plane and the remaining each non-bonkaify
filled and full-filled orbital of C and N atoms nesctively
on the third dimension. It means, each carbon atmdgen
atom has one and two electrons leftover (i.e. nmmding
electrons) on the third dimension respectively. tBe, giant
carbon network of the graphene sheet contains nfiaey
electrons £ electrons) which may form electron cloud
spreading above and below the graphene sheetelnabe
of N-doped graphene sheet, the lone pair (two randing
electrons) of each N may conjugate with thiselectron
cloud of the carbon network resulting huge modifara of
the graphene physical and chemical properties.s iBhone

three C-C-C and C-N-C atoms must be bonded to each of the reasons why N-doped and undoped monolayer
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graphene sheets show remarkable electrical and heat (color index and range are given), where the mest r

conductivity. In addition to this, the additional obile colored (N18 in Figure 3a, C2 in Figure 3b), and thost
electrons provided by the nitrogen atom to the lgeap Tt green colored (C14, C16, C5 in Figure 3a and Ceigure
electron cloud (that is why, N atom is an n-typealtt) may 3b) spheroids represent the most negatively andntbst
be responsible for: increased capacitance of aopéd positively charged carbon atoms respectively; theosd
graphene (~7 times higher than graphene oxide @®), most red colored (C14 in Figure 3b) and the secondt
behavior as an N-type semiconductor and electrigblio green colored (C4, C8, and C10 in Figure 3b) sptisro
layer capacitor (EDLC) [31]. represent the second most negatively and the secmst

positively charged carbon atoms respectively; thestm

3.2 Mulliken population analysis black colored (C8, and C17 in Figure 3a and C13,ClIL5,

A Mulliken population analysis [32] is the cheapbst C9, and C5 in Figure 3b) and the dark purple enl(C1,
fastest way to compute Mulliken atomic charges C2, C3, C4, C6, C7, C10, C11, C12, C13, and CHgare
theoretically even though it tends to produce dathlie 3a and C7, and C3 in Figure 3b) spheroids repredamist
results at best. Such atomic charges can be used to neutral and the least negatively charged carbomsto
characterize the electronic charges distributioa imolecule. (neglecting -0.000 range) respectively. The numeadlies
More specifically, they are very useful to estimite partial of Mulliken atomic charges in the N-doped and uretbp
atomic charges qualitatively. The DFT computed Meah monolayer graphene sheets are listed in Table Jrabhté 4
charges distribution in the nitrogen and carbomatof the respectively, where atom numbers are assigned in

N-doped and undoped monolayer graphene sheetse&an b accordance with Figure 3.
observed directly by the color of the spheroid$-igure 3

Table 3. Mulliken charge distribution in the N-ddpmonolayer graphene sheet *

Atom numbers Charge Atom numbers Charge
1 -0.008 10 -0.008
2 -0.008 11 -0.008
3 -0.008 12 -0.006
4 -0.007 13 -0.008
5 0.085 14 0.085
6 -0.008 15 -0.007
7 -0.005 16 0.085
8 0.001 17 0.001
9 0.001 18(N) -0.180

“atom numbers are in accordance with Mulliken Chaliggibution shown in Figure 3(a).

Table 4. Mulliken charge distribution in the unddpaonolayer graphene sheet *

Atom numbers Charge Atom numbers Charge

1 -0.000 10 0.002

2 -0.004 11 -0.000

3 -0.001 12 0.000

4 0.002 13 0.000

5 0.000 14 -0.003
6 0.003 15 0.000
7 -0.001 16 -0.000
8 0.002 17 -0.000
9 0.000 18 -0.000

" atom numbers are in accordance with Mulliken Chatigtribution shown in Figure 3(b).
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By carefully analyzing these charge distributiom$oth
types of graphene layers, one can find that: (iNtdoped
graphene layer: partial atomic charges of the teami
carbon atoms represented by black and dark purple
spheroids in Figure 3a differ in wide range froragé of the
nitrogen (represented by red colored spheroid)ritndgen-
bonded carbon atoms (represented by green colored
spheroids) and (ii) in undoped graphene layerigaatomic
charges of the terminal carbon atoms (represemyeced
and green colored spheroids in Figure 3(b)) diffewide
range from those of the non-terminal and centraimat
(represented by black and dark purple spheroidsigare
3(b)). In the case of N-doped graphene, such
inhomogeneous charge distribution is arose due dvamg
ability of nitrogen atom to attract shared electran a
covalent bond with carbon atoms as electroneggtioft
nitrogen §y = 3.04 ) is greater than that of carbogrc(=
2.55). Such effect is much more pronounced in itregen
bonded carbon atoms (green colored spheroids Ch, &t
C16) as observed in Figure 3(a) where they beaimar
partial positive atomic charges (Mulliken chargeitun
+0.085, 85 times less in electron density than géeond
highest positively charged carbon atoms C8, C9, @hd)
as listed in Table 3. This is the reason why niérogponded
carbon atoms (C5, C14, and C16 in the unit cell dosir
replicates in the super cell lattice structure) dsehas the
most "active-sites" for hosting many types of cheahi
reactions including oxygen reduction reaction (bées,
ORR) for activating @and covalent alkylation reaction for
deriving many types of N-doped graphene materials b
varying the band gap between frontier orbitals.Seffect
of n-type dopant N estimated by the DFT model wdiddca
strong supporting evidence for claiming N-dopedpbeme
material as metal free electro catalyst for effiti®ORR in
fuel cells and covalently functionalizable materi&@lmilar
type of excessive partial positive atomic charges
development in the nitrogen bonded carbon atomstlaeid
strong tendencies towards chemical reactivity ardiomed
by the FTIR and XPS valence band spectra [33]. &hos
electron deficient carbon atoms (Lewis acids) padrtut by
the DFT calculations may also behave as "Lewiscsites"
because Lewis base type anionic radicals such as CM,
0%, ROH, RO, RCOO, H,N™ and many other nucleophiles
can easily be attached to them via electron-paimodo
acceptor bonding scheme. This would be a very [siogi
and potential characteristic feature for the N-dbpe
monolayer graphene sheet as it allows us to funalioe
this material according to our need. Again, the DFT
predicted excessive accumulation of partial negativarges
on the nitrogen atom (Mulliken charge unit is: €D)(Table

3), 22.5 times more in electron density than in ¢keond
highest negatively charged carbon atoms: C1, C2,GB3
and C13) has made the N-doped graphene as atomicall
sharp point impurity containing material. It furthe
illustrates that a dopant 'N atom' in the graphattece can
serve as an electron donor (n-type dopant N) ated lafsing
an electron, it may act as a positively chargedtegag
center for electron transport chain and hence, exybit an
electron-hole asymmetry (a key to superconduciivity
transport phenomena. These sort of applicable coesees
are also confirmed experimentally by let al. while
measuring electrical and magneto transport prageft4]
of graphitic N-doping type graphene materials. €fane,
the ability to tailor N-doped monolayer and mulga
graphene sheets with different percentage compaositi n-
type dopant N and to tune its environment insicr thattice
may allow one to control over device sensitivityfuture.

As both types of graphene layers are 2D network of
carbon (and nitrogen) atoms bound to one another by
covalent bonds, the terminal atoms obviously mieses
C-C bonds unlike by the non-terminal and centrahe,
resulting the difference in their charges. The samarge
inhomogeneity in the graphene terminals and edgsdben
observed experimentally by the scanning gate miomg
[35]. Moreover, the central carbon atoms of thepbeme
sheet which form three covalent bonds with the ehre
neighboring carbon atoms (two neighboring carbash @me
nitrogen atoms in N-doped graphene) are found Esg®s
least or almost no charge (Table 3 and Table 4% ddn be
explained simply by calculating formal charge of aom:
Formal atomic charge = number of valence electrens

[(%x number of bonding electro)s+ number of non-

bonding electror]s To make it easier, the formal atomic
charge of the carbon atoms not bonded to nitrogem é&n
the central graphene ring encircled in Figure 8ailsulated

as: Formal atomic charge of carb= 4 — [(% X 6) +1]

= 0. This should not be the case for the terminal @arb
atoms because they have less number of bondintrasc
due to missing some C-C bonds, and whenever they ar
made saturated with hydrogen atoms, more stabibizat
occur as reported earlier by Y. Miyamatbal. [36] and
then only they may behave like central carbon atams
terms of their formal atomic charges. However, the
tunneling electron microscopy revealed that theplgeae
sheet with unsaturated terminal carbon atoms faripte
bonds itself (as in central carbon) along the edaged
terminals under vacuum and attains self-stabiB]| If so,
the terminal carbon atoms of the monolayer graplsteet
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under vacuum should also possess formal atomicgehar scientific consideration.
zero. These contradictory observations are stildenn

Negative=======p  Positive

Color range: -0.180 to 0.18

~ N P, .
(a)

Color range: -0.004 to 0.00¢

(b) |

A S ~_ B o
Figure 3. Mulliken charges distribution in DFT apized unit cell geometries of (a) N-doped, and (b)
undoped monolayer graphene sheet. The central gimepings are encircled.
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Even though, the absolute magnitude of the atomic
charges computed by the Mulliken populations anslys
displays a high degree of sensitivity to the typkEbasis set
used, the qualitative results of them that are ypeced by
DFT:B3LYP/3-21G method were presented here. Inréutu
studies, analyses of the natural bond orbital (NE8] and
electron density surfaces of the frontier molecudvitals
can be performed for more accurate distributionthod
charges.

IV. CONCLUSION

At present, the effect of n-type dopant nitrogenthe
ground state electronic structures and Mulliken rgbs
distribution of the two dimensional (2D) monolayer
graphene sheet are investigated by the densitytifumad
theory (DFT) model. Even though it is computatidyal
cheap quantum mechanical model compare to ab ,initio
has shown exceptional skills to unveil an extensive
knowledge for interpreting ground state electrasticictures
and partial atomic charges distribution while dgpia
nitrogen atom in the pure graphene lattice. Thegmiieally
most stable ground state electronic structurebef\-doped
and undoped monolayer graphene sheets produceteby t
DFT: B3LYP/3-21G methodology under 2D periodic
boundary condition (PBC) have depicted their hexafo
honeycomb-like pattern of the carbon rings withaathout
substitutional nitrogen atom respectively. Intdregy, no
significant structural changes in the carbon mofifthe
graphene sheet is observed while doping a nitr@gem of
type graphitic N-doping except slight reasonableudar
distortions. The DFT computed dimensions of the doon
lengths, bond angles, and torsional angles forethe®
optimized wunit cell geometries are found in close
consistence to each other. In turn, they are fawntde in
good agreement with the concerned experimentalecutdr
dynamics, and Vienna ab initio (VASP) simulateduesl
Moreover, the intermediate length of C-N (1.45 Ayda
C-C (1.44 A) bonds measured in the respective DFT
optimized unit cell structure has elucidated th®injugate
double bond characters. The Mulliken populationlysia
method of electronic charge distribution has predic
unequal partial atomic charges in the terminal aod-
terminal/central carbon atoms of both types ofdtephene
sheet, as observed experimentally. Additionallye FT
determined huge charge inhomogeneity in nitroged an
nitrogen bonded carbon atoms of the N-doped graphen
sheet has not only speculated its most "actives-sita
"Lewis basic sites" (electron deficient carbon atprfor
hosting many chemical reactions such as oxygenctieau
(ORR), covalent alkylation, and nucleophilic adafits, but

also supported its enhanced capacitance and cawvitiuct
Thus, the present theoretical calculations revealetbast
few conspicuous facts for justifying the effect witype
dopant while doping in the 2D monolayer graphergct

As all the theoretically calculated results achiehere are
as reliable as experimental results, the DFT skitls
computing ground state electronic structures andigba
atomic charges distribution for the 2D N-doped and
undoped graphene-based materials are regarded as
outstanding. The similar type of computational roeliogy
can be adopted to other n-type dopants: Si-dopethp8d,
P-doped, and N-, P- and S- tridoped monolayer gnaplas
well to p-type dopants: B-doped monolayer graphene.
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