How much N-doping can Graphene Sustain?
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Abstract

Doped, substituted, or alloyed graphene is andiiteacandidate for use as a tunable element afdut
nanomechanical and optoelectronic devices. Herassahe density-functional theory, density funciion
tight binding, cluster expansion, and molecular atyits to investigate the thermal stability and
electronic properties of a binary 2D graphene-Blley of carbon and nitrogen (€N,). The stability
range naturally begins from graphene, and mustioéytend beforex = 1, where pure nitrogen rather
forms molecular gas. This poses a compelling questif what highestx < 1 still permits stable 2D
hexagonal lattice. Such upper limit on the nitrogencentration that is achievable in a stable atkny be
found based on the phonon and molecular dynamicslations. The stability switchover is predicted t
betweenx=1/3 (33.3%) anc&k=3/8 (37.5%), and no stable hexagonal lattice twoedisional CN alloys
can exist at the N concentratiomef3/8 (37.5%) and higher.
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Doping and alloying are powerful techniques fototdig mechanical, electronic, optical, and
other properties of materials. Recently, therell®en a great interest in doping and alloying ofrte
one-layer-thick two-dimensional (2D) materials, lgth experimentalists and theorisfsin graphene,
substitutional doping and alloying with variousraeknts such as boron, nitrogen, sulfur, and silicoe,

possible*™®

Two-dimensional alloys of carbon, boron and niglogare especially interesting, due to
potential for extending applications of pure graphend two-dimensional boron nitride (BNY? It is
convenient to represent the mixing diagram of thesgary alloys by a Gibbs triangle, as shown tn Ei
Each corner of the triangle represents a pure canthoand contents of pure substances in a mixed
compound are proportional to distances from thatpwithin the triangle to bases opposing the carner
for the corresponding pure substances. Substittidoping of graphene would correspond to the sides
starting from the C corner of the triangle. Vari@bsctronic properties of homogeneous BCN alloyseha
been explored theoreticall{’*?? although experimental works have indicated thatoumity may be
difficult to achieve in BCN#2°2*?®Here, we explore the CN side of the BCN Gibbsgla (highlighted

in Fig. 1), i.e. graphitic nitrogen-substituted gnane (g-NG), which has become a focus of numerous
research works because of its rich propertiesmaadly potential applications, including high-freqagn
semiconductor devicésmetal-free catalyst for energy conversion andaste??° chemical hydrogen
storage’’ Li-ion batterie®, molecular sievé$ and supercapacitof$. Experimentally, large scafe
nitrogen doped graphene (NG) have been synthebigedilizing Chemical Vapor Deposition (CVE)
and solvothermal synthestsusing pyridind®*** and s-triazin€ as precursors. Several types of local
configurations near an N atom, such as “graphitipyridinic” and “pyrrolic”, have been detectédf*
Zhaoet al grew N-doped graphene films using CVD on a cogpitrsubstrate, and confirmed that the
individual nitrogen atoms are incorporated as gtaptiopants By using atmospheric-pressure chemical
vapor deposition (AP-CVD) method, STM/STS studiesl @b initio simulations, Lwet al'® have
revealed that NG sheets contain an abundant anoditdopants within the same graphene sub-lattice
(e.g. 80% dominance among all the identified dejeeind a novel and outstanding Raman enhancement
of Rhodamine B molecules was demonstrated wherg ié(® sheet as a substrate. Experiments suggest
that nitrogen species have been incorporated ir@@taphene structure with the content of 16.%atl3

wt. %) with solvothermal synthesi$. Recently, N doping graphene with even higher Ntewts of 18

wt. % have achieved by C. N. R. Rao et al. with rom@ave synthesis, and perform promising
applications in supercapacit§rThey also demonstrated that the presence of ritregthin the structure

of nitrogen-doped reduced graphene oxide induaesnarkable increase in the thermal stability adains
oxidation by air’ Even higher nitrogen concentrations inJg8, compounds, e.g=4/7 in GN, can be
achieved® if vacancies or terminating hydrogen atoms are itild?®** Here we limit our study to
graphene with nitrogen substitutional defects (N@jhout consideration of other types of defects, i



perform a constrained search on a honeycomb (gnephattice with allowed site occupancies limited t
C or N atoms only. Graphitic NG configurations hdeen widely observed as a domain type in many
experiment$;****?*3esulting in n-doped materia$? In many applications, the limit of the N doping
concentration in g-NG is important for both basiegarch and practical uses; however, it has not bee
found yet. Only isolated two-dimensional CN allaysre considered previously, such asNCand GN,*
which are shown as smaller points on the diagrarkign 1, along with other two-dimensional BCN
alloys considered theoreticafly?'° Here, we use the density-functional theory andteluexpansion to
establish the theoretical limits of N doping in &Nand investigate its stability and electronicpandies.
We demonstrate that the nitrogen concentrationfifGgcan in principle be as high as 33.3%-37.5%, and

that most of these structures are metallic.

N BN boron sheet B

Figure 1. Gibbs triangle for the hexagonal-lattis®-dimensional BCN alloy. The highlighted edge of
the triangle (CN) corresponds to nitrogen-substdugraphene, which is the focus of the current work

Large circles denote lowest-energy stable strusttinat were found here. The two dashes denote the



range of concentration where the stability rangdgse®maller circles show other two-dimensional BCN
systems considered previoudf{}*°
Mixing energies of the 2D carbon-nitrogen alloy &v@btained using the cluster expansion (CE)

method® CE provides an efficient way to sampIeMiN -dimensional configuration space of &h-site
M -component alloy. Unlike mean field treatments, @& method gives the full microscopic description

of atomic configurations in a crystal. In the CErnfalism, a function f of configurations
6:{0'1,0'2,...,0'N} of spinsg; on N lattice sites is fitted through a multivariate arpion in site

occupancy variables (sping); . In an alloy, the roles of spin variables are pthyoy the chemical

identities of different atomic species. The genehaster expansion of the functioﬁ(c) can be written

as:

f(0) =2 fusPus(o) o
a,s
wheref__ are the expansion coefficients afd), (6) are the so-called characteristic cluster
functions defined for all possible distinct subsgisisters)a ={ P, P,.., pi'} of the points of the full

lattice. The set§={ nn,..., ﬁ} in the sum EqQ.1 include all possible non-zero dadi of discrete

orthonormal polynomials entering the definition ¢tie cluster functionsdJaS(c) . Zero-index

orthonormal polynomials have the value Jof and therefore do not need to be written expjicifis

expected, the sum Eq. 1 hdg" terms.
In case of a two-component crystalline alloy, thaster expansion of the mixing energy per

lattice site can be written 85:

E(c)=§maJa<iL:| oz> )

Here, lattice symmetry has been taken into accbynforming symmetry-adapted expansion

coefficients for equivalent clusters. Like in thengral caseq in Eq. 2 enumerates all lattice-symmetry

inequivalent subsets (clusters) of a full set tifda sites,m, is the number of clusters that are equivalent

to @ by the lattice symmetry (divided by the total nemlof lattice sitesN ), and coefficients], are

the effective cluster interactions (ECI). Angle dkats designate the arithmetic average over adl gt

points i :{q,q’,. . .,d’} that are equivalent to the subset representef ltigrough the lattice symmetry.



The averaging over the symmetry-equivalent clusiergossible due the independence of the effective

cluster interactions], on the spin configurations in case of a two-congmbrsystem. This averaging
reduces the number of independent ECI coefficidliite. discrete site occupation variabt&s are usually

assigned the values df1 and —1 in a binary system.

The cluster expansions Egs.1 and 2 converge rapitiycluster size, and yield an exact result in
the untruncated form. In this work, the CE fittiofythe mixing energy and search for the thermodyoam
ground state were carried out with the Alloy-Theiordutomated Toolkit (ATAT) codé’ The quality of
the CE fit was evaluated using a cross-validaticores® To evaluate the relative stability, the mixing
energy of G,N, alloy (E) was defined as:

_ Etotal _

E xpun — (1 = x)uc

where theE, and n are the total energy and total number ghatof the systemyy andyc represented
chemical potentials of nitrogen and carbon atomsichvwere set equal to the cohesive energies of
graphite and M molecular crystal§’ The mixing energies of alloy structures generdigdATAT and
used in the fitting procedure were computed atdimesity-functional theory (DFT) level. Total enagi
and band structures were obtained within the Igpal density approximation (LSDA) with projector-
augmented wave (PAW) potentials, as implementadisP>° The plane-wave cutoff was 520 eV in all
calculations. The convergence threshold was sédDfoeV in energy and THeV/A in force, and cell
dimensions along thedirection were 12 A to avoid interaction betweayekrs. The Monkhorst-Pack k-
point grids are employed for Brillouin zone intetipa for all the structures, using approximatelynsak-
point density for reciprocal cells of different e& Line mode with 21 k-points between two high-
symmetry k-points is used to further investigate #hectronic behavior on the basis of the equiliori
structures. The CE fitting was based on the DFFgieg of 115 CN alloy structures, containing betwee
4 and 12 atoms. The root-mean-square deviatioheoCE-fitted mixing energies from the actual values
(the cross-validation score) was 18 meV for thdmgctures, indicating a good fit. Phonon dispersion
were obtained from the DFT, and high-temperaturegio molecular dynamics (MD) calculations were
performed to test structural stabilities. Forcestants for phonon calculations were found by usheg
density functional perturbation theory (DFPTRs implemented in VASP. Based on the calculatezkfo
constants, phonon dispersion curves were obtairidtiie PHONOPY packagé The original unit cells
were used in constant-temperature 5ps-long DFT Milation runs with the time step of 1fs. In order
to capture off-gamma point vibrations, additionapercell calculations were performed using density
functional based tight binding molecular dynamio&TB-MD) with the same time step, as implemented
in the DFTB+ codé®



We use the cluster expansion technique in conjomctvith DFT to obtain mixing energies of two-
dimensional ¢N, alloys in the range of N concentrationsx@8/4. The calculated and fitted mixing
energies, along with the lowest-energy configuratjare shown in Fig. 2. In the stability diagrdhere
are three distinct regions of concentrations, {12. 0<x<1/4, (2) 1/4&x<1/2, and (3) 1/Zx, within
which the slopes of the ground state line are emnisin the first region, €x<1/4, the ground state line is
almost flat, and the mixing energy goes up to omfymeV/atom from 16 meV/atom when N
concentration increases from 0 to 1/4. In the seaegion 1/4x<1/2, the mixing energy goes up much
faster, reaching 184 meV/atom xatl/3, and 463 meV/atom at1/2. In the third region, 1£%, the
mixing energy goes up faster still, and reachev#hee of 1405 meV/atom at3/4 N concentration. The
second nearest or nearest neighbor nitrogen atoithsbev present in all configurations when N
concentration is higher thax=1/4, and similarly, the nearest neighbor N-N cotines cannot be
avoided whenc>1/2. It is clear that the first increase of thepsl@f the ground state energyxatl/4 is a
consequence of the appearance of the next neaigbbor N atoms in the alloy, and the second irsgrea
atx=1/2 is due to the formation of N-N bonds. Long-ramgteractions of N atoms in a hexagonal lattice
produce a substantial, destabilizing effect onsystem, and one can expect that the structurahiisy

will appear somewhere before the formation of dinedN bonds, i.e. at concentrations lower than 1/2.
C CN;
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Figure 2. Mixing energies of the carbon-nitrogerodimensional alloy obtained with the cluster
expansion. Blue stars show the DFT results, andngoircles give energies obtained from the cluster
expansion fitting. Squares show the values of thebt mixing energy (ground state) at each

concentration. The solid line outlines the conveX lof the mixing energies. Chemical potentials of



carbon and nitrogen atoms were set equal to thesdadh energies of graphite and tHolecular crystals,
respectively. Units cells for the lowest energyestaat N concentrations of 0, 1/4, 1/3, 3/8, 1/@ 34 are
shown. Predicted regions of metastabilitgx1/3), stability switchover (1/3&3/8), and instability
(x>3/8) are highlighted.

On the other hand, the line of the convex hull hagry slight upward slope farbetween 0 and
1/4, and thus one can expect facile mixing of puiases and good alloy stability in that range. The
instability should occur in the second region<k41/2, where second-neighbor N atoms appear. Below
we describe the phonon and molecular dynamics ledicns that were performed in order to test the
structural stability of the lowest energy states@ex<1/4 and also at higher concentrations. From these
calculations, we predict an actual threshold N eot@tion at which the alloy should become unstable
Our estimate shows that the structural instabidibould occur around=3/8 (37.5%). Above this

concentration, all graphene-like CN alloys are jmted to be unstable.

The calculated phonon spectra of the ground statetsres at various concentrations are shown
in Fig. 3. The structures (shown in Fig 3a-e) vidtlv N concentrationsx1/3) performed good dynamics
stability. Imaginary frequencies first appear a tth concentration af=3/8. All other tested structures
with higher N concentrationsx¥5/12, 1/2, 3/4) contained imaginary phonon fregies as well. We
interpret these imaginary frequencies as indicatmirsthe structural instability of the alloy. The
concentratiorx=3/8 (37.5%) with the mixing energy of 246 meV/at@naken as a threshold value for

instability.
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Figure 3. Calculated phonon spectra of the lowmstgy states of CN alloys at different N concerret
(a) x=1/12; (b)x=1/8; (c)x=1/6; (d)x=1/4; (e)x=1/3; (f) x=3/8. Imaginary frequencies appear at the N

concentration 0x=3/8 (37.5%) as well as all higher concentratiors marked with a red line in (f).

We next confirm the predictions of phonon calcalas by testing the stability of the lowest-energy
configurations with a different approach, namelghhtemperature ab initio molecular dynamics based o
DFT, as well as density functional tight bindingHTB). A structure is deemed thermally stable if all
atoms remain near their initial equilibrium positgoat the end of the MD run. The original unit sdlte
used in DFT and 8x8 supercells are employed in DAHIBt, we test the structures at a relativelyhhig
temperature of 1500 K in DFT MD simulations withs5guration. The structures with concentrations
x=1/12, 1/8, 1/6, 1/4, 1/3, and 3/8 all remain staldhowing no signs of structural disruption and
preserving a nearly planar geometry at the encai D run. When testing the lowest-energy strigctur
with nitrogen concentration o&=5/12 (41.7%), the two-dimensional configurationlapse after 0.7 ps,
indicating that the melting temperature of thisisture is lower than 1500 K. All other structurethw
higher concentrations£1/2, 3/4) also collapse in MD calculations, camfing the destabilizing effect of
increased N doping, consistent with the mixing gpérends shown in Fig. 2.

At the concentration 0k=3/8, the lowest-energy structure don't collapséviid calculations,
although its phonon spectrum contained imaginaguencies. This is due to the fact that the offigam
point vibrations cannot be captured by single-bHll calculations. To address this problem, we penfor
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additional calculations with a larger 8x8 superfeitlall of the low-energy structures using the BFT
code. The faster DFTB method is used because Idfig @D runs are not feasible with the supercell
structures containing several hundred of atoms. tfidjectories are propagated for 10 ps in DFTB .runs
Our MD tests with larger cells show a general trefdlecreasing thermal stability with increasing N
concentration. At 1500 K, the 8x8 structures witin@entrationx=1/12, 1/8 and 1/6 all remain stable.
These structures will most likely be also very kabnder experimental conditions, and may be the
easiest to realize. In recent experiments on réfmagraphene dopirj,a mixing N concentration of 16.4%
has been reported. The final state of the structitte concentratiorx=1/6 (16.7%) is shown in Fig. 4a.
The structures with N concentrations that are highan 1/6 are unstable at 1500 K, as evident from
Fig. 4b, which shows the final state of the streetwith the concentratior=1/4. Xianget al have
previously confirmed the stability of the1/4 structure with MD simulation at 500 K, and heve also
tested this structure at temperatures of 1000 K5@@K. Our DFTB MD results agree well with these
previous calculations. Fig. 4c shows the final getyn of the x=1/4 configuration at 500 K, which
remains planar with all the atoms near their ihitiguilibrium positions. However, the=1/3 structure is
unstable at 1500, 1000, and also 500 K. We therthissstructure by performing DFTB MD simulations
at 300, 200 and 100 K. The structure remain inteaty at 100 K, indicating that it has a low melting
point between 100 and 200 K. Fig. 4d, 4e, andhlbwsthis structure at the end of the MD runs at0150
500, and 100 K, respectively, evidencing a morai@ant damage at higher temperatures. We have
additionally tested thg=3/8 structure with supercell calculations at 100#er 10ps simulation, out-of-
plane C pairs have been formed, in agreement hétiptedicted instability based on phonon calcutatio

The MD calculations reveal that the mechanism iheg¢sponsible for the thermal decomposition
of the CN alloy structures is the breaking of thebon-carbon bond. This mechanism is in contratt wi
the expectation of the structure being weakeneiisbyarbon-nitrogen bonds. As is well known, g2
carbon-nitrogen bond is both shorter and strongen thesp’ carbon-carbon bond in graphene. As a
result of alloying, the carbon-carbon bonds of beaye is compressed from 1.417 to 1.377 A, as the N
concentrations increases from 1/12 to 3/8, as shiowhable I. The strain has a greater destabilizing
effect on the C-C bonds and is released by outarfeprelaxations of carbon atoms, as seen in Bigdd,
and 4e. Both phonon and MD calculations predict tha stability switchover in a hexagonal 2D CN
alloy should occur at N concentration betwaet1/3 (33.3%) and=3/8 (37.5%).
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Figure 4. Top and side view of snapshots of thecsetl low energy 2D CN alloy structures as predicte
by the cluster expansion after 10ps of the MD satiah in the NVT ensemble using a 8x8 supercell for
(a) x=1/6 at 1500 K, (bx=1/4 at 1500 K, (cx=1/4 at 500 K, (dx=1/3 at 1500 K, (ex=1/3 at 500 K,

and (f) x=1/3 at 100 K. The red circles mark the disruptegharin each unstable configuration; the

numbers are used to set the correspondence betineareas in the top and side views.

Table I. Calculated properties of two-dimensionBll &loys at various N concentrations: mixing energy
(E), band gap, structural stability, and averagetteifithe C-C bond.

N concentratio E (meV/atom Band gap (e\ MD stability Phonon stabilit Average (-C (A)

1/1z 53 Metal stabl¢ stable 1.415
1/8 77 Metal stabl¢ stable 1.41¢
1/6 61 Metal stabl¢ stable 1.40¢
1/4 76 0.37 stabl¢ stable 1.401
1/3 184 Metal stabl¢ stable 1.39:
3/8 24¢€ Metal unstabls unstabls 1.37i

We finally briefly address the electronic propestif the 2D CN alloys. Overall, among all considere
CN structures, metallic materials dominate, witpragimately 70% of structures being gapless, artd 30
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semiconducting. The metallic alloys are stronghgefeerate, with Fermi level located deep in the
conduction band. The band structures of the mastestalloys at N concentrations x£1/12, 1/8, 1/6,
1/4, 1/3, and 3/8 are shown in Fig.5. The famiéac cone feature of graphene is completely rerdove
by alloying and thus can no longer be seen. Sibgepted DOS analysis shows that the Bloch statas ne
the Fermi level mainly originate from the & orbital, with smaller contributions from the dopa p,
states. Increasing N atom concentration feeal/12 to 1/8 to 1/6 raises the Fermi level furthepithe
conduction band as seen in Fig 5a, b and c. Howev&t concentration of 1/4 (Fig 5d), a speciablsta
semiconducting structure with an indirect band g&p.37 eV is observed. Previous work have progose
the mechanism of band gap opening for this strachyr employing Clar's ruf€.In this structure, N
atoms divide the graphene plane into isolated henalgcarbon rings, which belongs to the class 1CF o
the (pseudo)-all-benzenoid structures and form €datets. Previously, Wassmaanal> used the rule
to explain the band gap opening in a related gma@heanoribbon structures. At even higher N
concentrations af=1/3 and 3/8 as shown in Fig 5e and f, the Ferngllkgeps rising into the conduction
band.
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Figure 5. Electronic band structures and total prajected densities of states of stable CN alldys a
different N concentrations: (a¥1/12; (b)x=1/8; (c)x=1/6; (d)x=1/4; (e)x=1/3; (f) x=3/8.

In summary, we have studied the nitrogen dopingtditions of g-NG treated as a {l, alloy by
employing first-principle calculations and clustxpansion. We found that the largest achievable N
doping concentration in g-NG is 33.3%-37.5%. Highencentrations are not possible because of the
strong repulsive interactions between nitrogen dtgpaOur phonon calculations reveal that therenare
imaginary frequencies in the phonon spectra forxtl#3 structures. These stability results have also
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been confirmed by ab initio MD calculations. Lowpamt concentration structures<{/4) are stable at a
temperature of 500 K and higher; however, the mglpoint of thex=1/3 GN structure is quite low,
being between 100 and 200K. Most of the stablecttras exhibited n-type doped metallic behaviohwit
the exception of the special-configuratioril/4 structure, which is a semiconductor. By insheg the N
concentration, the Fermi level of the system i®difinto the conduction band. Our study is usedul f

broadening the applications of N-doped graphersddatronics and catalysis.
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