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ABSTRACT: One great challenge for supercapacitor is to achieve high energy
capacity and fast charge/discharge rates simultaneously. Porous graphene with
large surface area is a promising candidate for electrode materials of
supercapacitor. Using first-principles calculations and non-equilibrium Green’s
function technique, we have explored the formation energies, mechanical
properties, diffusion behaviors and electrical conductance of graphene sheets
with various hole defects and/or nitrogen doping. Interestingly, graphene sheets
with pyridinic-like holes (especially hexagonal holes) can be more easily doped
with nitrogen and still retain the excellent mechanical properties of pristine
graphene that is beneficial for the long cycle life. Porous graphene electrode with
moderate hole diameter of 4.2—10 A facilitates efficient access of electrolyte and
exhibit excellent rate capability. In addition, doping with nitrogen as electron
donors or proton attractors leads to charge accumulation and generates higher
pseudocapacitance. Transmission coefficients of N-doped graphene sheets with
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pyridinic-like holes are only moderately reduced with regard to that of pristine graphene and are insensitive to the detailed
geometry parameters. Overall, N-doped graphene with pyridinic-like holes exhibits exciting potentials for high performance

energy storage in supercapacitor devices.

KEYWORDS: supercapacitors, graphene, hole, doping

1. INTRODUCTION

Supercapacitors (also known as ultracapacitors or electro-
chemical capacitors) are extensively investigated as possible
auxiliary energy storage devices used with rechargeable
batteries. Supercapacitors store energy through electrochemical
charge accumulation or Faradaic reaction at the electrode/
electrolyte interface. Compared with conventional batteries,
supercapacitors are superior for their higher power density and
simple charging circuit, but suffer from very low energy density
(e.g, S Wh/kg.y for commercial activated carbon-based
supercapacitors compared to 100—150 Wh/kg.. for commer-
cial Li-ion battery'). Therefore, searching for appropriate
electrode materials for supercapacitors is the key to achieving
high capacitance. So far, carbon-based electrodes such as
activated carbons,” ordered mesoporous carbons,® and carbon
nanotubes,” have been widely used in the supercapacitor
industry owing to their high surface area and good electrical
concluctivity.5 However, their supercapacitor capacitances are
still not sufficient for many applications.

As a superstar material in the past decade, graphene is also
regarded as an attractive candidate for electrode materials of
supercapacitors because of its high electrical conductivity and
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large theoretical surface area (2630 m?*/ g).6’7 However, the
specific area of actual graphene materials is reduced by
agglomeration or even re-stacking of the graphene sheets.
Cheng et al® fabricated graphene/carbon nanotube (CNT)
electrode for supercapacitors and found that the presence of
CNT in the composite prevented graphene from restacking.
After oxidizing the graphene sheet, the epoxide and hydroxyl
groups could expand the interlayer van der Waals (vdW)
distance to 7 A.”'® In spite of the high theoretical value of 550
F/g, low actual capacitance of graphene (130 and 99 F/g in
aqueous and organic electrolyte, respectively) dissatisfies the
demand of commercial applications."" The efficiency of surface
area can be improved by introducing pores into graphene
sheet.'” It was found that supercapacitors with porous graphene
yielded a high capacitance of 200 F/g at a current density of 0.7
A/g."® Therefore, the current challenge is to develop graphene
materials tailoring with adequate hole size distribution in order
to achieve optimal capacitance.'*
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Figure 1. Structural models with holes of different shapes and sizes: (a) triangular, (b) rectangular, and (c) hexagonal holes for pyridinic-like; (d)
pyrrolic-like. Gray sphere, carbon; blue sphere, carbon with the dangling bond or nitrogen.

In addition to the pristine graphene materials, there have
been some recent efforts devoted to further improving the
electrocatalytic activity via nitrogen doping of graphene with
pseudocapacitive effect and accessible porosity.”>'* For
example, Jeong et al.'® developed N-doped graphene via
plasma process for high performance ultracapacitors, whose
capacitances (~280 F/g) were about four times larger than
those of the pristine graphene (~70 F/g) in aqueous
electrolytes. As reported by Qiu et al,'® N-doped graphene-
based supercapacitor delivers remarkable energy and power
when operated at higher voltage (up to 4 V). Sun and
coworkers'® showed that nitrogen-doped graphene with high
nitrogen level exhibits excellent capacitive behavior (326 F/g,
0.2 A/g), superior cycling stability and Coulombic efficiency
(99.58 %) after 2000 cycles.

Until now, several approaches such as chemical vapor
deposition (CVD),* arc discharge,21 thermal annealing,22 and
nitrogen plasma process'> have been employed to synthesize
nitrogen-doped graphene materials. According to X-ray photo-
electron spectroscopy (XPS),"” there are generally three types
of nitrogen dopants: (i) pyridinic-like N connecting with two
carbon atoms and donating one p electron to the aromatic 7
system, (ii) pyrrolic-like N connecting with two carbon atoms
and contributing two 7z electrons to the 7z system, (iii)
quaternary-like (graphitic-like) N substituting one carbon atom
within the graphene lattice. Experimentally, the specific
bonding types of nitrogen can be controlled in the synthesis
process."”” Most importantly, N doping is able to introduce

holes on graphene sheets that facilitate electrolyte penetration
and ion transport.”?

Parallel to experiments, theoretical studies revealed that N
doping can effectively tailor the electronic property and
chemical reactivity of graphene.”*~*® For instance, N dopants
in graphene as electron donor result into band shift to
accommodate extra electrons.”* Comparison of electronic
structures of N-doped graphene, including graphitic, pyridinic
and pyrrolic nitrogens, showed that the pyridinic graphene has
strongest electron deficiency for accepting electrons.”
Theoretical efforts have also been devoted to understanding
the fundamental properties and electrochemical behavior of N-
doped graphene electrode materials for batteries.”” > Yan and
co-workers™ investigated O, adsorption and dissociation on
the surface of pristine and N-doped graphene as electrode for
Li-air batteries, suggesting that N-doped graphene can serve as
catalyst for O, dissociation reaction. Wu et al.*® investigated Li
adsorption, diffusion, and desorption in pristine, B- or N-doped
graphene. Among them, N-doped quaternary-like graphene
exhibited lower diffusion and desorption barrier; thus it is a
promising anode material with high-rate charge/discharge
ability for Li-ion batteries. Ma et al.>" predicted that pyridinic
graphene is most suitable for Li storage with reversible capacity
reaching 1262 mAh/g, which is higher than the experimental
result of 1043 mAh/g.** That is to say, graphene materials with
pyridinic defects synthesized in experiments would be more
appropriate as anode for Li battery.
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Despite the aforementioned progresses, there are still many
unclear issues about the nitrogen-doped graphene as electrode
material for supercapacitors. For example, will these hole
defects degrade the thermodynamic stability and electrical
conductance of the graphene electrode? Will graphene sheets
with various holes still retain their excellent mechanical
strength? What is the optimal shape and size of holes for ion
diffusion? Which kind of C—N bonding configuration is
responsible for the enhanced electrocatalytic activity of N-
doped graphene? Certainly, a thorough theoretical investigation
at atomistic scale is imperative for optimizing the micro-
structures of graphene-based electrode materials and improving
the performance of supercapacitors.

To shed some light on these critical issues for the graphene-
based electrode materials of supercapacitors, here we carried
out density functional theory (DFT) computations on the
thermodynamic stabilities, mechanical properties, diffusion
behavior and transport properties of undoped and N-doped
graphene with different geometries of holes, aiming to enhance
the performance of supercapacitors by appropriate incorpo-
ration of holes. Compared to the undoped graphene, N-doped
graphene with pyridinic-like holes (especially hexagonal holes)
are thermodynamically more stable and retain their excellent
mechanical properties. Within the optimal diameter (4.2 A to
10 A), the N-doped graphene sheets with pyridinic-like
hexagonal hole not only allow fast diftusion rate for electrolyte
ions but also possess preferable electron transmission property.

2. STRUCTURAL MODELS

Starting from a perfect graphene sheet, we introduced the
pyridinic-like and pyrrolic-like nitrogen dopants as previously
observed in XPS experiments'’ to explore hole effect. In the
case of pyridinic-like doping, three series of holes in different
shapes (i, triangle, rectangle, and hexagon) have been
considered to investigate the hole shape effect. For comparison,
we considered undoped graphene sheets with same shape of
holes. Here hole diameter (d) is defined as incircle diameter for
the hexagonal and triangular holes, and diagonal length for the
rectangular holes, respectively.

We adopted two kinds of simulation supercells for graphene
sheets: (i) 160 carbon atoms with dimensions of 24.6 A X
17.06 A for the pyridinic-like holes with triangular and
rectangular shapes; (ii) 240 carbon atoms with dimensions of
24.6 A X 25.59 A for the pyridinic-like holes of hexagonal shape
and the pyrrolic-like holes of triangular shape. On the periphery
of holes, the carbon atoms with dangling bonds were
substituted by nitrogen to further construct N-doped graphene
sheets (see Figure 1), whereas all edge dangling bonds are not
passivated for undoped graphene for a direct comparison. It is
known that a graphene lattice has two sets of sublattices. Our
test calculations show that creating hole or substituting N on
different sublattice atoms has a negligible effect on the
computational results of relevant physical properties such as
edge formation energy.

3. COMPUTATIONAL METHODS

All first-principles calculations were performed using the spin-polarized
density functional theory with the projector-augmented wave (PAW)
method,>**** as implemented in the Vienna Ab initio Simulation
Package (VASP).*** The Perdew-Burke-Ernzerhof (PBE) functional
within the generalized gradient approximation (GGA) was employed
to describe the exchange-correlation interaction.®® The valence
electron states were expanded in a plane wave basis with kinetic

energy cutoff of 380 eV. The 2 X 3 X 1 and 2 X 2 X 1 Monkhorst-Pack
k grids were used for sampling the Brillouin zones of the 24.6 A X
17.06 A and 24.6 A X 25.59 A supercells, respectively. To avoid
interaction between adjacent graphene layers, each graphene sheet was
separated by 12 A of vacuum. The convergence criteria of structural
optimization were chosen as maximum force on each atom less than
0.02 eV/A and energy change less than 1 X 107* eV. Our test
calculations showed that further increasing cutoff energy or k grid only
leads to little changes on the computational results.

Taking KCI as a representative electrolyte,*”*® we simulated the
diffusion behaviors of K* and CI™ ions. The positive (negative)
charged ion was modeled by removing (adding) one electron from the
simulation supercell. Bader analysis® demonstrated that this positive
(negative) charge mainly resides on the K* (CI”) ion. The climbing-
image nudged elastic band (CI-NEB) method*® was used to search
saddle points and determine the minimum energy path during the
diffusion path of K" and CI™ ions through different holes by
minimization of a set of intermediate images between two known
configurations. The spring constant between adjacent images was set
as 5.0 eV A™". Each path was interpolated by fitting a cubic polynomial
through all images, guided by the force tangent to the reaction
coordinate.

The electrical transmission coefficients of undoped and N-doped
graphene sheets with inclusion of different holes were calculated using
the Keldysh non-equilibrium Green’s function (NEGF) formalism
implemented in the Nanodcal code.*"* The transport boundary
conditions were treated by real-space numerical procedures. The
quantum transmission was calculated by including self-energies for
coupling of a 2 nm wide scattering region with one hole inside
graphene sheet along the direction of electrodes under zero bias
voltage. Along the direction of electrodes, the scattering region is finite
while the left and right electrode regions are periodic. Both left/right
electrodes are modeled by 24-atom cell of graphene sheet with
dimension of 12.79 A X 4.93 A (see Figure S in the Supporting
Information).

4. RESULTS AND DISCUSSION

4.1. Formation Energies of Hole Edge. Thermodynamic
stability is a crucial factor for an electrode material of
supercapacitors, especially for the graphene sheet with certain
amount of holes. Since the hole periphery can be regarded as
crimping edges into a loop, we discussed stabilities of the hole
edges in terms of formation energies and aimed to elucidate the
role of hole and nitrogen doping. Here formation energy per
unit length of edge, i.e., edge formation energy (Ef, eV/A), was
adopted to describe the thermodynamic stability of hole edge,
which can be computed by the following formula

EL=(E —xE. - 2E )/L
F C\N, CT N 1)

where Ec y, is the energy of system with hole, E¢ is the energy
per C atom in perfect graphene, Ey is the energy of an isolated

N, molecule, and y denotes number of N atoms, respectively.
By definition, a positive Ef means that hole generation is an
endothermic process, while a negative value indicates an
exothermic one. Therefore, Ef can be used to compare
thermodynamic stability of the holes of different sizes and
shapes inside a graphene sheet.

Figure 2a—c displays Ef as a function of hole diameter d for
the pyridinic-like holes of different shapes (triangular,
rectangular, and hexagonal) in the undoped and N-doped
graphene sheets, corresponding to the structural models in
Figure la—c. To compare the thermodynamic stabilities of
different bonding types, Ef for pyrrolic-like triangular holes of
the undoped and N-doped graphenes are also depicted in
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Figure 2. Ep as a function of d with different hole shapes: (a)
triangular, (b) rectangular, and (c) hexagonal holes for pyridinic-like;

and (d) triangular for pyrrolic-like referring to that in the undoped and
N-doped graphene sheets.

Figure 2d. For all systems explored, the edge formation
energies are positive; thus hole formation in graphene sheet is
always endothermic with reduced thermodynamic stability. For
every kind of holes, E} increases with d, and then gradually
converges to the formation energy of graphene edge. The
computed E}, for zigzag-edged holes (without nitrogen doping)
with large d is close to the formation energy for the zigzag edge
of gra})hene (1.15—1.31 eV) from previous DFT calcula-
tions.”~* In addition, Ef of the pyrrolic-like hole in undoped
graphene is higher than that for the pyridinic-like hole with
comparable size, suggesting that formation of a pyrrolic-like
hole is less energetically favorable. In short, formation energy of
a hole defect depends sensitively on the detailed bonding
environment.

Compared to the undoped graphene systems, although hole
formation energies for N-doped graphene sheets are still
positive, the amplitude of Ef is significantly reduced by about
0.2—0.7 eV. In other words, holes on graphene sheet are in
favor of N doping. For a 2D graphene sheet with three-
coordinated sp2 hybridization, there are dangling bonds at the
hole edge due to unsaturated o electrons. When a N atom
replaces a C atom on the hole edge, two extra p electrons from
N atom form a lone pair, which cancels the dangling bonds and
partially stabilizes the system.

Instead of hole periphery, we also placed the substitutional N
atom in the interior of graphene sheet and computed the
corresponding formation energies E} of N dopant as

Eé\l = (ECxNy — xE; - y/ZENZ)/y (2)

The computed E} for N dopant on hole edge and interior site
are plotted in Figure S2 in the Supporting Information for

different hole shapes. For all systems considered, nitrogen
doping at the hole edge are always energetically more favorable
than the interior site by 0.47—0.66 eV, in agreement with
previous theoretical report for hydrogenated zigzag graphene
nanoribbon (0.59 €V).*® Therefore, the C atoms on hole rim
can be more easily substituted by N atoms than the interior C
atoms. This is consistent with experimental observations'>*®
that formation of C—N bond occurred at the edges of graphene
sheet where the chemical reactivity is high.

From the above discussions of formation energies, creating
different zigzag-edged holes on N doped graphene sheet only
costs moderate energy penalty of 0.20—0.31 eV/A, whereas a
formation energy of 0.51—1.05 eV/A is required for undoped
graphene sheet. Therefore, N doping on the pyridinic-like hole
in graphene is easier from thermodynamic point of view.

4.2. Diffusion Behavior. Ion diffusion in electrodes is
critical in determining the power performance and energy
efficiency of supercapacitors.”’” Obviously, hole size is a key
factor affecting the diffusion behavior of ions. For example,
Raymundo-Pinero et al.*® showed that an adequate hole size is
important to achieve high capacitance and found a maximum
capacitance for hole sizes of 0.7 nm and 0.8 nm in aqueous and
organic electrolytes, respectively. Chmiola et al*’ revealed
anomalous increase in capacitance of about 13 uF/cm* when
the hole size is less than the size of solvated ion (~1 nm) in an
organic electrolyte.

It is well-known that the diffusion constant is mainly
determined by the activation barrier,* that is, lower activation
energy means faster diffusion rate. Taking K" and CI” ions as
representatives, we calculated their diffusion barriers for
penetrating the undoped and doped graphene sheets with
different holes towards a better understanding of ion transport
in those channels. At the beginning, a K* or Cl” ion was placed
far away from the hole with a vertical distance of 3 A along the
center of hole. Then this ion vertically passed through the hole
with a step of 0.5 A until reaching a vertical distance of 3 A on
the other side. The detailed energy profiles along the diffusion
paths for every hole are given in Figures S3—S6 of the
Supporting Information. To present an overall picture, the
diffusion barriers of K" and Cl™ ion for the undoped or N-
doped graphene are plotted as function of hole size d in Figures
3 and 4, respectively.

From our theoretical results, one can see that the influence of
hole shape on activation energy is insignificant and the hole size
effect is dominant. No matter the existence of nitrogen dopants,
when hole diameter is substantially larger than 10 A, the energy
barriers are close to zero, implying interaction between
graphene hole edge and diffusive ion is negligible. Further
increasing hole diameter only favors ion penetration very little
but certainly degrades the thermodynamic stability and
mechanical property of the graphene sheet (which will be
discussed later). On the other hand, as hole diameter goes
down to <4.2 A, which is comparable to ion diameters (3.28 A
for K and 3.62 A for CI”'), the energy barrier for ion
penetration dramatically increases owing to steric effect. This
finding coincides well with previous experimental results by
Salitra and co-workers that a hole diameter above 4 A can be
active in electric double layer charging in aqueous solution.>

For the intermediate hole diameters between 4.2 and 10 A,
the amplitudes of energy barriers are usually less than ~1 eV for
the undoped graphene systems, which means that the ion can
overcome the barriers and permeate the hole in a moderate
range of operating temperatures. Previously, Beguin et al
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Figure 3. Activation energy for the K' ions passing through (a)
undoped graphene and (b) N-doped graphene with different hole
diameters (d).
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Figure 4. Activation energy for the Cl™ ions passing through (a)
undoped graphene and (b) N-doped graphene with different hole
diameters (d).

concluded that the optimal hole diameter for EDL capacitance
is 7 A in aqueous media and 8 A in organic electrolytes,
respectively.*® In addition, as shown in Table 1 and Figures S3

Table 1. Activation Energies (eV) for the K* and CI Ions
Passing through the Undoped Graphene and N-Doped
Graphene with Different Hole Diameter (d)

undoped graphene N-graphene
d (&) K* Cl K* CI~
triangular 2.8 8.46 3.30 9.18 7.38
42 4.03 0.87 133 0.93
5.5 —0.78 —0.78 -1.18 0.65
6.9 —0.54 —0.65 —0.99 0.40
rectangular 3.8 7.50 1.64 5.50 4.95
6.4 —0.75 —0.77 —1.83 1.56
7.9 —0.62 —0.47 —-1.75 0.87
10.2 —0.43 —0.35 —1.53 0.40
hexagonal 6.4 —0.75 —0.77 —1.83 1.56
10.5 —0.67 —0.36 —0.64 0.46
14.7 —0.18 —0.16 —0.17 0.23
19.0 -0.13 —0.09 —0.03 0.17
pyrrolic-like 3.5 8.89 1.40 5.84 2.88
5.8 —-1.94 —0.66 —-142 0.55
8.1 —0.94 —0.46 —0.74 0.31
10.7 —0.18 —0.26 -0.27 0.23

and S$4 in the Supporting Information, the energy barriers are
negative for K" and Cl™ ions when hole diameter is greater than
4.2 A, corresponding to a trapping state for an ion located at
the hole center. For an elemental reaction, negative activation
energy means that the reaction occurs without energy barrier
and the reaction rate decreases with increasing temper-
ature.”*~*° For ion diffusion in supercapacitors, however, the
ion has to climb out of the negative-energy trap in order to pass
through the hole. Note that the hole attracts both cations and
anions, because that the charging state of unsaturated bond of
carbon has two possibilities: either as donor state to release
nonbonding electron or as acceptor state to receive additional
electron. However, the edge dangling bonds in the realistic
graphene electrode are very likely saturated by functional
groups in the aqueous solutions, which may affect the specific
values of the penetration barriers for ions.

After doping with N atom as electron donor, the diffusion
barriers of holes become more negative for K" ion and more
positive for Cl™ ion simply due because of the electrostatic
interaction (see Figures SS and S6 in the Supporting
Information). By comparison, the energy barriers of N-doped
systems slightly overtop that of the undoped counterparts. This
phenomenon can be explained in terms of the electronegativity
(3.04 for N and 2.55 for C°). Higher electronegativity means
stronger chemical activity. Although the electrochemical
processes are governed by a number of parameters, N-doped
graphene as electrode is expected to exhibit enhanced
capacitance because of the stron%er binding energy for K*
ion. As pointed out by Jeong et al,,'> stronger binding energy of
potassium results in more ions accommodated on the electrode
surface, which contribute to the increased capacitance.

The above results clearly indicate that charging state and
bond saturation of carbon or nitrogen atoms on the hole
periphery have significant influence on the ijon transport
behavior and capacitance of graphene electrodes. Our
theoretical finding highlights the need for fine tuning size and
bonding state of holes in porous electrode materials for
supercapacitor applications.” % Experimentally, it was found
that the amount of micropores plays a crucial role in ion
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Figure 5. Schematic diagram of cylindrical pore on graphene sheet; d is hole diameter and d, = 3.34 A is the vdW distance between graphene layers.

Table 2. Intrinsic Strength (), and Critical Failure Strains (§) for Different Systems

Undoped N doped
Ny | d(A)| Structure
7(GPa) | 0(%) | ©(GPa) | J (%)
quaternary-like | 0 0 114.7 25 114.5 23
triangular 1 2.8 99.3 16 88.7 13
triangular 9 5.5 55.2 10 57.2 9
rectangular 2 3.8 81.4 13 76.0 12
Hexagonal
6 6.4 68.3 11 70.1 13
(rectangular)
pyrrolic-like 3 3.5 74.1 11 60.4 10
pyrrolic-like 12 | 5.8 52.4 10 50.7 10

accumulation in terms of ion adsorption behavior and these
: ; L 49,61
pores must be electrochemically accessible of ions.
The theoretical specific capacitance of supercapacitor'* can

be calculated by
C=eg,A/l 3)

where A is the effective specific surface area, [ is the thickness of
electric double layer, €, is vacuum permittivity (8.85 X 107> F/
m), and ¢ is relative dielectric constant of the electrolyte. For a
given system, C is primarily determined by A while the other
factors remain constants. To qualitatively estimate the
capacitance of graphene electrode with holes or N dopants,
in Figure 5 we built a structural model for the graphene sheet
with cylindrical hole surface, where d is hole diameter and d, =
3.34 A is the vdW distance between graphene layers. After a
hole is incorporated, the change of effective surface area can be
approximated as

AA = nddy — nd*/4 (4)

1118

where the first term is effect surface area of the hole edge that
corresponds to a cylinder with height d, (see Figure S), the
second term is circular area of the hole. According to eq 4, as
long as d < 4d, or d < 13.36 A, the effective surface area
increases (AA > 0) and thus the capacitance is enhanced. When
the hole edge atoms are further doped with N, the stronger
binding between N and K*/CI ion would further increase the
effective specific surface area, even though the geometry
remains the same. In brief, graphene electrode with appropriate
hole and N doping can enhance the specific capacitance.

In addition, because the realistic supercapacitors operate with
electrolyte solution, the solvent effect is important. Since VASP
is not able to simulate solvation effect, here we employed
DMol® p1'og1‘21m62’63 to consider the aqueous (H,0) and
organic (acetonitrile) electrolytes64 using the so-called
conductor-like screening model (COSMO).®® Our test
calculations of the diffusion behaviors of K* and CI” ions
inside solvents (shown in the Table Sl in the Supporting
Information) demonstrate that only the absolute values of the

9 dx.doi.org/10.1021/am403427h | ACS Appl. Mater. Interfaces 2013, 5, 11184—11193
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Figure 6. Transmission spectra of (a) graphene and (b) N-doped graphene with different hole shapes and sizes at zero bias voltage.

activation energy are systematically shifted by the choice of
electrolyte solution, whereas the major conclusions such as the
optimal hole size are not affected by solvent effect.

4.3. Intrinsic Strength. The stiffness and strength of the
electrode material are the key factors of a supercapacitor for its
long-term stability and fading of capacity upon cycling. Here we
investigated the effects of holes shape or N-doping on the
intrinsic mechanical properties of graphene sheets as electrode
materials. Starting from the equilibrium supercell structures of
N-doped and undoped graphene systems of the same
dimension (24.6 A X 17.06 A), one hole of various shapes
and diameters (pyridinic-like: 2.8 and 5.5 A for triangular, 3.8 A
for rectangular, 6.4 A for hexagonal or rectangular, correspond-
ing to one, nine, two, and six vacancies, respectively; pyrrolic-
like triangular: 3.5 and 5.8 A, corresponding to three and twelve
vacancies, respectively) was introduced into the graphene sheet,
as shown in Table 2. For a better comparison and to elucidate
the role of N doping, we also considered quaternary-like system
in which one N atom substitutes the C atom in the perfect
graphene lattice.

Along the zigzag direction of graphene sheet, a series of
uniaxial tensile strains were gradually applied with 1%
increment, while the atomic coordinates were fully relaxed at
each strain step. At given strain, the stress was computed
directly for the simulation supercell using the stress
theorem®®” and then rescaled by a factor of Z/d, to obtain
the equivalent stress on the graphene sheet, where Z = 1.2 nm
is the thickness of vacuum space and d, = 0.334 nm stands for
the van der Waals thickness of graphene layer.%®

Table 2 summarizes the calculated intrinsic strength (z) and
critical failure strains (5) for different systems. The detailed
theoretical stress-strain curves for every system are plotted in
Figure S7 in the Supporting Information. For the perfect
graphene sheet, our theoretical Young’s modulus and intrinsic
strength along the zigzag direction are ~1 TPa and 120 GPa,
respectively, which coincide well with the experimental values
(about 1 TPa and 130 GPa ).%

In the case of undoped graphene systems, the intrinsic
strength generally reduces with increasing number of vacancies
(ie,, hole size), which is roughly proportional to the number of
broken C—C bonds and inversely proportional the energy

penalty to rupture the graphene sheet. The variation trend for
intrinsic strengths from present first-principles calculations
compare well with previous MD simulations.”” In the range of
the best hole diameters (4.2—10 A) for the different hole
shapes, the system with pyridinic-like hexagonal hole has large
effective aperture and still retains good intrinsic strength (about
70 GPa).

Substitutional doping with nitrogen keeps the mechanical
strength of graphene sheet almost invariable and leads to only
little reduction in the failure strain (by 2%), because that
incorporation of N atoms in graphene lattice does not really
interrupt & conjugate electrons. Comparing to the undoped
systems with pyridinic-like hole defects, the intrinsic strengths
of most N-doped graphene sheets with the same holes are
smaller by <10%. Meanwhile, the intrinsic strength of N doping
with pyrrolic-like triangular hole of 3.5 A and 5.8 A diameters
decrease by 18 and 3%, and the corresponding failure strains
decrease by <1%. In the range of optimal hole diameters (4.2—
10 A), the N-doped system with pyridinic-like hexagonal hole
not only preserves good intrinsic strength, but also possesses
even better mechanical propertie with regard to the undoped
counterpart.

According to our theoretical analysis, the N-doped graphene
sheets with pyridinic-like holes (especially hexagonal shape with
hole diameter of 6.4 A) possess good permeability and retain
the excellent mechanical properties of pristine graphene
simultaneously, both of which are essential for the fast
charge/discharge rate and long cycle life of electrode materials
in supercapacitors. In experiment, Jeong et al. reported that the
supercapacitors with nitrogen-doped graphene electrode
possess high capacitance (~280 F/guecroqe) in which the
pyridinic-like N dopant plays a major role and superior cycle
life (>200 000 cycles)."

4.4. Electronic and Transport Properties. Graphene
with superior electrical conductivity is regarded as a good
electrode material of supercapacitor.”' Characterization and
understanding of the quantum transport properties of graphene
electrodes are thus of fundamental importance for the practical
applications of supercapacitor. Intuitively, the structural defects
and nitrogen dopants in graphene sheet are expected to create
higher density of active sites available for electron gain/loss on
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the one hand; but break part of the intrastratal transport
channels on the other hand. It is still unclear yet which effect
plays a more dominant role in the transport properties for the
N-doped graphene.

From the above theoretical results of the thermodynamic
stabilities, mechanical properties and diffusion behaviors, N-
doped graphene with pyridinic-like holes is in favor of serving
as electrode material for supercapacitor. In experiments, it was
shown that the specific doping type in N-doped graphene
materials can be controlled by the catalyst preparation
method.”? Therefore, in this subsection, we explore the effects
of hole defect and N-dopant on the intrastratal transport
properties of undoped and N-doped graphene sheets only with
pyridinic-like holes using nonequilibrium Green’s function. The
following models in Table 2 were considered: (i) N-doped and
undoped graphene systems with one pyridinic-like hole of
various shapes and diameters (2.8 A and 5.5 A for triangular,
3.8 A for rectangular, 6.4 A for hexagonal/rectangular); (ii)
quaternary-like system to distinguish the role of N dopants and
hole defect.

Figure 6 presents the transmission spectra of undoped and
N-doped graphene at zero bias voltage. When the number of
vacancies is less than nine, all systems present zero transport
gap like the pristine graphene,”” implying that conduction
electrons can transmit across the hole boundary perfectly.
However, compared with the pristine graphene, their trans-
mission coefficients are lower by about 19-68%. In other words,
defects reduce the number of in-plane conduction channels and
thus increase the resistivity. Such decline of electron trans-
mission is more pronounced when the hole becomes bigger
(ie, with more vacancies). Beyond nine vacancies, there
appears a defect-induced transport gap by about 2 eV, which
would hinder electron conduction.

From Figure 6b, we can see that the transmission functions
for the N-doped graphene systems with holes or without holes
are comparable when the number of vacancies per hole is less
than nine. Although the transmission coefficients of N-doped
graphene sheets are still lower than that of pristine graphene,
incorporation of nitrogen atoms seems to be able to prevent
electron transport from further reducing, that is, the trans-
mission spectra for N-doped graphene sheets with quaternary-
like impurity (N, = 0), and pyridinic-like holes of triangular (N,
= 1), rectangular (N, = 2), hexagonal (N, = 6) shapes are close
to each other. We further analyzed the electronic properties of
N-doped graphene in terms of N-induced redistributions of
charge density (Table 3). One can see formation of strong C-N
bonds and the electrons are mainly localized on nitrogen atoms.
Both of which would induce electron conductivity similar to the
Anderson localization effect.”* The present theoretical results
agree well with experiment,”® in which N doped graphenes have
lower conductivity with regard to pristine graphene. Most
importantly, within the range of the optimal hole diameters
(4.2—10 A) of different shapes, the system with pyridinic-like
hexagonal hole has preferable transmission characteristics which
is crucial for the application of graphene electrode.

The above analysis of electronic properties shows that N-
doping leads to accumulation of electrons on N atoms. This
could generate high pseudocapacitance since N atom acts as
electron donor to attract protons, in line with the results of ion
diffusion where the N dopant exhibits the largest binding
energy difference for potassium ion of the electrolyte compared
to that of the pristine graphene."> Experimentally, electrical
measurements also demonstrate that the high capacitance of
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Table 3. N-Induced Charge Redistribution Characterized by
the Charge Density (p,—p;) Distributions with Different
Hole Shapes for Pyridinic-Like and for Quaternary-Like
System®

Ny | d(A) Structure
quaternary-like 0 0
triangular 1 2.8
rectangular 2 3.8
Hexagonal 6 6.4
(rectangular)
triangular 9 5.5

“Yellow and grey-blue represent the positive and negative charges,
respectively. The isosurface value is set as +0.02 e/A’.

144.6 F/g at 0.2 A/g for N-doped graphene might be the
consequence of pyridinic nitrogen inducing electron donor
properties to the layer.”®

5. CONCLUSIONS

To briefly summarize, here we theoretically exploited several
critical issues of N-doped graphene sheets for their applications
as electrode of supercapacitors. It was found that N-doped
graphene with pyridinic-like hole are more thermodynamic
stable and still retain their excellent mechanical properties,
particularly for hexagonal holes. Moreover, the holes with
average size from 4.2 to 10 A allow the diffusive ions to
penetration, resulting in increased capacitance. Although the
transmission function for the N-doped graphene systems is
lower than that of pristine graphene, they can retain a certain
number of conduction channels from further reducing. Overall
speaking, our first-principles results indicate that the N-doped
graphene sheets with pyridinic-like hexagonal hole of optimal
diameters (4.2—10 A) stand out for reasonable thermodynamic
stability, good intrinsic strength, and appreciable transmission
spectrum. No doubt, the present theoretical findings will be
important in guiding design of graphene-based materials as
electrode for supercapacitor devices.

B ASSOCIATED CONTENT

© Supporting Information
Hlustration of the graphene-based devices for transport,
formation energy of nitrogen doping, diffusion barriers for K*
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and Cl” ions, activation energies of K" and CI™ ions with
different solvent effect and stress-strain curves of undoped and
N-doped graphene sheets are provided. This material is
available free of charge via the Internet at http://pubs.acs.org.
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