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In this work, we performed density functional theory (DFT) analysis of nitrogen (N)- and boron (B)-doped
graphene, and N,B-co-doped graphene as potential catalysts for rechargeable non-aqueous sodium-—air
batteries. Four steps of an NaO, growth and depletion mechanism model were implemented to study
the effects of B- and N-doped and co-doped graphene on the reaction pathways, overpotentials, and
equilibrium potentials. The DFT results revealed that two-boron- and three-nitrogen (pyridinic)-doped
graphene exhibited plausible reaction pathways at the lowest overpotentials, especially during the
charging process (approximately 200 mV), thus, significantly improving the oxygen reduction and

oxidation reactions of pristine graphene. In addition, pyridinic nitrogen-doped graphene meaningfully

iii:g;%zgtﬁﬂgyzgggo increased the equilibrium potential by approximately 0.30 eV compared to the other graphene-based
materials considered in this study. This detailed DFT study provides valuable data that can be used for

DOI: 10.1039/d0ra03126g the successful development of low-cost and efficient graphene-based catalysts for sodium—air battery
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1. Introduction

In an attempt to make batteries viable for use in future
transportation, there has been significant research and
development of rechargeable metal-air batteries (Li-, Na- and
Zn-0,/air batteries)."” A sodium-air battery (Na-O,) consists
of sodium metal as the anode and an air/oxygen cathode in
which environmental oxygen can be used. Recently, there has
been considerable interest in Na-O, due to its relatively high
energy density and capacities, operation at low dis/charge
overpotentials, high electrical energy efficiency (approxi-
mately 90%), and operation over multiple cycles with chem-
ical reversibility comparable to that of lithium ion
batteries.**> Most importantly, due to the abundance of
sodium in the Earth's crust (approximately 2.6% by weight,
nearly 4-55 orders higher than that of lithium), the cost of
a rechargeable sodium-air battery is the lowest compared
with other battery technologies (Fig. S1}).** It is preferable to
use low-cost rechargeable sodium-air batteries in electric
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systems operating with non-aqueous electrolyte.

vehicles (EVs) and hybrid electric vehicles (HEVS) to compete
with conventional automobiles built with internal combus-
tion engines.****

A non-aqueous sodium-air battery system can be con-
structed by combining a porous carbon material as an air/
oxygen cathode and pristine sodium metal as an anode
material. In the discharge process, NaO, or Na,O, can be
produced by the reaction of O, or O, at the air cathode with
that of Na* produced from the sodium anode. These solid
discharge products (NaO,/Na,0,) can accumulate onto the air
cathode material and easily clog the diffusion pathways,
resulting in the deterioration of Na-O, battery performance
due to the steric barrier for Na‘/O, diffusion.'® In addition,
during the charging process of the Na-O, battery, the polari-
zation is increased due to the over-accumulation of insoluble
discharge products, which have a very low electrical conduc-
tivity, and thus tend to exhibit sluggish reaction kinetics
during the oxygen reduction reaction (ORR) and oxygen
evolution reaction (OER)."*

Therefore, development of inexpensive, stable, and highly
efficient air cathode materials with high catalytic efficiency for
the OER and ORR is of high importance for the development of
efficient non-aqueous rechargeable Na-O, batteries.”>™
Different air cathode materials have been used to improve the
sluggish reaction kinetics. These include carbon-based,'®**>
noble metals,**® metal oxides,”** and metallic alloys,**** and
they are among the numerous proposed potential catalysts for
ORR and OER. In particular, carbon-based materials are
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advantageous for such uses due to their large specific surface
area, high conductivity, and low cost.

Graphene, a two-dimensional nanomaterial with sp>-bonded
carbon atoms, is widely used as a cathode material in metal-air
batteries due to its extraordinary properties such as lightest
weight (approximately 2 g cm ), ultrahigh theoretical surface
area (2630 m> g~ !),3*% extremely high chemical stability,>3°
and superior electronic conductivity and mechanical strength
(100-300 times higher than steel).*”*®* However, its application
in various energy-related devices is limited due to the unusual
semi-metallic nature of graphene with its zero band gap at the
Dirac point.* Although some methods exist for opening the
zero band gap in graphene,**** heteroatom doping has proved
to be effective in improving the semiconducting properties of
graphene. The dopant atom modifies its electronic band
structure and opens up an energy band gap between the valence
and conduction bands.'®93-¢

There has been great interest in nitrogen- and boron-doped
graphene sheets due to the comparable atomic sizes between N
and B and the C atom and their strong probability of entering
a graphene lattice and forming p-type and n-type semi-
conducting graphene, which allows the fabrication of modern
graphene-based electrochemical energy storage materials.”>*
Experimentally, it has been proved that graphene nanosheets
(GNSs) can act as potential cathode materials in Na-air
batteries, with a high discharge capacity at a high current rate
and stable cycling behavior that was maintained up to 10
cycles.*® In another study by Li et al.** nitrogen-doped graphene
nanosheets (N-GNSs) were studied as a cathode material in Na-
O, batteries. They reported that the N-GNSs exhibited more
optimal electrocatalytic activity for the ORR and lower over-
potentials than pristine GNS. Additionally, the results also
revealed that the discharge capacities of N-GNSs were twice as
much as those of pristine GNSs at all considered current
densities.*® The experimental results showed that the syner-
gistic effect of N and B co-doped graphene materials also
increased the cathodic current in acidic and basic medium,****
proving enhanced performance of N,B co-doped graphene
towards the ORR process.

Apart from experimental studies, the computational insights
into ORR/OER are also a useful tool to carefully investigate the
catalytic mechanism in non-aqueous metal-O, batteries. A
recent computational analysis of non-aqueous Li-O, batteries
indicated that heteroatom-doped graphene can significantly
reduce the activation barrier of O, evolution in the OER
pathway.'*** Among the five N-doped graphene configurations
studied by Jing and Zhou," in-plane pyridinic N-doped gra-
phene exhibited a more optimal performance in the catalytic
activity of the ORR process. A density functional theory (DFT)
analysis also predicted that B-doped graphene can be a good
catalyst in Li-air batteries by reducing the oxygen evolution
barrier due to its p-type behavior.*

Recently, the ORR/OER performance of pristine graphene,
N-, B-doped graphene, and N,B co-doped graphene was pre-
dicted using DFT for potential catalysts for the ORR/OER in
non-aqueous Li-O, batteries. It was found that B-doped gra-
phene presents the lowest discharge and charge overpotentials
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compared with N,B co-doped graphene, indicating the best
catalyst for both the ORR and the OER processes in Li-air
batteries.’® Despite the experimental investigation of the
performance of doped graphene in non-aqueous-based Na-O,
batteries, there is limited information regarding the theoret-
ical prediction of ORR/OER mechanisms. Moreover, to the
best of our knowledge, there is no theoretical information
regarding the effect of doped graphene on the growth/
depletion of NaO,, which is the main discharge product in
Na-O, batteries, on B- and N-doped surfaces and their co-
doped graphene in Na-air batteries.

Herein, DFT calculations were employed to investigate the
catalytic activity of pristine graphene, B- and N-doped gra-
phene, and B,N co-doped graphene materials towards ORR/
OER for an Na-O, battery system operating with an aprotic
electrolyte. The effect of doping heteroatoms (B and N) on
graphene sheets at various doping concentrations on NaO,
growth and depletion pathways, overpotentials, and equilib-
rium potentials was studied. Moreover, the charge transfer
properties of pristine, doped, and co-doped (B and N) gra-
phene materials were investigated using Bader charge anal-
ysis. A 6 x 6 x 1 graphene supercell containing 72 carbon
atoms was arranged to examine the catalytic effect of hetero-
atom doping in ORR/OER mechanism studies. The number of
B and N dopant atoms were increased from one to two and one
to three, respectively, in the graphene structure, and doping
occurred by substituting some of the carbon atoms of the
graphene. Furthermore, N,B-co-doped graphene structures
with separated and bonded sites were also considered in this
study. This detailed computational investigation on hetero-
atom (B and N)-doped and co-doped graphene will increase
our understanding of the NaO, growth and depletion (ORR/
OER) processes in rechargeable non-aqueous Na-O, batteries
and will provide clues regarding the design of novel doped
graphene-based catalysts for rechargeable non-aqueous
sodium-air batteries.

2. Computational details

DFT®% calculations were performed with the grid-based
projector-augmented wave method (GPAW) code®*> through
the atomic simulation environment (ASE).** A real space grid
basis set on the projector augmented wave (PAW) function
method with frozen core approximation®*** was used with 0.18
A grid point spacing. Electron exchange and correlation was
managed by the generalized gradient approximation (GGA) of
the Perdew-Burke-Ernzerhof (PBE) functional.®* A6 x 6 x 1
graphene supercell with 72 carbon atoms was employed for all
structures considered in this study. Heteroatom (B and N)
doping on graphene sheets was possible by substituting some
of the carbon atom/s of the graphene sheet with the
heteroatom/s of interest. The vacuum layer along the z-axis
was set to be 20 A to avoid any interlayer interactions in all
calculations. The k-points were sampled with 4 x 4 x 1 Mon-
khorst-Pack grids, and 0.18 A grid point spacing is used.
Atomic energy optimization calculations were performed until
all forces were less than 0.03 eV A~'. The charge population

This journal is © The Royal Society of Chemistry 2020
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was calculated by using Bader charge analysis. The stability of
the chosen structures was estimated from the formation
energies using the following equation:

Ey = Ega — ZNiﬂi (1)

where E; denotes the formation energy, Eg,p denotes the DFT
total energy calculated for the slab model, and N; and p;
represent the total number and chemical potential of each
atom, respectively. The chemical potential of carbon (uc) is
defined as the total energy of graphene per carbon atom, and
the chemical potential (uy) of N is taken as one-half of the total
energy of the N, molecule in the gas phase. The chemical
potentials of the other atoms were obtained from their bulk
phases. According to eqn (1), the E; of pristine graphene is
naturally set to be zero and taken as the reference.

To identify a potential-limiting step, thermodynamic free
energy diagrams were calculated for the ORR/OER in the gra-
phene, B- and N-doped and their co-doped graphene surfaces as
a function of electrode potential (U). Thermodynamic potentials
for the charging and discharging processes were deduced by
calculating free energies of all intermediates shown in the
elementary reaction steps. It is assumed that Na® + e~ are in
electrochemical equilibrium at U = 0 V with a bulk Na metal. It
is also assumed that the electrochemical potential of an elec-
tron shifts by —eU when electrode potential U initiates accord-
ing to Nernst equation (U, = AG/ne), where AG denotes the
change in Gibbs free energy, n denotes the number of electrons
involved with the electrochemical reaction, and e indicates the
elementary charge. We defined overpotential for the discharg-
ing (charging) process as the maximum (minimum) potential to
shift the free energies of all intermediates of ORR/OER
downhill.

Large systematic errors in the description of superoxides,
peroxides, and monoxides have previously been documented by
various groups and have been accounted for in various ways.*”-*
Here, we adopted the approach of Christensen et al.*® using
NaCl as an indirect reference for sodium in order to better
account for the oxidation state of Na in the Na-O, system. This
approach was chosen because it significantly reduces system-
atic errors while allowing consistent calculation of surfaces with
oxide species in different oxidation states required for studying
reactions in Na-O, batteries. To compensate for the over-
estimation of the binding energy of O, in the DFT calculation, in
accordance with Christensen et al.,* an energy correction was
applied to O, (—0.33 eV). Hence, the corrected energy per
formula unit of O, was calculated according to eqn (2):

T

E"(0,) = EGIT + ZPE(0) +J C,dT(0;) —0.33 eV (2)

0

where Eo °*" denotes the calculated ground-state DFT energy,
ZPE denotes the zero-point energy, and the integral is over the
constant-pressure heat capacity of the O, molecule.

The ORR/OER process was described by the adsorption/
desorption of both electrochemical (involving either Na* or
NaO;) and chemical (involving O,) species. In this study, only
the thermodynamically favorable path (i.e., the lowest
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overpotential path) was determined by comparing the free
energies of (electro) chemical reaction steps. The free energy of
the intermediates in each step was calculated using energy-
corrected O, and sodium chloride (NaCl) as references, and is
thus given as:

AG = AE + AZPE — TAS (3)

where AG denotes the calculated free energy difference, AE,
AZPE, T, and AS indicate the DFT total energy difference,
changes in zero-point energy, temperature, and entropy of the
slab of intermediates adsorbed on the catalyst surface at 300 K,
respectively. In the case of solid-solid reactions, the change in
AZPE and AS is often small, and AE becomes the predominant
contributor in the free energy. However, due to the adsorption
of gaseous molecules on the surfaces of solids, the change in
entropy can be significant, and contribution should be
considered (TAS (O,) = 0.63 eV and AZPE (O,) = 0.131 eV).
The adsorption energies (E.qs) of intermediates on the
catalyst surfaces were calculated by the following equation:

E.4s = E(intermediate + substrate)
— [E(intermediate) + E(substrate)] (4)

where E(intermediate + substrate), E(intermediate), and
E(substrate) refer to total energy of intermediate with
a substrate, intermediate molecule, and a substrate alone,
respectively.

3. Results and discussion
3.1 Geometric and electronic properties of doped graphene

We built a graphene sheet that contained one nitrogen and one-
boron dopant atom, and it was explored for its ORR activities.
Then, the number of nitrogen and boron dopant atoms were
increased from one to three and one to two, respectively. The
reason for increasing the number of nitrogen dopant atoms was
to introduce the pyridinic three-nitrogen into the structure of
graphene. The most stable structures for nitrogen- and boron-
doped graphene sheets are shown in Fig. 1. The nitrogen-
doped graphene (NG) and boron-doped graphene (BG) struc-
tures were built by replacing one C atom from a graphene
structure with a N or B atom in a 6 x 6 supercell, corresponding
to a N or B content of 1.39 wt%.

The electrical property and chemical reactivity can be effec-
tively modified by the introduction of heteroatoms into the sp-
hybridized carbon framework of graphene.'** The formation
energies calculated using eqn (1) above and average bond
lengths between X-C (X = B or N) for the doped graphene
structures are listed in Table 1.

Nitrogen-doped graphene. The length of the N-C bond in the
one-N-doped graphene was revealed to be 1.411 A (Fig. 1b),
slightly smaller that of C-C bond (1.424 A) in pristine graphene
(Fig. 1a). However, due to the electron-withdrawing nature of N,
the other two C-C bonds of the C atom bonded to N are slightly
stretched to 1.420 A. The formation energy (E) for the NG
structure is increased from that of the pristine graphene. When

RSC Adv, 2020, 10, 21387-21398 | 21389
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(c)

Fig.1 Schematic diagrams of the structures of (a) pristine graphene, (b) one-nitrogen-doped graphene (NG), (c) two-nitrogen-doped graphene
(2NG), (d) three-nitrogen (pyridinic)-doped graphene (pyr-3NG), (e) one-boron-doped graphene (BG), and (f) two-boron-doped graphene
(2BG). The brown, blue, and orange spheres indicate C, N, and B atoms, respectively.

Table 1 The formation energies (E¢) of all doped graphene samples and their corresponding average bond lengths

System Graphene NG BG b-NBG s-NBG 2NG 2BG pyr-3NG

E; (eV) 0.000 0.960 0.300 —1.090 0.168 1.696 1.537 3.316

Bond length (A) 1.424 (C-C) 1.411 (N-C) 1.488 (B-C) 1.488 (B-C) 1.483 (B-C) 1.407 (N-C) 1.480 (B-C) 1.337 (N-C)
1.397 (N-C)  1.403 (N-C)  1.450 (N-N)

the number of doped nitrogen atoms increased from one to two
(the content of N is approximately 2.78 wt%) by replacing two C
atoms from the graphene structure (Fig. 1c), the bond length of
N-C was found to be 1.407 A, which is shorter than that of the
bond lengths of N-C in the structures of one-nitrogen-doped
graphene (NG) and pristine graphene. However, the bond
length of N-N was slightly increased to 1.450 A, probably due to
the repulsion of the lone pair of electrons presented in the two
nitrogen atoms. Despite the decrease in the bond length of N-C
in the two-nitrogen-bonded graphene (2NG), the E; (1.696 eV) of
2NG was increased from that of NG (see Table 1).

In addition, when the three nitrogen atoms (pyridinic
nitrogen) were doped into the structure of graphene (pyr-3NG)
(Fig. 1d), it revealed the shortest bond length of N-C (approxi-
mately 1.337 A) compared with those in the NG and 2NG
structures. This is probably due to the strongest electron with-
drawing ability of the three nitrogen atoms, which can create
instabilities in the structure."” Recent studies showed that in-
plane pyridinic N can also form tri-N substituted vacan-
cies.”””> With increasing numbers of N atoms, the E; of pyr-3NG
was also increased to 3.316 eV, which is higher than those in NG
and 2NG structures. This highest E; indicates that doping pyr-
idinic nitrogen into the graphene structure resulted in an
unstable pyr-3NG structure that will be more difficult to prepare
than that of the NG and 2NG structures."”

Boron-doped graphene. Similarly, instead of a N atom, one
and two boron atoms were separately doped into the structure
of graphene (see Fig. 1e and f). The B-C bond length in the B-

21390 | RSC Adv, 2020, 10, 21387-21398

doped graphene (BG) structure was 1.488 A, which is larger
than the C-C bond in pristine graphene. The other two C-C
bonds of the C atom bonded to B were shortened to 1.409 A due
to the electron-donating nature of B. When two boron atoms
were doped into the structure of graphene (2BG), the B-C bond
length was slightly shorter than that of the B-C in the BG
structure. However, the Er was higher in the 2BG structure
(1.537 eV) as compared to that of the BG structure (0.300 eV),
indicating that the formation of the 2BG structure is less
favorable than that of the BG structure (see Table 1).
N,B-co-doped graphene. N,B-co-doped graphene was built
with N and B directly bonded each other (b-NBG) and separated
by a C atom (s-NBG) (see Fig. 2a and b). The N-C and B-C bond
lengths in the b-NBG were approximately 1.397 and 1.488 A,
respectively. In the s-NBG structure, approximately 1.405 and
1.483 A were obtained for N-C and B-C bond lengths, respec-
tively. The N-C bond length in the b-NBG structure was higher
than the same bond length in s-NBG. However, the change in
the B-C bond length in b-NBG and s-NBG was insignificant.
Our calculation shows that the most stable B- and N-doped
graphene and their co-doped graphene materials have
a planar sp” structure, which is in agreement with previous
studies.’®*® As listed in Table 1, the decreasing order of
formation energies of the catalysts is pyr-3NG > 2NG > 2BG > NG
> BG > 5-NBG > graphene > b-NBG. The formation energy for the
b-NBG surface is negative (—1.09 eV), but the formation energy
for the surface of the doped catalyst is positive (Table 1). This
shows that the b-NBG is the dominant structure among all the

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Schematic diagrams of the structures of (a) b-NBG and (b) s-NBG. The brown, blue, and orange spheres indicate C, N, and B atoms,

respectively.

Table 2 The amount of charge transferred in the structures of doped
graphene

Number of electrons

Structure transferred Remark

Graphene 0 —

NG —0.480 Transfer from the surface
2NG —0.629 Transfer from the surface
pyr-3NG —1.133 Transfer from the surface
BG 0.469 Transfer to the surface
2BG 1.458 Transfer to the surface
b-NBG 0.014 Transfer to the surface
s-NBG 0.565 Transfer to the surface

possible catalysts. Therefore, co-doping of N and B atoms in the
structure of graphene is more energetically favorable than
single-atom doping. Moreover, due to the formation of B-N
“parity” in the b-NBG structure, it is more stable than graphene,
which has also been previously reported.'® The stability
sequence for NG, BG, s-NBG, graphene, and b-NBG obtained in
this work is in agreement with other research performed to
obtain potential catalysts in non-aqueous Li-O, batteries."®

Charge transfer analysis. The effectiveness of doped
graphene-based materials as a catalyst for the ORR is closely
related to its charge density distributions””* and the ability to
activate sluggish carbon electrons for O, utilization.”>”® Here,
Bader charge density calculations were performed to determine
how doped atoms influence electron distribution (Fig. S27).

N-doped graphene structures (NG, 2NG, and pyr-3NG)
showed negative electron transfer. The number of transferred
negative electrons increased with increasing number of
doped N atoms in the structure of graphene (Table 2). Due to
the electron-withdrawing nature of the N atom, 0.48, 0.629, and
1.133 electrons were transferred from C atoms of the graphene
sheet to the N atoms in the NG, 2NG, and pyr-3NG structures,
respectively (Fig. S2b-dt). This indicates that as the number
of N atoms increases, more active sites with a high-electron
region will be created in the structure of the graphene sheet.
The redistribution of charge density will also create active sites
in graphene, a phenomenon that is beneficial for the ORR.
Therefore, among the N-doped graphene sheets, more active
sites are created around the doped atoms of pyr-3NG, and more
optimal ORR performance is expected.

This journal is © The Royal Society of Chemistry 2020

In B-doped graphene, approximately 0.47 electrons are
transferred from B to C atoms of the graphene sheet (Table 2
and Fig. S2et). In this case, due to the electron-donating nature
of the B atom, it loses electrons. Similarly, the number of
positive transferred electrons increased with increasing number
of doped B atoms. As a result of introducing two B atoms to the
graphene structure, approximately 1.458 electrons were trans-
ferred from B atoms to the C atom, creating more active carbon
electrons for the ORR/OER process in the doped graphene sheet
(Fig. s2ft). Similarly, 2BG will benefit from the ORR/OER
process, due to its higher electron-donating nature than BG.

However, due to the neutralization of the vacant orbitals of B
atoms by the lone-pair electrons from the N atom, high-electron
density accumulation occurs between the N-B bonds in b-NBG.
Therefore, b-NBG transfers the lowest number of electrons,
indicating the creation of lower active sites in the doped structure
and will result in unsatisfactory performance towards the ORR.
However, when N and B atoms were co-doped and separated by
the carbon, more electrons were transferred, indicating that
more active sites are created around the doped atoms and more
optimal ORR performance can be compared with b-NBG struc-
ture (Table 2); see Fig. S2h.t As a result, s-NBG is a better catalyst
than single-atom doped structures (NG and BG) for the ORR
process in the presence of protons.”>”® However, events can differ
in the presence of sodium atoms. In general, it can be concluded
that heteroatom dopants and increasing the number of dopants
can improve the electronic structure of the graphene sheet via
charge transfer and chemical reactivity.

Density of states (DOS). For increased understanding of the
change in the electronic structure caused by dopants, the total
density of states (DOS) was calculated for pristine and all doped
graphene configurations, as shown in Fig. 3. The DOS of the
pristine graphene indicates that the valence and conduction
band states touch each other at the Fermi level, demonstrating
the zero-band-gap semiconducting characteristics (Fig. 3a).

N-doping graphene (NG and 2NG) can be regarded as an
electron donor, which contributes one more electron to the
delocalized 7 bond than the C atom. Thus, the Dirac points move
towards the valance band below the Fermi level, and the DOS
intensity near the Fermi level increases (Fig. 3b and c); thus, the
formation energy increases compared to the pristine graphene.
The number of electrons in the p, orbital of nitrogen does not
change in pyridinic nitrogen-doped graphene, but it causes a C

RSC Adv, 2020, 10, 21387-21398 | 21391
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Fig. 3 Density of states (DOS) of (a) pristine graphene, (b) NG, (c) 2NG,

vacancy, and the system loses one electron compared to pristine
graphene. Thus, the system is like a p-doping semiconductor that
shifts the Dirac point down. The DOS near the Fermi level is
increased (Fig. 3d), and consequently, the formation energy is
also increased. In B-doped graphene (BG and 2BG), the Dirac
points shifted towards the conduction band (Fig. 3e and f),
indicating the p-type semiconducting characteristic of these
doped graphene sheets, in agreement with reported literature.*®'®
This shifting of the Dirac points into unoccupied states can
enhance the electrical conductivity of graphene after doping B
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with different concentrations. The p-type semiconducting char-
acteristic results from the fact that the creation of some hole
states around the Fermi level arises from the p orbitals of the B
and C bonded to B. It is also noted that the DOS of co-doped
graphene (b-NBG and s-NBG) shows semi-metallic behavior
similar to that of pristine graphene (Fig. 3g and h). The
conduction and valence bands meet near to the Fermi level,
indicating that the band gap of the co-doped graphene is slightly
less than that of the single atom-doped graphene.
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Fig. 4 Schematic diagrams of the growing pathways of 4NaO, on pyr-3NG. The brown and blue spheres indicate C and N atoms, respectively.

Deposited atoms are colored as follows: Na, purple; and O, red.

3.2 NaO, growth and depletion mechanisms on N-doped
graphene

First, a graphene cluster that contains one nitrogen dopant
atom was built and explored to determine the ORR process.
Then, the number of nitrogen dopant atoms was increased from
one to three. Reversible potentials of ORR sub-reactions on
these doped graphene sheets were calculated and compared
each other. For comparison, pristine graphene sheet with the
same configuration was also constructed. To generate entire
reaction pathways and to determine the minimum theoretical

overpotential, both electrochemical (involving either Na* or
NaO, species) and chemical (involving O, species) reaction
steps were considered. The thermodynamically favorable path
(i.e., the lowest overpotential path) was determined. The over-
potential is used as an evaluation parameter to compare the
catalytic effect of the substrates. As illustrated in Fig. 4, S31 and
the free energy diagram in Fig. 5, we considered the following
four-step reaction mechanisms to grow/deplete four formula
units of NaO, on the most stable doped graphene structures, via
a series of four elementary steps:

10 - Discharge - Graphene
4(Na* + &) + 20, —
— NG
8 - o v B KA — 2NG

— a* +e7) + O, + NaO,*

S — pyr-3NG
O 6 _ .

— Nais = 0.92V U=1.91V
s Tlais = 084 V 2(Na* + &) + 2NaO,* U,=1.90 V
el 4 4 Ndis = 0.76 V
= U,=1.94V
- Na* + e + 3NaO,* U,=2.22V
W 5 fnas =040V
S I S
8 | 4NaO,

(T O o - ———

_2 4 NMeh = 030V
Nen = 037V Charge
Nen = 045V €

-4

Reaction Steps

Fig. 5 The calculated free energy diagram for a four-step growth mechanism for NaO,, with the most stable structures of intermediates on all
nitrogen-doped graphene. The star-marked intermediates represent the adsorption states on the substrates.
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Fig. 6 Schematic diagrams of the growing pathways of 4NaO, on two B-doped graphene with a bonded configuration. The brown and orange
spheres indicate C and B atoms, respectively. Deposited atoms are colored as follows: Na, purple; and O, red.

(a) 4(Na® +e7) + 202—>Na02 +3(Na™ +e7) +0,,

(b) NaO; + 3(Na® +e7) +0,—>2Na0, + 2(Na' +e),

(c) 2NaO, + 2(Na" +e7)—>3NaO, + (Na' +e),

(d) 3NaO, + (Na® +e") —>4NaO,,

where * denotes adsorbate intermediate in a catalyst surface.
In the growth mechanism (ORR process), the first interme-
diate step was found to be the addition of a NaO, specie for all
of the N-doped graphene (Fig. 4 and S3+t). This step was iden-
tified as the limiting discharge potential for pristine graphene,
one-, and two-nitrogen-doped graphene (NG and 2NG). The
reaction was followed by adding another NaO, species, which is
the limiting charge potential for 2NG. The third and fourth
intermediate steps were also adsorption of two NaO), species
across the two NaO, species previously adsorbed. For pristine

10
Discharge -~ Graphene
8 4(Na* + e7) + 20, _— — BG
3(Na* + e) + O, + NaO,* 2BG

S  —
D 6 U=1.91V
—
> 2(Na* + e") + 2NaO,* U,=1.99V
D 4 B : U,=1.98V
) Nais = 0.76 V .
- Na*+e +
o | 3Na0,*

4 =037V
q) 2 Ndis
()
e . Nais = 0.28V I 4Na0,*

--n:,,-z-O.Z-OT/-.------ .

|

— | Nen =026V Charge
Nen =030V —

Reaction Steps

Fig.7 Calculated free energy diagram for a four-step growth mechanism for NaO,, with the most stable structures of intermediates on BG and
2BG. The star-marked intermediates represent the adsorption states on the substrates.
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Fig. 8 Calculated free-energy diagram for a four-step NaO, growth mechanism with the most stable structures of intermediates on N,B-co-

doped graphene with bonded and separated configurations.

graphene, pyr-3NG adsorption of the last intermediate was the
limiting potential for the charging process, while adding the
third NaO, was the limiting discharge potential for pyr-3NG,
and it was the limiting charge potential for NG.

The calculated free energy diagrams of the discharge process
in pristine graphene, B,N-doped, and their co-doped graphene
are all downhill at U = 0 V (from the left to the right, as shown in
Fig. 5). In the discharging process, free energies remain downhill
until the electrode potentials (Uy;s, which is a limiting discharge
potential) reach 1.15 V, 1.06 V, 1.13 V, and 1.82 V in pristine

(a)

N gis
0.8
0.6
0.4
0.0

BG pyr-3NsNBG bNBG Gr NG 2NG

graphene, NG, 2NG, and pyr-3NG, respectively. The catalytic
effects of N-doped graphene are evaluated by overpotential,
which is defined by 7qis = Uy — Ugis and nen = Ue, — U for the
discharge and charge process, respectively. Hence, we identified
each overpotential of the catalysts toward ORR in the discharging
process as 0.76 V (pristine graphene), 0.84 V (NG), 0.92 V (2NG),
and 0.40 V (pyr-3N), respectively, as shown in Fig. 5. The pyr-3NG-
doped graphene exhibited the lowest ORR among the three N-
doped graphene materials considered in this study. The
charging process proceeded in the reverse direction of the free
B /)cha

28G pyr-3NG BG Gr bNBG 2NG NG sNBG

o
et
]

o
bt
o

o

0

w

0.00

Fig. 9 The calculated overpotentials of pristine and heteroatom-doped graphene materials in ascending orders showing (a) discharge over-

potentials and (b) charge overpotentials.
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energy diagram for the discharge process, as shown in Fig. 5.
Therefore, we characterized the OER as 0.30 V (pristine gra-
phene), 0.37 V (NG), 0.45 V (2NG), and 0.20 V (pyr-3N), indicating
that pyr-3NG exhibits the lowest overpotential toward the OER,
and similarly, in the ORR. The overall reaction equilibrium
potential is 1.91, 1.90, 1.94, and 2.22 V for pristine graphene, NG,
2NG, and pyr-3NG, respectively. This result shows that pyridinic
N-doped graphene remarkably increased the equilibrium poten-
tial by approximately 0.30 eV compared to pristine graphene, NG,
and 2NG. Thus, this study revealed that pyridinic nitrogen-doped
graphene is a potential catalyst towards the ORR for rechargeable
non-aqueous sodium-air batteries.

To further clarify the relationship between dis/charge
limiting potential and 74is/1ch, the adsorption energy of inter-
mediates in each dis/charge limiting potential were calculated,
and the 7g;s/n.n was plotted as a function of adsorption energy
(Fig. S6t). As mentioned above, the limiting discharge potential
for all N-doped catalysts is the formation of NaO,, except for pyr-
3N (formation of NazOg), where the adsorption energy of NaO,
on the catalysts is the determining factor for the n4;s. The larger
the adsorption energy, the more difficult it is for NaO, to be
involved in the subsequent reaction step, corresponding to
a higher discharge overpotential. As can be seen in Fig. Sé6a,f
7Nais increases as the adsorption energy increases, following the
order of pristine graphene < NG < 2NG < pyr-3NG. Even if the
limiting discharge potential of pyr-3NG is the formation of
Naz;O¢ or addition of the third NaO, species, its adsorption
energy is less than that of pristine graphene, NG, and 2NG.

Similarly, for pristine graphene and pyr-3N, depletion of
Na,Og is the limiting charge potential, and the 74;s also shows
a positive correlation with the adsorption energy of Na,Osg, as
shown in Fig. S6b.T Because the limiting charge potential of NG
and 2NG is different from that of pristine graphene and pyr-
3NG, we are unable to evaluate the relationship between their
limiting charge potential and charge overpotentials. In general,
the result revealed that the adsorption energy of intermediates
in the dis/charge limiting potential significantly affects the 7q;s/
nen through affecting its next step reaction. Moreover, the lower
adsorption energy in dis/charge limiting potential has a positive
effect on decreasing the 7q;s/ncn. The relationship between 7q;s/
Nen and charge transferred was also evaluated by calculating the
charge transfer of the intermediates after the growth mecha-
nisms were completed, using Bader charge analysis. As shown
in Fig. S7,1 the ng4is/men as a function of charge transfer plot
revealed that the larger the amount of charge transferred from
the adsorbent (Na,Og) to the N-doped graphene surfaces, the
less dis/charge overpotential they possess.

3.3 NaO, growth and depletion on B-doped graphene

The catalytic effect of single- and two-boron-doped graphene on
the ORR/OER process for the Na-O, battery system was
computationally investigated. As illustrated in Fig. 6, S41 and
the free energy diagram in Fig. 7, the model follows a four-step
reaction mechanism, and all reaction steps were found to be
electrochemical. Four NaO), species were successively adsorbed
to the B-doped graphene surface to complete the growth
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mechanism during the discharge process. Addition of the first
NaO, species on all B-doped graphene surfaces was found to be
the limiting discharge potential. Adding the second and third
NaO, was the potential limiting step for the charging process
for BG and 2BG, respectively. The discharge overpotentials of
BG and 2BG were identified as 0.37 V and 0.28 V, respectively
(Fig. 6), indicating that both are suitable ORR catalysts in non-
aqueous Na-O, batteries. Again, the charging process follows
the same reaction steps as the discharging process but in
reverse order (right to left in Fig. 6). The charge overpotentials
are characterized as 0.26 V and 0.20 V for BG and 2BG,
respectively (Fig. 7), indicating that both are also active towards
the OER. The overall reaction equilibrium potential is nearly the
same, which is 1.99 V and 1.98 V for BG and 2BG, respectively.

As shown in Fig. S8, dis/charge limiting potential and
overpotentials (ng4is/ncn) have a direct relationship. NaO, is the
limiting discharge potential for BG, while the limiting discharge
potential for 2BG is Na;Og. The larger the adsorption energy, the
greater the difficulty for NaO,/Na;Os to be involved in the
subsequent reaction step, corresponding to a higher discharge
overpotential. To understand the underlying physical nature of
the catalytic effect of B-doped graphene on the ORR/OER in
a Na-O, battery, Bader charge analysis was also performed.
Table S3 and Fig. S9t display the transferred charge from
cluster to substrate on both BG and 2BG. This shows that
a significant amount of charge was transferred from the cluster
to the substrate in BG and 2BG, which corresponds to lower dis/
charge overpotentials as compared to pristine graphene. It
indicates that charge transfer from Na,Og to catalysts plays an
important role in reducing dis/charge overpotentials. The
charge transferred from Na,Og to catalysts increases in the
sequence of pristine graphene (0.1) < BG (0.45) < 2BG (0.50),
indicating that 2BG is most active toward the ORR/OER as
compared to pristine graphene and BG. However, relative to N-
doped graphene clusters, both B-doped graphene exhibit lower
dis/charge overpotentials. In our model, one and two of 72 C
were replaced by one and two B atoms, and it is likely that
a high-percentage doping will be more effective.

3.4 NaO, growth and depletion mechanisms on N,B-co-
doped graphene

Co-doped graphene with N and B bonded to each other (b-NBG)
and separated by a C atom (s-NBG) was evaluated for its catalytic
performance towards ORR/OER for non-aqueous Na-O,
batteries. Similarly, four-step reaction mechanisms were
considered, and all reaction steps were found to be electro-
chemical, which is the successive addition of four NaO, species
to the doped graphene surfaces to complete the growth mech-
anism (Fig. 8 and S51). Unlike the satisfactory performance of s-
NBG and b-NBG in the proton-involved ORR process, the activity
was lost due to the existence of sodium atoms, suggesting their
poor electrocatalytic effect in non-aqueous Na-O, batteries. The
dis/charge overpotentials of both b-NBG and s-NBG co-doped
structures were found to be 0.71/0.33 V and 0.65/0.40 V,
respectively, with no significant change relative to pristine
graphene. The charge transferred from Na,Og to catalysts, and
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the dis/charge overpotentials also were positively correlated
(Table S4f). Moreover, our DFT results partly confirmed the
previous experimental reports that state that the synergistic
effect of the combination of two different heteroatoms (B,N-co-
doped graphene) exhibited improved performance towards the
ORR process.**

The discharge overpotential of the catalysts toward the ORR in
the discharging process was identified (Fig. 9), which increases in
the sequence of 2BG < (0.28 V) < BG (0.36 V) < pyr-3NG (0.40 V) <s-
NBG (0.65 V) < b-NBG (0.71 V) < graphene (0.76 V) < NG (0.84 V) <
2NG (0.92 V). The 2BG, BG, and pyr-3NG showed the lowest
overpotential for ORR among the materials. The charge over-
potential increases in the sequence of 2BG = pyr-3NG (0.20 V) <
BG (0.26 V) < graphene (0.30 V) < b-NBG (0.33 V) < 2NG (0.34 V) <
NG (0.37 V) < s-NBG (0.40 V), indicating that both B-doped gra-
phene (BG and 2BG) and pyr-3NG are also suitable OER catalysts
in non-aqueous Na-O, batteries. As one can see from Fig. 9, the
performance of 2NG and NG is even less than that of the pristine
graphene towards ORR.

4. Conclusions

Density functional theory analysis was employed to investigate
the catalytic activities of B-doped, N-doped and B,N-co-doped
graphene with varying dopant concentrations for the ORR and
OER in rechargeable non-aqueous Na-O, batteries. It was
confirmed that both single- and double-boron-atom-doped
graphene exhibited too low dis/charge overpotentials, indi-
cating high catalytic activities towards both the ORR and OER
processes compared to other doped graphene samples. Never-
theless, one- and two-nitrogen-doped graphene essentially did
not exhibit improvement. Introducing pyridinic nitrogen (pyr-
3NG) into the structure of graphene revealed a higher equilib-
rium potential and significantly boosted the catalytic activity for
both the ORR and OER processes as compared to the other
doped graphene sheets considered in this study. The findings of
this research partly confirm previous reports, which state that
a combination of two different heteroatoms (B,N-co-doped
graphene) resulted in more optimal catalytic activity for the
ORR and OER, and subsequently enhanced the battery perfor-
mance compared to pristine graphene.

Our DFT results suggest the viability of boron and nitrogen
(especially pyridinic nitrogen) doping in graphene sheets as
potential catalysts for the ORR and OER in rechargeable non-
aqueous Na-O, batteries. The NaO, growth and depletion
study with two-boron and three-nitrogen (pyridinic)-atom-
doped graphene revealed too low limiting discharge/charge
overpotential reaction pathways for both the oxygen reduction
and oxygen evolution reactions, which elucidates the future
design of non-precious carbon-based efficient catalysts in
rechargeable non-aqueous Na-O, batteries.
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