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Abstract: Density functional theory (DFT) and Monte Carlo (MC) simulations were performed
to study the adsorption and distribution of Na ions on nitrogen-doped graphenes (NGs). DFT
simulations revealed that both pyridinic and pyrrolic NGs enhanced Na adsorption even at higher Na
concentrations by introducing electron-deficient vacancies. While Na ions tend to cluster on a pristine
graphene, they separate when absorbed on pyridinic NGs due to stronger Na adsorption and Na-Na
repulsion. Based on DFT energies, MC simulations were performed to study the distribution of Na on
a pyridinic NG as a function of the pyridinic defect concentration and Na concentration. The average
size of Na clusters decreases with increasing pyridinic defect concentration. The theoretical specific
capacity increases monotonically as the pyridinic defect concentration is increased and reaches a
maximum value at a concentration of ~7.5%. This theoretical study suggests that the pyridinic
NGs hold promise as anode materials for sodium-ion batteries capable of enhancing Na adsorption,
preventing Na clustering, and increasing the anode’s specific capacity.

Keywords: sodium-ion battery; nitrogen-doped graphene; density functional theory; Monte
Carlo simulation

1. Introduction

Rechargeable batteries with fast charge rates and prolonged lifetimes are critical
to modern energy systems such as portable electronic devices, electrical vehicles, etc.
Lithium-ion batteries (LIBs) have been used predominantly due to their high energy
density and working voltage [1–4]. However, limited supplies of raw materials for lithium
complicate large-scale integration of LIBs [5]. Sodium-ion batteries (SIBs) have emerged as
promising candidates for next-generation energy storage devices due to their low cost and
the abundance of sodium reserves [6–10].

Both LIBs and SIBs involve Na ion storage by either intercalation into anode layers
or surface adsorption [11]. As a result, many successful LIB materials can be adopted for
use in SIBs. However, traditional graphite or graphene anodes are ineffective for Na ion
storage, resulting in low capacities and poor cycling stability [12,13]. One issue is that
the Na ion has a larger radius of 1.16 Å than the Li ion’s radius of 0.90 Å [14], which
leads to ineffective Na ion intercalation into the traditional graphite anodes [15]. Another
possibility is the weaker adsorption of Na ions on the high-surface-area anodes such as
graphene. Density functional theory (DFT) simulations have shown that Na ion adsorption
onto graphene is thermodynamically unstable, preventing significant Na ion storage in
graphene anodes and leading to excessive cluster formation that reduces charge/discharge
rates [16]. In addition, the Na-Na interactions also play a significant role in weakening the
Na ion adsorption onto graphene at desirable high Na concentrations [16].

Recently, nitrogen-doped graphene materials (NGs) [17–19] have been used as SIB
anode materials for their potential to enhance Na ion storage by surface adsorption and ex-
pand interlayer distances for improved Na ion intercalation [20–22]. For example, Qiao et al.
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synthesized nitrogen-rich few-layer graphenes which significantly expand the interlayer
distance to a range of 4.5 Å to 5.1 Å for Na ion intercalation, resulting in a high rate ca-
pability of 56.6 mAh/g at 40 A/g and impressive cycling stability at 211.3 mAh/g after
2000 cycles [23]. Since Na ion adsorption on the NGs underlies the rate capability and
specific capacity of SIBs, the elucidation of N-defect–Na and Na-Na interactions is of cru-
cial importance to understand the performance of NG-based anodes. While several DFT
studies have studied the effects of N-defect–Na interactions on Na ion adsorption and
diffusion [24,25], the effects of N-defects on Na-Na interactions and Na ions have not been
explored to the best of our knowledge.

In this study, DFT calculations were performed to compute the adsorption energy
of Na ions on pristine graphene and pyrrolic and pyridinic NGs. The Na-Na repulsive
interaction energies on pristine graphene and pyridinic NG were estimated. Based on
these energies, we employed a Metropolis–Hastings Monte Carlo (MC) model to study the
Na distribution in a sheet of pyridinic NG as a function of defect concentration and Na
concentration. It is found that pyridinic defects improve the performance of NG-based
anodes by reducing Na cluster formation and increasing the specific capacity.

2. Computational Methods and Models

DFT calculations were carried out using the Vienna Ab Initial Simulation Package
(VASP) [26] with projector-augmented wave pseudopotentials [27] and the Perdew–Burke–
Ernzerhof generalized gradient approximation [28]. An energy cutoff of 400 eV was used
for the plane-wave basis set. The Brillouin zone was sampled by k-points generated from
the Monkhorst–Pack scheme [29]. The van der Waals (vdW) interaction was described
by the semiempirical DFT-D2 scheme of Grimme [30]. The energy convergence criterion
was 0.1 meV per atom. All atoms were fully relaxed with a force convergence criterion of
0.01 eV/Å.

We considered NGs with two bonding configurations, namely, pyrrolic and pyridinic
NGs, whose atomic structures are shown in Figure 1a,c, respectively. The pyrrolic structure
consists of two C vacancies and a N atom centered at the mid-point of these vacancies.
The pyridinic structure contains two C vacancies and a N atom located on one vacancy.
Because the interaction between a Na ion and N-defect involves significant charge transfer,
much weaker interlayer interactions between anode layers were not considered. For single
Na adsorption, single-layer NGs were modeled by a 5 × 5 × 1 supercell with a vacuum
thickness of 23 Å perpendicular to the plane. A dense k-point mesh of 11 × 11 × 1 is used,
which yields the converged total energy. We find that the hollow sites are energetically
favorable for Na adsorption. As shown in Figure 1, all possible adsorption sites are labeled
by (x, y) where x and y are the indices along the lattice vectors, respectively. For double Na
adsorption, single layer NGs are modeled by a 9 × 9 × 1 supercell with a vacuum thickness
of 23 Å. Due to the larger supercell, a less dense k-point mesh of 5 × 5 × 1 could yield the
converged results. To study Na-Na interactions in the presence of the N-defect, one Na
atom was placed in the energetically most stable site, and another Na atom was placed
in hollow sites with varying distances from the N-defect. We also calculated the Na-Na
interaction energy as a function of Na-Na distance in the pristine graphene for comparison.

Using the DFT-determined energies, MC simulations were performed on a NG sheet
of 50 × 50 × 1 unit cells in size. More specifically, the total energy of the system was
calculated as a sum of single-body Na adsorption energy and two-body Na-Na interaction
energy. For calculations of the interaction energy, all Na atoms were assumed to reside in
the center of the lattice hollow site. For pairs of Na atoms within one unit cell of separation,
the interaction energy was directly extracted from DFT energies. For pairs of Na atoms
with separations greater than 1 unit cell, the interaction energy was fitted according to a
1/r Coulomb potential energy based on DFT results. The Metropolis–Hastings algorithm
was employed to simulate the canonical (NVT) ensemble [31,32]. The temperature of
the system was kept at 300 K. Since the pyrrolic defect can reconstruct into a pyridinic
defect in the presence of Na adsorption, only the pyridinic defect was modeled in the MC
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simulations. Considering that the concentration of the pyridinic defect was around 7.6%
in the experimental samples [23], the NG sheet was populated with pyridinic defects at
concentrations varying from 3% to 10% at 1% intervals. There exists a threshold of Na
concentration above which the total energy will become positive (the adsorption of Na
on NG is energetically unfavorable) considering the repulsive Na-Na interaction. The Na
concentration varied from 1.5% to the threshold value with 0.5% intervals. At each defect
and Na concentration, 150,000 MC simulation steps were performed in which the first
50,000 MC steps were discarded for thermal relaxation. The total system energy was found
to approach a steady value after around 50,000 MC steps.
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Figure 1. Top view of the optimized structure of (a) pyrrolic and (c) pyridinic NGs. The brown
and white spheres represent C and N atoms, respectively. The (x, y) labels the hollow site for Na
adsorption. Band structure of (b) pyrrolic and (d) pyridinic 9 × 9 × 1 supercells.

3. Results and Discussion
3.1. Single Na Adsorption

We first simulated the adsorption of a single Na atom on the pyrrolic and pyridinic
NGs. The adsorption energy was employed to quantify the interaction between Na and the
NGs, which is defined as

Eads,1 = E[NG + Na]− E[NG]− E[Na]

where E[NG + Na] and E[NG] are the energies of the NG with and without the adsorption
of a single Na atom, respectively. E[Na] is the energy of an isolated Na atom in the gas
phase. Negative Eads,1 implies that Na adsorption onto the NG is energetically more
favorable than in the vacuum. The lower the Eads,1, the stronger the interaction between the
adsorbed Na and NG. More specifically, if Eads,1 is higher than the chemical potential of Na
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in bulk (≈ −1.3 eV), clustering of Na occurs in the anode and significantly reduces anode
charge/discharge rates. The calculated adsorption energies are summarized in Table 1.

Table 1. The adsorption energy, Eads,1 (eV) at various adsorption sites in the pyrrolic and pyridinic
NGs. The sites are defined in Figure 1.

Pyrrolic site (0, 0) (0, 1) (0, 2) (0, 3) (1, 0) (1, 2) (−1, 4) (2, 0) (2, 1) (3, 0)

Eads,1 −1.91 −1.99 −2.12 −2.03 −1.99 −2.70 −1.89 −2.05 −2.71 −1.97

Pyridinic site (0, 0) (1, 0) (1, 1) (2, 0) (2, 1) (2, 2) (3, 0) (3, 1) (3, 2) (3, 3)

Eads,1 −2.02 −2.14 −2.81 −2.27 −2.81 −2.80 −2.14 −2.04 −1.95 −1.97

Pyridinic site (4, 0) (4, 1) (4, 2) (4, 3) (4, 4)

Eads,1 −2.03 −2.00 −2.02 −2.04 −2.04

In contrast to the adsorption of Na on the pristine graphene [16], NGs enhance Na
adsorption since the values of Eads,1 are lower than the chemical potential of Na in bulk. For
both pyrrolic and pyridinic NGs, the most stable adsorption site is located at the vacancy
center of the N-defect, consistent with previous DFT studies [24]. As shown in Figure 1b,d,
the Fermi level shifts by about 0.3 eV below the Dirac point, resulting in a p-type doping
for both NGs due to their electron-deficient character. Thus, the electron-deficient vacancy
provides a more energetically favorable region for charge transfer from Na to the defect.
Bader charge analysis [33] shows 0.99e charge on the adsorbed Na, indicating that the Na
atom has lost nearly all of its 3s electron.

We also plotted the differential charge density shown in Figure 2, defined as

∆ρ = ρ[NG + Na]− ρ[NG]− ρ[Na]

where ρ[NG + Na] and ρ[NG] are the charge densities of the NG with and without the
adsorbed Na, respectively. ρ[Na] is the charge density of an isolated Na atom. The plot of
differential charge density also confirms charge transfer from Na to the vacancy, which
strengthens the ionic bonding between Na and N-defect and results in lower adsorption
energy. Lower adsorption energy on other sites near the N-defect, when compared with
pristine graphene, might originate from disrupted π-bonds from the presence of the N-
defect. This lowers the structural stability and enhances the Na adsorption [34]. On one
hand, the enhanced adsorption of Na on NGs could increase Na ion storage and reduce the
formation of Na clusters in the anode. On the other hand, stronger interactions between Na
and the N-defect when Na is absorbed at the lowest energy site trap the Na ion, hindering
further mobility.

For the pyrrolic NG, there exists a metastable state for Na adsorption. When Na is
adsorbed on the (1, 1) site, as shown in Figure 1, the pyrrolic configuration is reconstructed
into a pyridinic configuration with Na adsorbed onto the pyridinic vacancy center. This
structural reconstruction occurs instantaneously without overcoming any energy barriers.
Considering that pyrrolic defects primarily contribute to increased interlayer distance
in NG-based anodes for improved intercalation [23], the structural reconstruction from
pyrrolic to pyridinic might suggest an aging problem with reduced cycling stability for the
NG anode materials, as the concentration of pyrrolic defects lowers over time under Na
adsorption. However, the reconstruction could be alleviated when the most stable (1, 2) site
has already been occupied by a Na ion, due to the repulsive Na-Na interaction reducing
the possibility of an additional Na ion occupying the (1, 1) site.
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Figure 2. Differential charge density of a single Na atom adsorbed on the (a) pyrrolic and (b) pyridinic
NGs. Differential charge density of double Na atoms adsorbed on the (c) pristine graphene and
(d) pyridinic NG. Yellow and blue regions denote the charge accumulation and depletion, respectively.
The iso-surface value is set at 1 × 10−3 Å−3.

3.2. Double Na Adsorption and Na-Na Interactions

Multiple Na adsorptions and Na-Na interactions play an important role for Na ion
adsorption onto the anode. In this subsection, we focus on double Na adsorptions on NGs
and the effect of N-defects on Na-Na interactions. Considering that the pyrrolic NGs may
reconstruct to pyridinic NGs in the presence of Na adsorption, only the pyridinic NG was
studied here. The adsorption energy for the second Na adsorption when the first Na is
adsorbed on the most stable site is defined as

Eads,2 = E[NG + 2Na]− E[NG + Na]− E[Na]

where E[NG + 2Na] and E[NG + Na] are the energies of a single-Na-adsorbed pyridinic
NG at the (2, 1) site with and without the adsorption of the second Na, respectively.
Like Eads,1, a negative value of Eads,2 implies that double Na adsorption onto the NG is
energetically favorable over Na in a vacuum. A lower Eads,2 compared with the chemical
potential of Na in bulk is favorable, since it indicates reduced clustering of Na. The Na-Na
interaction energy is determined by

Eint = E[NG + 2Na] + E[NG]− E[NG + Na1]− E[NG + Na2]

where E[NG + Na1] and E[NG + Na2] are the energies of the NG with only the first and
second Na adsorbed, respectively. Positive Eint indicates Na-Na repulsion while negative
Eint indicates Na-Na attraction. A greater magnitude of Eint corresponds to a stronger
Na-Na interaction.

Table 2 shows the values of Eads,2 and Eint when the second Na atom is placed on
the adsorption site ranging from the first to the fourth nearest neighbor of the pyridinic
vacancy center. The results of Eads,2 and Eint for pristine graphene are shown in Table 3
for comparison. For pristine graphene, Eads,2 is about 0.1 eV higher than Eads,1, indicating
less energetic stability for multiple Na adsorption, consistent with previous theoretical
results [16]. In addition, Eads,2 is higher than the chemical potential of Na in bulk, potentially
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resulting in Na clustering for a graphene-based anode. However, in the pyridinic NGs,
Eads,2 is about 0.1 eV lower than Eads,1, suggesting that the pyridinic defect slightly increases
the favorability of multiple Na adsorption. In addition, the lower Eads,2 in the pyridinic NGs
compared with the chemical potential of Na in bulk prevents the clustering of Na. Thus, in
contrast to graphene, the pyridinic NGs effectively enhance the Na storage capability even
at high Na concentrations.

Table 2. The adsorption energy Eads,2 (eV) and interaction energy Eint (eV) at various adsorption
sites for the second Na atom in the pyridinic NG. The sites are defined in Figure 1.

Site (3, 3) (4, 2) (5, 2) (5, 3) (4, 4) (3, 2) (5, 1) (6, 2) (5, 4) (2, 2)

Eads,2 −2.09 −1.98 −2.02 −2.01 −1.99 −2.00 −2.06 −2.05 −2.03 −2.06

Eint 0.66 1.04 0.85 0.85 1.02 0.93 0.70 0.66 0.69 0.67

Site (7, 0) (4, 1) (6, 1) (6, 3) (3, 1) (5, 0) (6, 0) (7, 1)

Eads,1 −2.08 −2.06 −2.08 −2.06 −2.07 −2.08 −2.09 −2.09

Eint 0.51 0.71 0.62 0.61 0.63 0.57 0.54 0.53

Table 3. The adsorption energy Eads,2 (eV) and interaction energy Eint (eV) for various neighbor
types of two Na atoms in the pristine graphene. “1”, “2”, “3”, and “4” denote the first, second, third,
and fourth nearest neighbor, respectively. “A” and “B” represent two symmetrically nonequivalent
configurations with the same nearest neighbor number.

Neighbor Type 1A 2A 2B 3A 3B 4A 4B

Eads,2 −1.14 −1.12 −1.10 −1.07 −1.12 −1.16 −1.17

Eint 0.04 0.19 0.17 0.34 0.30 0.26 0.25

Next, we analyzed Na-Na interactions for both pristine graphene and the pyridinic NG.
As shown in Figure 3, for the pristine graphene, Eint as a function of interatomic distance
R follows 1/R when R is larger than 6 Å (corresponding to the third nearest neighbor),
suggesting that the Na-Na interaction is dominated by the electrostatic repulsion. More
specifically, Eint is about 0.4 eV at R = 6 Å, which is in line with the screened Coulomb
repulsive energy considering the dielectric constant of graphene. However, when R is
smaller than 4 Å, Eint decreases with decreasing R, indicating a weakened Na-Na repulsion
due to the following 2 factors. Firstly, the Bader charge analysis shows 0.6 e charge on the
Na when R < 4 Å compared with 0.99e charge when R > 6 Å. Thus, less positively charged
Na ions result in a weakened Coulomb repulsion. Secondly, the differential charge density
plot in Figure 2c shows accumulated charge lying in between the two Na atoms when
R < 4 Å. The accumulated charge serves as a Na-Na “bond” to attract the two Na atoms,
weakening the repulsion. On the other hand, the variation in Eint is found to closely match
1/R for all studied configurations ranging from the first to fourth nearest neighbor in the
pyridinic NG. The Bader charge analysis shows 0.99 e charge on the Na ions, while the
differential charge density in Figure 2d indicates no charge accumulation between the Na
atoms. Thus, electrostatic repulsion dominates the Na-Na repulsion throughout a wide
range of R for pyridinic NGs. The Na-Na interaction for Na absorbed onto pyridinic NGs
is stronger than that for pristine graphene, which might be induced by less screening due
to disrupted π-bonds in the NG.
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3.3. Na Distributions and Specific Capacity

With DFT-determined values for Eads,1, Eads,2, and Eint, MC simulations were per-
formed to characterize the distribution of Na ions on the pyridinic-NG-based anode as a
function of Na ion and defect concentrations. Based on the above DFT results, we found
that Na ions tend to segregate when absorbed on sites far away from the pyridinic defect
due to weaker adsorption and smaller Na-Na repulsive interactions for pristine graphene.
However, the adsorption sites near the pyridinic defects attract the Na ions because of
lower adsorption energies. These sites tend to separate Na ions because of stronger Na-Na
repulsion. Thus, the competition between the one-body adsorption energy and the two-
body Na-Na repulsive interaction energy plays an important role for the Na distribution
in the pyridinic NG sheet. Figure 4a depicts a highly possible Na distribution on the
pyridinic NG sheet at a defect concentration of 5% and Na concentration of 5% from the
MC simulations. One can see that the Na ions occupy the sites around the pyridinic defects
without noticeable cluster formation. Na clustering is important to the performance of the
anode since excessive cluster formation can significantly reduce charge/discharge rates. To
determine the size of the Na clusters, the average cluster size was defined as the number
of Na ions in a group such that any Na ion is at most a second nearest neighbor from at
least one other Na ion in the group. The average cluster size as a function of the pyridinic
defect concentration and the Na concentration is shown in Figure 4b. The average cluster
size increases with increasing Na concentration. More importantly, the average cluster
size generally decreases as the pyridinic defect concentration increases. More sites with
enhanced adsorption near defects are available at higher defect concentrations, separating
Na ions to reduce their interaction energies. This suggests that a higher concentration of
pyridinic defect benefits the SIB by effectively reducing Na clustering.

The specific capacity of the anode is directly proportional to the maximum Na con-
centration at which Na adsorption remains energetically favorable. More specifically, the
theoretical specific capacity can be determined by

C = −NNaNAe
rMNG

where NNa is the maximum adsorbed Na ions per mole of unit cells in the pyridinic NG
substrate, NA is the Avogadro constant, e is the electron charge, r = 3.6 is the conversion
factor from mAh to Coulombs, and MNG is the mass of 1 mole of the pyridinic NG.
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NNa is calculated as two times the upper limit of the Na concentration, considering that
absorption can occur on both sides of the NG sheet. The total energy as a function of the
Na concentration was obtained from the MC simulations, and NNa was determined as the
Na concentration when the total energy is zero. Figure 5 displays the theoretical specific
capacity as a function of pyridinic defect concentration. The specific capacity initially
increases for higher pyridinic defect concentrations as more pyridinic sites with enhanced
absorption become available. The graphs become almost flat for defect concentrations
higher than 7.5%. The predicted maximum specific capacity is about 230 mAh/g, which
is close to the experimental value of 211 mAh/g at the pyridinic defect concentration of
7.6% [23]. Thus, a higher concentration of pyridinic defect benefits the SIB by increasing
the specific capacity. Note that our predicted specific capacity is lower than the highest
specific capacity of 384 mAh/g from previous DFT simulations [23]. This might be caused
by overestimating the Na-Na repulsive interaction in the MC model and the neglect of
three-body (and higher) interactions that could lower the interaction energy.
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4. Conclusions

In summary, we performed DFT simulations to study Na adsorption onto a single-layer
NG sheet. The Na adsorption on the pristine graphene was determined for comparison.
Both pyrrolic and pyridinic NGs have lower single and double Na adsorption energies than
the pristine graphene by introducing the electron-deficient vacancy. More specifically, the
adsorption energy on the pyrrolic and pyridinic NGs is below the chemical potential of bulk
sodium, which suggests that the pyrrolic and pyridinic NGs can effectively increase the
Na ion storage. In the presence of Na adsorption, the pyrrolic defect could simultaneously
transform to the pyridinic defect without any energy barriers. The Na-Na repulsion is
much lower on the pristine graphene when the separation of 2 Na ions is less than 5 Å due
to the formation of a Na-Na “bond”. However, the Na-Na repulsion in the pyridinic NG is
a pure electrostatic interaction. In contrast to the tendency of Na clustering on the pristine
graphene, the pyridinic NG has a stronger Na adsorption and Na-Na repulsive interaction
which tend to separate the Na ions and prevent Na clustering.

Using DFT energies as input parameters, MC simulations were performed to study
the Na distribution on the pyridinic NG sheet. We found that the competition between
the one-body Na adsorption and the two-body Na-Na repulsive interaction plays an
important role for the Na distribution. More importantly, the average size of the Na cluster
decreases with the increasing pyridinic defect concentration, suggesting that a higher
concentration of pyridinic defect benefits the NG-based anode by effectively reducing the
Na clustering. The theoretical specific capacity increases monotonically with the increasing
pyridinic defect concentration and then becomes flat when the defect concentration is
higher than 7.5%. The predicted maximum specific capacity and optimal value of the
pyridinic defect concentration are consistent with experimental observations. Our study
shows that the pyridinic NGs are promising candidates for anode materials for SIBs, thanks
to the effectively modulated Na adsorptions and Na-Na interactions.
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