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a b s t r a c t

Nowadays, the development of promising anodes for Na and K ion batteries (NIB and KIB) has got great
attention due to their sustainable and renewable energy applications. Graphite is a good candidate but
suffers from low Na (<35 mAhg�1) and K ion storage capacities (~274 mAhg�1) in the experiments. In this
paper, based on the first-principles calculations, we demonstrate that graphite nanomesh with the hole
density of 46% (GN46) is a promising anode material for both the NIB and KIB. Remarkably, there are 361
e482 mAhg�1 ion storage capacity for the NIB and 482e602 mAhg�1 ion storage capacity for the KIB in
the GN46. The in-plane diffusion barriers of Na and K ions are calculated as small as 0.59 and 0.19 eV,
respectively. Besides, the holey structure opens an additional out-plane diffusing channel with only 1/14
and 1/10 of the diffusion barrier of those in graphite for Na and K ions. These diffusing properties suggest
an improved rate capacity for batteries. Finally, the GN46 shows relatively small superficial area change
ratio of less than 3% during the charging process, implying safety in applications. Hence, graphite
nanomesh is a promising anode for the NIB and KIB.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Nowadays, as one of the energy supply systems, rechargeable
batteries have shown wide applications ranging from personal
electronics, public vehicles, and other vital areas [1e3]. To meet the
increasing requirements for sustainable and renewable energy
sources, the development of next-generation rechargeable batte-
ries has never stopped. The rechargeable lithium-ion battery (LIB),
which is one of the most successful energy storage systems, has
ation Centre, Chinese Acad-

or Mesoscopic Physics and
871, PR China.
ku.edu.cn (J. Lu).
attracted considerable attention for years and received the 2019
Nobel prize in chemistry [4]. However, the increasing production
cost and the limited lithium-element resource make LIB not the
best promising future energy supply system [5]. Thus, the research
of the alternative ion-battery like the sodium-ion battery (NIB) and
potassium-ion battery (KIB) has sprung up due to their low cost and
abundant resources of sodium/potassium elements [6,7]. Never-
theless, their further development requires finding new suitable
anode materials.

Graphite is one of the most successful commercially used an-
odes for LIB due to its low cost, stable electrochemical performance,
and the most important eligible Li-ion storage capacity of 372
mAhg�1 [8]. However, the previous experimental works demon-
strate that the Na-ion storage capacity is less than 35 mAhg�1

[9,10], and the K ion-storage capacity is only 274 mAhg�1, in
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graphite anode [11e13]. These low storage capacities are far from
the satisfaction of the applications. Silicon is another high-
performance anode material for LIB with the experimental ultra-
high Li-ion storage capacity of more than 4000 mAhg�1 [14]. Un-
fortunately, silicon is not attractive for the NIB and KIB due to both
kinetical and thermodynamic limits of the Na/K-ions insertion and
diffusion [15,16]. Thus, although the electrochemical properties of
the NIB and KIB are similar to those of LIB, the anode materials
matching well LIBs system are sometimes not suitable for the NIB
and KIB, which needs further research.

Up to now, many efforts have been paid to try to improve the
performance of graphite anode for the NIB and KIB, especially to
understand the origin of its different Li/Na/K ion storage capacities.
It is said that the different volumes of Li/Na/K ions and their various
bonding with graphite make such a difference directly [13,17].
Furtherly, Goddard’s group firstly got the theoretical proof that the
weak adsorption energy of Na ion in graphite and the larger
expanding energy for Na-ion insertion make graphite not suitable
for the NIB [18]. Thus, the larger adsorption energy and the initially
expanded interlayer distance are quite desirable to improve
graphite anode for the NIB and KIB. Zhou’s group proved that the S-
doped N-rich carbon nanosheets could expand the interlayer dis-
tance to 3.50e3.78 Å compared with that of 3.35 Å for graphite and
generated 350 mAhg�1 Na-ion storage capacity for the NIB in the
experiment [19]. Wang’s group reported a kind of expanded
graphite with the interlayer distance of ~4.30 Å by a two-step
oxidation-reduction process, resulting in the 284 mAhg�1 Na-ion
storage capacity for the NIB in the experiment [20]. Besides, Pint’s
group studied the N-doped graphite with the expanded interlayer
distance and observed the 350 mAhg�1 K-ion storage capacity for
the KIB in the experiment [21]. However, the precise control of the
S/N doped process and oxidation-reduction process to graphite are
complex but get a very limited improvement of Na/K ions storage
capacities.

In this paper, we propose a new scheme – the use of graphite
nanomesh (or holey graphite) to elevate the Na/K ions storage ca-
pacities for the NIB and KIB. Such a scheme had achieved great
success for the LIB in improving the Li-ion storage capacity from
372 mAhg�1 to 714e1689 mAhg�1 [22]. The two-dimensional (2D)
similar graphene nanomesh (or holey graphene) had been suc-
cessfully synthesized in many experimental works and presented
the promising properties in the ion-batteries [23e27]. Herein,
based on the first-principles calculations, we examine the perfor-
mance of graphite nanomesh with a hole density of 46% (GN46) as
the anode for the NIB and KIB. Very recently, the three-dimensional
(3D) nanoporous graphite had been synthesized via a decarboxyl-
ation reaction, which possessed a very similar structure with the
GN46 [28]. In our calculations, the absolute values of the adsorption
energies of the single Na/K ion adsorbed in the GN46 are up to 0.39
and 1.09 eV, respectively, implying the enhanced adsorption ability
of Na/K ions. After adsorption of Na/K ions, the Fermi level of the
GN46 passes through the conduction band to show the enhanced
electrical conductivity. The in-plane diffusion barriers of Na/K ions
are as low as 0.59/0.19 eV, respectively. The holey structure opens
an additional out-plane diffusing channel. These diffusion proper-
ties suggest an improved rate capacity for the NIB and KIB. Most
importantly, we demonstrate that the high ion-storage capacities of
361e482 mAhg�1 for the NIB and 482e602 mAhg�1 for the KIB are
generated in the GN46, which breaks the storage capacity limits of
Na and K ions in the intrinsic graphite. Besides, the suitable average
open-circle voltages of 0.26/0.54 V are also observed for the NIB
and KIB in the GN46. Finally, the GN46 shows a relatively small
superficial area change ratio of less than 3% during the Na/K
charging process, implying safety in applications. From the above,
we indicate that graphite nanomesh is a promising anode for the
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NIB and KIB.

2. Computational details

The first-principles calculations were performed in the Vienna
Ab initio Simulation Package (VASP) and the Cambridge Sequential
Total Energy Package (CASTEP) [29e31]. The structure of the GN46
and its Na/K adsorbed compounds were firstly optimized by the
VASP. And then, the energies of the GN46 and the Na/K adsorbed
GN46 compounds are calculated by the ‘energy’ codes in the
CASTEP. Our previous work has demonstrated that such a combi-
nation is precise enough [11,13,22]. Additionally, the material
electronic properties, including band structures, the charge density
difference, and the Bader charge analysis, were studied by the VASP
due to its complete tools [32]. The climbing image nudged elastic
band (CI-NEB) method was also implemented in the VASP transi-
tion state tools to calculate the diffusion pathways and barriers of
Na/K ions [33,34]. The ab-initio molecular dynamics (AIMD) simu-
lations were performed using the Nos�e-Hoover thermostat at the
finite temperature of 300 K with a time step of 1 fs in the VASP
[35,36].

During the calculation in the VASP and CASTEP, we used the
density functional theory (DFT) with a cutoff energy of 500 eV, the
generalized gradient approximation (GGA) and the Perdew-Burke-
Ernzerhof (PBE) form, the k-point mesh sampled by the
MonkhorstePack method with a separation of 0.02 Å�1, the
convergence thresholds of 10�6 eV for energy and 10�3 eV/Å for
force, and the plane-wave basis set with the projector-augmented
wave (PAW) pseudopotential in the VASP and ultrasoft pseudopo-
tential in the CASTEP [37,38]. Besides, we also considered the weak
Van der Waals interaction by using the DFT-D3 approach in the
VASP and the DFT-D correction in the CASTEP [39,40].

3. Calculation results

3.1. Structure and stability

Graphite nanomesh structures with a hole density of 35%e61%
had been researched in our previous work [22]. The hole density is
defined by the ratio of the area of the hexagonal hydrogen
passivated holes and the unit-cell of graphite nanomesh. Our pre-
vious work showed that 46% of hole density was the best choice to
generate the highest ion-storage capacity. Besides, the AA-stack
graphite nanomesh model was precise enough to research the
anode properties based on the previous work [22,41]. Thus, we
choose the AA-stack graphite nanomesh with a hole density of 46%
(GN46) to study its performance as the anodes for the NIB and KIB,
which possesses the molecular formula of C18H6, as shown in Fig. 1
(a). The GN46 maintains an expanded interlayer distance of ~3.67 Å
compared with that of ~3.35 Å in the intrinsic graphite. Such an
expansion is due to the decreased Van der Waals’ force between
each holey graphene layer. Our previous work had demonstrated
the thermodynamic stability of the GN46 by using the AIMD sim-
ulations [22]. To check the dynamical stability of the GN46 further,
the phonon spectra are also calculated in this paper, as shown in
Fig. 1 (b). Herein, the absence of an imaginary mode in the entire
Brillouin zone confirms that the GN46 is dynamically stable.

3.2. Isolated Na and K atoms-adsorbed in the GN46

We first determine the favorite adsorption sites for an isolated
Na/K atom adsorbed in the GN46. The typical adsorption sites with
the high symmetric are considered, as shown in Fig. 2 (a), which
includes the sites on the top of a carbon atom or hydrogen atom
(marked as the numbers ‘0’ ~ ‘2’), and the sites at the center of the



Fig. 2. (a) Symmetric adsorption sites in the GN46. (b) Adsorption energies in different
adsorption sites for an isolated Na ion and K ion. (A colour version of this figure can be
viewed online.)
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hexagonal rings (marked as the letters D/Q/R/Z). Explicitly, the ‘D’
and ‘Z’ sites are the centers of the hexagonal CeC rings; the ‘Q’ site
is the center of the hexagonal CeH ring, and the ‘R’ site is the center
of the hexagonal HeH ring. In each adsorption site, one isolated Na/
K atom is placed, and the adsorbed structures are then optimized.
The cell size of the GN46 is large enough to avoid the interaction
between the Na/K atoms in different cells, based on our previous
work [22]. We identify the most favorable adsorption sites of the
isolated Na/K ions via calculating the adsorption energy, which is
defined as:

Ead¼ EMC18H6
� EC18H6

� EM (1)

where EMC18H6
, EC18H6

, and EM are the total energy of the isolated Na/
K atom adsorbed GN46, the pristine GN46, and Na/K atom in the
metal sodium/potassium, respectively. As shown in Fig. 2 (a), the
calculated Ead at the corresponding adsorption sites are summa-
rized. For an isolated Na/K atom, the adsorption abilities in the
‘0’ ~ ‘2’ sites are all unstable, and the Na/K atom moves to the
nearby symmetrical ‘Z’ sites. The favorite adsorption sites for an
isolated Na/K atom are both the ‘Z’ site with Ead of �0.39
and �1.06 eV, respectively. Considering that the absolute values of
Ead for an isolated Na atom in graphite is usually about 0.2 eV
(under the similar size of the unit-cell), according to the previous
first-principles works, such an increase (0.19 eV) in Ead of an iso-
lated Na atom in the GN46 indicates a greatly improved Na-ion
adsorption ability for the NIB [11]. [[,17] The high absolute value
of Ead for an isolated K atom means quite a steady adsorption,
which is also about 0.26 eV higher than that (0.8 eV) of the previous
calculation in graphite under the same cell, implying an improved
K-ion adsorption ability for the KIB [11,13]. The ‘R’ sites cannot
adsorb an isolated Na atom and possess feeble adsorption ability for
an isolated K atom, suggesting that hydrogen atoms almost have no
contribution to the Na/K atoms adsorption. As for the ‘D’ sites, they
also possess the ability to adsorb an isolated Na/K atom, but not as
strong as those of the corresponding ‘Z’ sites.
3.3. Electronic property of single Na and K atom-adsorbed GN46

Our previous work demonstrated that graphite nanomesh
possessed the semiconductor properties when the hole density was
larger than 46% [22]. For the applications as anodes, a good elec-
trical conductivity is essential, which could be improved by the
alkalis-metal atom adsorption. Thus, the electronic properties of
the single Na/K ion-adsorbed GN46 (Na1C18H6 and K1C18H6) should
Fig. 1. (a) Optimized structures of the GN46. The blue dashed lines are the hexagonal
hole, and the red dashed lines describe the tangent circle. (b) Phonon spectrum of the
GN46. (A colour version of this figure can be viewed online.)
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be studied. Herein, we calculate the band structures and the cor-
responding total density of states (TDOS) of one Na/K atom-
adsorbed at the favorite ‘Z’ adsorption sites in the GN46 per unit-
cell, as shown in Fig. 3. Remarkably, after adsorbing the Na/K
atoms, metallicity is generated in the GN46 due to the Fermi level
across the conduction band, suggesting the enhanced electrical
conductivity [42,43].

To furtherly understand the interaction between the Na/K atoms
and the GN46, the charge transfers are studied in the single Na/K
adsorbed GN46. Firstly, we calculate the charge density difference
(Dr) between the Na/K atoms and the GN46 under the definition of:

Dr¼ rMGN46 � rGN46 � rM (2)

where, rMGN46, rGN46, and rM represent the charge density values of
the Na/K adsorbed GN46, the GN46, and the single Na/K atom,
respectively. As shown in Fig. 4, a net electron loss is observed
above the Na/K atoms, and a net electron gain occurs between Na/K
atoms and the nearby carbon atoms. Electron transfers happen
from the Na/K atoms to the GN46, indicating an ionic interaction
between the Na/K atoms and the GN46. To further calculate the
specific amount of electron transfers, we perform Bader charge
analysis and find that Na/K atoms act as the electron donors and
donate about 0.81/0.85 e� per atom to the GN46, respectively.
These results indicate that Na/K atoms are the ionic state after
adsorbed in the GN46, which caters to the application as anodes for
the ion batteries.

3.4. Diffusion barriers of single Na and K ions

To evaluate the rate capacity of the materials used as an anode
for the ion batteries, the diffusion barrier of the single ion in the
anode is an essential reference. [44,45] Herein, due to the 3D holey
structure of the GN46, there are two kinds of diffusion directions
for Na/K ions, including the horizontal in-plane pathway and the
vertical out-plane pathway. For comparison, we also calculate the
diffusion barriers of Na/K ion diffusing in the intrinsic graphite
under the same unit-cell with the GN46.

For the in-plane diffusion direction, the diffusion pathways of
Na/K ions diffusing in graphite and the GN46 are marked, as shown
in Fig. 5 (a). Based on the previous work, the Na/K ions started from
the center of the CeC ring and diffused to the symmetrical adjacent
center site in graphite [46]. However, due to the holey structure in
the GN46, there are two possible diffusion pathways named A and B
pathways, respectively. In the A-pathway, the Na/K ions diffuse only



Fig. 3. Band structure and total density of states (TDOS) of one (a) Na ion and (b) K ion
adsorbed in the GN46. The Fermi level is set to zero. (A colour version of this figure can
be viewed online.)
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at the surface of the residual graphite along ‘Z’ / ‘D’ / ‘Z’ sites. In
the B-pathway, the Na/K ions bypass the edge of the hydrogen
passivated hole along ‘Z’/ ‘Q’/ ‘Z’ sites. As shown in Fig. 5 (b), the
diffusion barriers are about 0.48 and 0.19 eV for the single Na and K
ions in graphite, respectively. As for the GN46, the diffusion barriers
of Na/K ions are about 0.59 and 0.19 eV for A-pathway, and 0.61 and
0.22 eV for B-pathway. Thus, Na/K ions prefer diffusing through the
A-pathway with lower diffusion barriers of 0.59 and 0.19 eV,
respectively. Remarkably, the diffusion barrier of single Na ion in
the GN46 is a little higher than that in graphite. Such an increased
diffusion barrier of Na ion in the GN46 might be contributed to the
quite improved adsorption ability in the GN46 compared with the
feeble adsorption ability of Na ion in graphite [46e48]. The
Fig. 4. Top views of charge density difference for one (a) Na ion and (b) K ion adsorbed in
colour version of this figure can be viewed online.)
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adsorption of Na ion makes more interaction between the Na ion
and the GN46, leading to a higher diffusion barrier. Similarly, the
diffusion barrier of the single K ion in the GN46 demonstrates
almost no difference with that in graphite due to both the
adsorption ability of K ion in the GN46 and graphite.

The additional vertical out-plane diffusion channels are crucial
for the accelerated charging/discharging process, as reported in the
previous studies [44,45]. As shown in Fig. 6 (a), for graphite, the
diffusion barriers for Na/K ions diffusing across the hollow site in a
CeC hexagon are calculated as large as 21.43 and 25.60 eV,
respectively, indicating an nearly impossible diffusing process and
the absence of the ability of vertical out-plane diffusion. By
contrast, as shown in Fig. 6 (b), the calculated diffusion barriers for
the Na/K ions travel through the hydrogen passivated hole in the
GN46 are about 1.51 and 2.62 eV, respectively, which are only about
1/14 and 1/10 of those in graphite, implying an accelerated
charging/discharging process for the NIB and KIB. Both the low in-
plane diffusion barriers and the additional out-plane diffusion
channels guarantee a good rate capacity of the GN46 for the NIB
and KIB.
3.5. Maximum Na and K ions-storage capacity

As discussed before, the initial expanded interlayer distance and
the larger adsorption energy are both naturally satisfied in the
GN46, which are essential for elevating the ion storage capacities
for the NIB and KIB in graphite [18]. In this part, we research
whether the maximum Na/K ion storage capacities are indeed
improved in the GN46.

The Na/K ion storage capacity is calculated from the equation:

C¼ 1
WAnode

� x� F (3)

where WAnode is the atomic Molar weight of the GN46 or graphite
anodes per unit-cell, x is the number of the adsorbed Na/K ions in
the GN46 or graphite anodes, and F is the Faraday constant.

Besides, the average adsorption energy (Eave) per Na/K atoms
could be defined as:

Eave ¼ EMxC18H6
� EC18H6

� xEM
x

(4)

where EMxC18H6
, EC18H6

, and EM are the total energy of the Na/K
adsorbed GN46, the pristine GN46, and per Na/K atom in the metal
sodium/potassium, respectively. Besides, x is the number of Na/K
the GN46. Red and green colors indicate the net increase and decrease of electrons. (A



Fig. 5. (a) In-plane diffusion pathways of one Na and K ion diffusing at the interlayer of the graphite and the GN46. (b) The corresponding in-plane diffusion energy profiles. (A
colour version of this figure can be viewed online.)

Fig. 6. Out-plane diffusion pathways and diffusion energy profile of one Na and K ion through the hole of (a) the graphite and (b) the GN46. (A colour version of this figure can be
viewed online.)
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atoms adsorbed in the GN46. As the thermodynamical criterion, to
make the adsorption process for the Na/K atoms could occur
spontaneously, Eave should be negative. A larger absolute value of
Eave indicates a higher adsorption ability with a more stable
246
isolated Na/K atom adsorbed structure.
In many previous theoretical works, the energetically critical

point where the sign of Eave is changed from a negative (energeti-
cally favorable) to a positive value (energetically unfavorable) is
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usually regarded as the criterion to determine the maximum x and
thus the maximum ion storage capacities for the anode materials
[22,35,36,44,49]. However, such a thermodynamical criterion does
not work for Li-ion storage in graphite anode. On the experimental
aspect, graphite anode could only generate less than 35 mAhg�1

Na-ion storage capacity [17,18,20]. But on the theoretical aspect, the
critical point of Eave has a stoichiometry NaC12, corresponding to a
maximum Na-ion storage capacaity of ~186 mAhg�1 [11,13,18]. As
for the K ions, the previous experimental studies demonstrated that
the KC8 structure is the adsorption limit in graphite, but the
calculated Eave at this concentration is about �0.4 eV [12]. The
structure of KC6 also possesses Eave of about �0.2 eV in the theo-
retical studies, but it is not observed experimentally [11,13].

There are two possible causes for such a discrepancy: (1) The
actual insertion of metal ions into graphite not only depends on the
total energy difference of the reactant and product but also de-
pends on the kinetics, especially when the system is under low
adsorption energy, which often implies a high reaction barrier
[11e13,15,16]. (2) The effect of entropy is not considered at all in
these theoretical calculations.

As shown in Fig. 7., our calculated adsorption energies per Na/K
ion in graphite are about 0.08 eV (NaC12), 0.05 eV (NaC8), �0.39 eV
(KC12), �0.43 eV (KC8) and �0.23 eV (KC6), which are consistent
with the previous work (NaC12: 0.03 eV, NaC8: 0.05 eV, KC12:
-0.38 eV, KC8: -0.42 eV, and KC6: -0.22 eV) [11,13]. The reported
values of Eave are negative before NaC12 but their absolute values
are all smaller than 0.2 eV in Na-adsorbed graphite. The reasonable
threshold value of Eave should be corrected to �0.2 and �0.4 eV,
respectively, to reproduce the observed Na and K ion storage ca-
pacity in intrinsic graphite. Thus we set Eave ¼ �0.2 and �0.4 eV as
the more realistic criterion (or kinetic criterion) for obtaining the
maximum x and storage capacity in graphite-like materials (GN46)
for Na and K ions, respectively.

For the GN46, at the low Na/K ions storage capacities, Eave keeps
negative and indicates that the Na/K ions can be adsorbed in the
GN46 quite steadily instead of clustering to form Na/K metals. With
the increase of the ion concentration, the electrostatic attractions
between the GN46 hosts and the Na/K ions becomeweaker, and the
NaeNa or KeK ions interactions are enhanced [22,35,43,49,50].
Thus, the absolute values of Eave for both Na/K ions are becoming
smaller. However, these values are still larger than those of graphite
under the same Na/K ion storage capacities, implying that the holy
structure has stabilized Na/K ion. As a result, the Na-ion storage
capacity is ~482 mAhg�1 (Na4C18H6) under the thermodynamical
criterion and ~361 mAhg�1 (Na3C18H6) under the more realistic
criterion. Similarly, the GN46 possesses the K-ion storage capacity
Fig. 7. Average adsorption energy (Eave) versus the ion-storage capacity in the GN46 for (a) N
adsorbed in the graphite are also calculated for comparison. Gray dashed lines stand for the
colour version of this figure can be viewed online.)
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of ~602 mAhg�1 (K5C18H6) under the thermodynamical criterion
and ~482 mAhg�1 (K4C18H6) under the more realistic criterion for
the KIB. Considering that graphite possesses low experimental Na-
ion storage (<35 mAhg�1) and K-ion storage (~274 mAhg�1) ca-
pacities, these values of Na-ion and K-ion storage capacities in the
GN46 are quite a significant improvement [17,18].

Finally, we perform the AIMD to check the thermodynamic
stability of the maximum Na/K ions adsorbed structures at room
temperature, as shown in Fig. S1. As a result, the total energies of
Na3C18H6, Na4C18H6, K4C18H6, and K5C18H6 are all kept stable during
the AIMD simulations of up to 5000 fs. Besides, the structures of
those compounds are all kept steady with feeble deformation after
5000 fs. These results suggest that the maximum Na/K ions
adsorbed structures are thermodynamically stable at room tem-
perature [35,36].
3.6. Open-circuit voltage for the NIB and KIB

When the GN46 is used as anodes for the NIB and KIB, the
charging/discharging process can be summarized as:

ðx2 � x1ÞMþ þ ðx2 � x1Þe� þMx1C18H64Mx2C18H6 (5)

Thus, when the pressure, volume, and entropy effects are
neglected, the open-circuit voltage (OCV) of the GN46 can be
calculated as:

Vz
EMx1

C18H6
� EMx2

C18H6
þ ðx2 � x1ÞEM

ðx2 � x1Þe
(6)

where EMx1 C18H6
, EMx2 C18H6

and EM are the total energy of Mx1C18H6,
Mx2C18H6, and per Na/K atom in the metal sodium/potassium,
respectively.

As shown in Fig. 8, in the open-circuit voltage profiles,
commonly, there are three prominent regions: (1) plateau region
withweak NaeNa or KeK interactions at the low ion concentration,
(2) the increase of repulsive interaction between the NaeNa or KeK
ions, (3) strong repulsive interaction with a negative voltage
[51,52]. The first and second regions stand for the reversible regions
used as an anode, which are marked green and orange colors.
However, the gray regions demonstrate the irreversible parts due to
the negative values of voltages [22,51,52]. Remarkably, the GN46
could generate the reversible Na-ion storage capacity of 361
mAhg�1 (Na3C18H6) and K-ion storage capacity of 482 mAhg�1

(K4C18H6). The reversible Na and K-ion storage capacity values are
about 75% and 80% of those of the corresponding maximumNa and
a-ion battery and (b) K-ion battery. The average adsorption energies of Na ion and K ion
kinetic and thermodynamical criteria to determine the maximum storage capacity. (A
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K ions storage values in the GN46. We should state that those
irreversible storage capacities are due to the half-cell reaction
because we only research the anode part of the battery. The pre-
vious works showed that when the anode is connected to a full-cell,
the external voltage could overcome the irreversible storage ca-
pacity and charge the anode to the theoretical maximum ion
storage capacity [22,51,52].

Before being charged with the maximum ion storage capacities,
the OCV for the NIB decreases from 0.39 V to 0.06 V with an average
value of 0.26 V. Similarily, the average OCV for the KIB is 0.54 V.
Generally, a low average OCV of materials, when used as the anode,
guarantees a high energy density and a high output voltage. The
previous studies show that the suitable average OCV should be in
the range of 0.2e1 V for the anodes [53]. Fortunately, the average
OCVs of the GN46 are suitable for both the NIB and KIB, which
makes the GN46 suitable candidates to be used as the anode.

3.7. Safety in applications

From the discussion above, we can get the preliminary judg-
ment that the GN46 is a promising anode material with the high-
performance properties like the low diffusion barriers for Na/K
ions and the high Na/K ion storage capacities. However, for the
experimental application, the safety of the anode is quite
important.

For instance, during the charging process, there is usually some
structure expansion in the anode, which is also sensitive to the
material cycle stability [14,50]. The significant surface area expan-
sion of the anodes might cause electrode pulverization and even-
tually lead to fast capacity fading and even potential safety hazards.
Thus, we test the surface area expansion of the Na/K ions adsorbed
GN46 firstly. Following the previous study, the superficial area-
change ratio (DS) could be defined as [22,50].

DS¼ ��
SMxGN46 � SGN46

� �
SGN46

�� 100% (7)

where SMxGN46 and SGN46 are the superficial area per unit-cell of the
Na/K ion adsorbed anodes and the intrinsic anodes, respectively
[22,50].

We calculate the superficial area-change ratio of graphite and
the GN46 as a function of Na/K ion storage capacities, as shown in
Fig. 9. With the increase of the ion storage capacities, the superficial
area-change ratios of both graphite and the GN46 are getting larger
due to themore andmore ions inserting. Remarkably, at each of the
same Na/K ion storage capacities, the superficial area-change ratio
of graphite is higher than those of the GN46. Finally, when the
Fig. 8. Open-circle voltage (OCV) profiles as a function of ion storage capacity in the GN46 f
the reversible parts, and the gray regions demonstrate the irreversible parts, respectively. (
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GN46 get their maximum Na/K ion storage capacities, the superfi-
cial area-change ratios are both less than 3% for the NIB and KIB,
implying very little expansion in applications, which is essential to
the safety in applications.

Besides, when the anode materials are adsorbed with a high
concentration of ions, the ions would sometimes get together to
generate the clusters and lead to the dendrites. These dendrites
would break the anode structure, leading to a potential safety
hazard. Herein, under the maximum Na/K ion storage capacities,
we check whether the Na/K ions are still ionic state by calculating
the electron localization functions (ELFs) and the charge density
difference (Dr) for the Na4C18H6 and K5C18H6, as shown in Fig. 10
and Fig. S2, respectively. As a result, the electrons are almost
localized in the Na/K ions and the GN46 substrate. The regions
between the Na/K ions and the GN46 always show the ELF ~0, and a
net electron gain occurs between Na/K ions and the nearby holey
graphene layer. Additionally, the regions between each Na or K ions
are also ELF ~0, and a net electron loss is observed around the Na/K
ions. These results suggest that Na/K ions still keep ionic state even
under the maximum Na/K ions adsorption instead of clustering to
form Na/K metals, which is essential to prevent the generation of
the dendrites when used as anodes for the NIB and KIB [49].

Finally, the charge transfers per ion as a function of the metal/C
ratio are also calculated to demonstrate the electrochemical sta-
bility of the GN46. Herein, those of graphite is also calculated for
comparison. As shown in Fig. 11, the charge transfers are kept about
0.8 e� per ion from Na ions to the GN46 when it used as the anode
for the NIB. As for the KIB, the charge transfers show a small
decreasewith the increase of the metal/C ratio but are still all larger
than 0.7 e� per ion from K ions to the GN46. For the Na ions, the
charge transfers are almost equal for graphite and the GN46.
However, as for the K ions, the charge transfers demonstrate the
increase in the GN46, compared with those in graphite as the same
K/C ratio. These results indicate that the strong ion bonds are al-
ways formed between the GN46 and the Na/K ions, and such
bonding is even enhanced in the GN46 for K ions compared with
graphite, indicating that the electrochemical processes are stable
when the GN46 is used as anodes for the NIB and KIB [50].

4. Discussion

4.1. Comparing Na/K ion storage capacities with other carbon-
based materials

Carbon-based material usually possesses low production prices
for its readily available from nature, which is a kind of desirable
or the (a) Na-ion battery and (b) K-ion battery. The green and orange regions stand for
A colour version of this figure can be viewed online.)



Fig. 9. Superficial area-change ratio as a function of (a) the Na-ion storage capacity and
(b) the K-ion storage capacity. Those of the graphite are also listed for comparison. (A
colour version of this figure can be viewed online.)

Fig. 11. Charge transfer per metal ion as a function of metal/C ratio for (a) Na and (b) K.
Those of the graphite are also listed for comparison.
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sustainable energy material. Many works have been demonstrated
for the potential application of carbon-basedmaterials as the anode
for the NIB and KIB. Herein, we compare the Na/K ion storage ca-
pacities of the GN46 with other representative carbon-based ma-
terials when used as anodes for the NIB and KIB, as shown in Table 1
and Table 2, respectively. Obviously, graphite shows quite low
storage capacities for Na and K ions. Besides, it shows that the
sample preparations of the other carbon-based materials are
sometimes complex. However, the improvement of Na/K ion stor-
age capacity is still limited in those carbon-based materials. As for
GN46, our calculated results demonstrate the high ion-storage ca-
pacity of 361e482 mAhg�1 for the NIB and 361e482 mAhg�1 for
Fig. 10. Electron localization functions plots of the (110) and (001) slices for the (a) Na4C18

means no valence electron here. (A colour version of this figure can be viewed online.)
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the KIB, which is among the best of candidates for carbon-based
materials. Besides, it is not surprising to find that the non-
graphitizing carbons (hard carbons), which are partially close to
the GN46 in the holey structures, commonly possess relatively high
ion-storage capacities in the experiments.

4.2. The origin of the improved Na/K ion-storage capacities in the
GN46

We should state that the improved theoretical maximum Na/K
ion storage capacity in the GN46 does not owe to the Na/K ions
adsorbed in the hole space, which could be reflected from the
conclusion that the hydrogen atoms almost have no contribution to
H6 (b) K5C18H6. Red color indicates the localization of the valence electrons, and blue



Table 1
Summary of the sample preparation and Na-ion storage capacity for representative carbon-based materials when used as anodes for the NIB.

Carbon-based Materials Sample Preparation Capacities (mAhg�1) Ref.

N/P co-doped carbon microspheres Hydrothermal process 545 [54]
O-doped 3D carbonaceous Epitaxial growth method 430 [55]
Graphite nanomesh e 361~482 This work
Hard carbon One method for manufacturing activated carbon [56] 386 [57]

Carbonized at 1350 �C for 2 h 336.4 [58]
Carbonized at 1500 �C for 2 h 330 [59]
Carbonized at 1000e1600 �C 319 [60]

S-doped N-rich carbon nanosheets S/N doped process 350 [19]
P-doped hard carbon P-doped process 328 [61]
3D porous carbon frameworks Mixing acetone and NaOH 303.2 [62]
N-Doped graphene foams Annealing the freeze-dried graphene oxide foams 291 [63]
Expanded graphite oxide Two-step oxidation-reduction process 284 [20]
Porous carbon/graphene composite Facile ionothermal process 250 [64]
Disordered 3D multi-layer graphene CO2 gas through a reaction with Li 190 [65]
Graphite e <35 [8]

Table 2
Summary of the sample preparation and K-ion storage capacity for representative carbon-based materials when used as anodes for the KIB.

Carbon-based Materials Sample Preparation Capacities (mAhg�1) Ref.

Graphite nanomesh e 482e603 This work
Hard carbon porous nanobelts Carbonized at 650 �C under argon atmosphere 468 [66]
Polynanocrystalline graphite Chemical vapor deposition 387 [67]
N-doped graphite N-doped process 350 [21]
S/N co-doping graphene nanosheets S/N co-doped process 348.2 [68]
Hard carbon One method for manufacturing activated carbon [56] 336 [57]

Carbonizing the renewable piths of sorghum stalks 304.6 [69]
P-doped hard carbon P-doped process 302 [61]
Graphite e 274 [8]
Highly N-doped carbon nanofibers Polypyrrole carbonized in N2 248 [70]
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the Na/K ions adsorption. Considering the ion storage capacity
could be calculated by the equation of C ¼ 1

Wanode
� x� F , the

following three reasons might contribute to the higher Na/K ion
storage capacities: (1) A larger interface distance of 3.67 Å was
generated in the GN46, in comparison with that of 3.35 Å for
graphite, which could produce a wider space for ion storage ca-
pacity per unit-cell, leading to a bigger xmax. (2) The increased
adsorption energies of Na/K ions in the GN46 compared with those
in graphite under the same ion concentrations contribute to more
ions adsorption, benefiting a bigger xmax. (3) A lower atomic Molar
weight of the GN46 per unit-cell with a value of 77% of that of
graphite under the same unit-cell size, suggesting a smaller Wanode.
4.3. Creating graphite nanomesh samples in the future

Although the GN46 is a priming anode material for the NIB and
KIB, we have to claim that it is still a kind of prophetic material.
However, many previous works demonstrate the possibility of the
fabrication of such a graphite nanomesh. For instance, in 2018, the
nanoporous graphene (NPG) has been bottom-up synthesized by
Mugarza’s group [23,24]. The hole size in the NPG is less than 1 nm,
and the holey structure in the NPG is very similar to that in the
GN46. Besides, Duan’s group has successfully created graphene
nanomesh (GN) by using top-down approaches of O2 plasma
exposure in 2019 [25,26]. The hole size in the GN is also smaller
than 1 nm. Furthermore, Yang’s group had successfully experi-
mentally obtained small-sized nanoporous graphene via a hierar-
chical reaction pathway on Au(111), which is indeed the 2D
structure of the similar graphite nanomesh [27]. Finally, the three-
dimensional (3D) similar nanoporous graphite had also been syn-
thesized via a decarboxylation reaction [28]. These experimental
methods provide the possibility of creating graphite nanomesh
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anode, which deserves more effort in the future.

4.4. Diffusion of organic solvent molecules

In the actual case, the organic solvent such as carbonate is often
used as the electrolyte solvent. There is a concern that these mol-
ecules could probably diffuse to the matrix to be electrochemically
decomposed in the porous anode materials. However, the pore size
in the GN46 is ~0.37 nm, which is equal to, or smaller than, the sizes
of many kinds of the electrolyte ions like ethylene carbonate (EC,
~0.40 nm) [71], propylene carbonate (PC, ~0.39 nm) [72], and ethyl
methyl carbonate (EMC, ~0.90 nm) [73]. Thus, it is commonly hard
for these electrolyte ions to diffuse into the matrix through the
pore. Besides, even if several electrolyte ions could probably diffuse
into the GN46, the narrow interlayer spacing of the GN46 (<1 nm)
could probably weaken the interactions of organic solvents by
space restriction and tend to generate the more ordered structures
of the metal ions-organic solvents composites, as reported in Q.
Cai’s study [73]. Thus, the decomposition of electrolyte ions would
probably be restrained in the GN46. Finally, there would usually
generate a layer of solid electrolyte interphase (SEI) at the surface
for the carbon-based anodes, preventing the diffusion of organic
solvent [74]. From these previous references, we tentatively
conclude that the GN46 is still a promising anode material in the
experiment when faced with the organic solvent.

5. Conclusion

In this paper, the first-principles calculations were performed to
examine the properties of graphite nanomeshwith the hole density
of 46% (GN46) used as anodes for the NIB and KIB. We found that
the GN46 was a promising anode material for the NIB and KIB with
the following good characters: (1) a larger absolute value of Ead for
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the isolated Na/K ions (indicating a higher adsorption ability with
the more stable Na/K adsorbed structure), (2) an enhanced elec-
trical conductivity (benefit to the application as anodes for ion
batteries), (3) a low in-plane diffusion barriers of 0.59/0.19 eV for
single Na/K ion and the additional out-plane diffusing channel
through the holey structure (suggesting good cycle stability for the
NIB and KIB), (4) high ion-storage capacities of 361e482 mAhg�1

for the NIB and 361e482 mAhg�1 for the KIB (breaking the storage
capacity limits of Na and K ions in graphite), (5) suitable average
OCV of 0.26/0.54 V for the NIB and KIB, (6) relatively small structure
deformations during the Na/K charging process and the stable
electrochemical process (implying safety in use).
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