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Recently, the 2019 Nobel prize in chemistry awards to three pioneers in the lithium-ion batteries (LIBs).
However, the most commercially used anode for LIBs is still graphite, which suffers from the limited Li-
ion storage of 372 mAh/g. To improve the performance of the intrinsic graphite anode (IGA), we use the
ab initio calculations to examine the holey graphite anodes (HGAs) with three hole densities (35%:
HGA35, 46%: HGA46 and 61%: HGA61) for LIBs. Remarkably, the maximum Li-ion storages of HGAs are up
to 714—1689 mAh/g, which are about 2—4.5 times as high as that of the IGA (372 mAh/g). Besides, the in-
plane diffusion barrier for Li-ions is also reduced from 0.57 eV (IGA) to 0.35—0.42 eV (HGAs), suggesting a
higher Li-ion diffusion rate. The holey structures could open an extra out-plane Li-ions diffusing channel
with only one-fifth of the diffusion barrier of that in the IGA, implying an accelerated charge/discharge
process in the applications. We also demonstrate the relatively small surface area change ratio of less
than 3%—14% in the HGAs upon adsorption of the maximum Li concentration. Therefore, the holey

structure is a promising strategy to improve the graphite anode for LIBs significantly.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Lithium-ion batteries (LIBs) have achieved great success since
they were firstly commercialized by Sony Corporation in 1991
[1—4]. Recently, the 2019 Nobel prize in chemistry awarded to John
B. Goodenough, M. Stanley Whittingham, and Akira Yoshino, who
are pioneers in LIBs. From personal computers to electric vehicles,
LIBs now play a more and more critical role in today’s life. To meet
the increasing demand for the power supply, it becomes urgent to
improve the Li-ion storage of LIBs [5—7]. Up to now, graphite is still
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the most commercially used material as anode for LIBs. Neverthe-
less, there is a widely accepted notion that every six carbon atoms
in the graphite hold only one Li-ion for each layer at most and form
the LiCg structure [8—11], which limits the Li-ion storage of 372
mAh/g for the intrinsic graphite anode (IGA).

Many works have demonstrated that the modified graphite is a
promising method to improve the Li-ion storage of the IGA. For
instance, the graphite modified by nano-metallic-oxide (NMO-G)
has a larger distance of the graphite layers and the increased degree
of the structural disorder. These characters of the NMO-G provide a
wider space for Li-ion storage, resulting in the high Li-ion storage of
675.9 mAh/g in the experiment [12]. Besides, the reduced graphite
oxide (r-GO) inherits the layer structure of graphite but has a larger
distance of the graphite layer of 3.74 A (instead of 3.35 A like the
IGA [10,13]), and thus a wider space for Li-ion storage is generated
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[13]. As a result, the Li-ion storage is improved up to 917 mAh/g for
r-GO in the experiment [13]. Other modified structures like the
fluoridized graphite anode [14], aluminum-modified r-GO anode
[15] and the metallic oxide/R-GO compounds anode [16—18] also
improve the Li-ion storage with similar mechanisms.

Another feasible method is to reduce the dimension of graphite
and generate two-dimensional graphene anodes (2DGAs) [19].
2DGAs have a higher surface area ratio and vast ion-occupation
sites for Li-ions compared with the bulk IGA [19,20]. The previous
study demonstrates that 2DGAs can generate higher Li-ion storage
of 460 mAh/g in the experiment [21]. Besides, the modified 2DGAs
can also get better performance for LIBs. For instance, the func-
tionalized 2DGAs (by epoxy and hydroxyl) present high Li-ion
storage of ~860 mAh/g in theory due to the formation of covalent
Li—0 bonds [22,23]. Disordered 2DGAs possess high Li-ion storage
in the range of 794—1054 mAh/g in the experiment [24], which is
mainly ascribed to the additional reversible storage sites such as
edges and other defects. Besides, 2DGAs with the Stone-Wales
defects can even achieve ultrahigh Li-ion storage of 1100 mAh/g
in theory due to the enhanced charge transfer from Li-ions to the
graphene substrate [25].

In addition to the methods above, the holey structure could be
the third promising strategy to improve the performance of the IGA
for LIBs [26]. Commonly, the interconnected holes help accom-
modate the structure deformation during the charge/discharge
process, implying an enhanced the cycling stability [27]. More
importantly, the holey structures could generate a wider space for
ions storage, suggesting higher Li-ion storage [28]. Besides, the
interconnected holes could facilitate the out-plane diffusion
channels, which is particularly helpful to the LIBs performing at the
accelerated charge/discharge process [29].

Motivated by the unique features of holey structures with such
favorable properties, we use the first-principles calculations to
examine the performance of the holey graphite anodes (HGAs) for
LIBs. Three hole densities of HGAs (35%: HGA35, 46%: HGA46 and
61%: HGAG61) are considered in our study. We firstly prove that the
HGAs are thermodynamically stable at room temperature. After
adsorbing Li-ions, the Fermi level of all these HGAs moves upward
into the conduction band, which suggests the enhanced electrical
conductivity of the HGAs. The in-plane diffusion barriers for single
Li-ions are only 0.35—0.42 eV in the HGAs compared with that of
0.57 eV in the IGA, which means a higher Li-ion diffusion rate. We
find the higher the hole density, the lower the in-plane diffusion
barrier in the HGAs. The holey structure could also open an extra
out-plane Li-ion diffusion channel with the diffusion barrier of
1.64 eV, which is only one-fifth of the diffusion barrier of Li-ions
diffusing across one graphene layer of the IGA (8.23 eV). Such an
extra channel probably accelerates the charge/discharge process of
LIBs. The calculated Li-ions capacities of the HGAs can reach as high
as 714—1689 mAh/g, with the HGA46 performing the highest. Such
ultrahigh Li-ions capacities are about 2—4.5 times as high as that of
the IGA (372 mAh/g). We also observed the appropriate average
open-circuit voltages of about 0.64 and 0.86 V in the HGA35 and
HGAA46, respectively. More importantly, the HGAs show relatively
small structure deformations upon adsorption of their maximum
Li-ions concentrations with a superficial area change ratio of less
than 3%—14%, implying good cycle stability. Hence, the holey
structure is a promising strategy to improve the IGA for LIBs
significantly.

2. Computational details
The structures of the HGAs and their Li-adsorbed compounds

were fully optimized by the Vienna Ab initio Simulation Package
(VASP) [30,31]. Additionally, the electronic properties (like the

partial density of state, the charge density difference and Bader
charge analysis [32]) were studied by the VASP due to its powerful
functions in the electronic calculations. The climbing image nudged
elastic band (CI-NEB) method was also implemented in the VASP
transition state tools to calculate the diffusion barriers of Li-ions
[33,34]. During the calculations, the weak van der Waals interac-
tion was taken into consideration by using the DFT-D3 approach in
the VASP, and the plane-wave basis set with the projector-
augmented wave (PAW) pseudopotential were adopted [35,36].

The energies of the graphite interacted by alkali metal (Li/Na/K)
had been calculated by the ‘energy’ codes in the Cambridge
Sequential Total Energy Package (CASTEP) [37] in the previous
study and were consistent with the experimental results [11]. Thus,
we chose the CASTEP to calculate the energies of the HGAs and
their Li-adsorbed compounds in our research for comparison.
During the calculations, the weak van der Waals interaction was
taken into consideration by using the DFT-D correction in the
CASTEP, and the plane-wave basis set with the ultrasoft pseudo-
potential was adopted.

Quantum Atomistix ToolKit (ATK) 2019 was used to do the ab
initio molecular dynamics (MD) simulations to test the thermody-
namic stability of the HGAs [38]. Herein, we used the 2 x 2 super-
cells of the HGAs to do the MD simulations for more accurate
results. The MD simulation was conducted in a canonical NVT
ensemble with the 300 K Nose-Hoover thermostat, and the total
MD time was 1500 fs. [39]. During the calculations, the weak van
der Waals interaction was taken into consideration by using the
DFT-D3 approach in the ATK, and the double-{ plus polarization
(DZP) basis with the FHI pseudopotential were adopted.

During the calculation in the VASP, CASTEP, ATK: the density
functional theory (DFT) with a cutoff energy of 600 eV was used;
the generalized gradient approximation (GGA) combined with the
Perdew-Burke-Ernzerhof (PBE) form were adopted [40]; the k-
point mesh was sampled by the Monkhorst—Pack method with a
separation of 0.02 A~!; and the convergence thresholds of 10 eV
for energy and 103 eV/A for force were used.

3. Results and discussions
3.1. Structure and stability

Commonly, the intrinsic graphite has an AB-stack of the carbon
layer structure in nature. However, many works have demonstrated
that graphite with a certain intercalated concentration of Li shifts
the stacking pattern to an AA-stack [9,10,41—43]. The graphene
layers in an AA-stack has only 7 meV per atom higher energy than
that of the AB-stack, but the AA-stack models dramatically simplify
the research and also maintain the accuracy [44]. Thus, we start
from a perfect AA-stack graphite and introduce a series of equi-
lateral hexagonal holes to construct holey graphite models. Such a
shape of the hole usually possesses better thermodynamic stability
among the other shapes [45] and is easier to be fabricated in the
experiment, as reported in the previous study [46]. Herein, all
dangling bonds on the periphery of holes are suggested to be
passivated by the hydrogen atoms in the calculation, according to
the previous work [46,47].

The hole density R is defined by the equation:

R — gHOle (l )
HGA

where Sy and Syga are the areas of the hexagonal hydrogen
passivated holes and the unit-cell of the holey graphite anodes
(HGAs), respectively, as marked in Fig. 1 (a). We define the side
length of the equilateral hexagonal hole as [, and the radius of the
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Fig. 1. (a) Optimized top and side views and lattice parameters of the HGA35, HGA46 and HGA61, respectively. The black dashed line means the unit cell of each holey graphite
anode. The green dashed lines stand for the hexagonal hole, and the red dashed lines depict the tangent circle. (b) Top- and side-viewed snapshots of a relaxation event at 1500 fs of
the 2 x 2 supercells of the HGA35, HGA46 and HGAG61, respectively, in the MD simulations. (c) Total energies and temperatures of the 2 x 2 supercells of the HGA35, HGA46 and
HGAG61, respectively, during the 1500 fs of the MD simulations. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this

article.)

tangent circle is . Mathematically, | = %gr. Besides, a and b are
defined as lattice parameters of the HGA unit-cell. For all the HGAs,
c is the distance between the neighboring layers and set as 3.58 A
initially (the same as that of the AA-stack graphite) [44]. Thus,
Shiole = %lz and Spcas = \/75 ab , the hole density R could be

calculated by the equation:

Ro4a 2
=4 (2)
By fixing the size of the hexagonal hydrogen passivated hole,
different hole densities can be generated by varying the size of the
unit-cell (the values of a and b) of the HGAs. As shown in Fig. 1 (a),
we define three kinds of HGAs with the hole densities of R = 35%
(C6Hg), R = 46% (C1gHg) and R = 61% (Cq2Hg), respectively. These

three HGAs are called HGA35, HGA46 and HGAG61, respectively, in
the following discussion.

After full optimizations, all the HGAs keep their initial struc-
tures, implying high statical stability. With the increasing hole
density, the optimized ¢ parameter increases to 3.60, 3.67 and
3.69 A for the HGA35, HGA46 and HGAG1, respectively in compar-
ison with that of 3.58 A for the AA-stack graphite. Thus, the holey
structures could probably reduce the weak van der Waals interac-
tion between the neighboring layers, resulting in a larger interlayer
distance [48—50]. Moreover, thermodynamic stability is also crucial
for the materials intended to use as an anode for LIBs. Here, we
perform the ab initio molecular dynamics (MD) simulations to
investigate the thermodynamic stability of the HGAs at room
temperature. As shown in Fig. 1 (b), the HGA35 and the HGA46 kept
the steady structure during 1500 fs with almost no deformation. As
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for the HGAG1, it presented a small amplitude in the z-direction at
1500 fs, implying a slight deformation. However, the HGA61 kept
the steady structure in the x-y plane. The other snapshots of
relaxation events at 500 and 1000 fs of the HGAs are shown in
Fig. S1. Furthermore, the total energies and temperatures were
balanced dynamically during the 1500 fs MD simulations for all the
HGAs, as shown in Fig. 1 (c). From the above, we demonstrate the
thermodynamic stability of the HGAs at room temperature [51,52].

3.2. Single Li atom adsorption

Then, the favorable adsorption sites should be found in the three
HGA:s for single Li atom. We find all the possible adsorption sites in
consideration of the structure symmetry: the sites on the top of a
carbon (C) atom or hydrogen (H) atom are marked as the numbers
(‘0" to ‘5’) and at the center of the hexagonal rings are marked as the
letters (E/H/Z) as shown in Fig. 2. Explicitly, we define the
adsorption site at the hexagonal C—H ring (which is near the edge
of the hexagonal hole) as the ‘E’ site, the center of the hexagonal
hydrogen passivated hole as the ‘H’ site and the center of the
hexagonal C—C ring (which is the nearest neighbor C—C ring to the
hexagonal hole) as the ‘Z’ site. We try to adsorb one Li atom at every
one of the adsorption sites, and these Li-adsorbed HGAs are going

© C O H @ Adsorption sites

Fig. 2. Adsorption sites of Li-ions in the (a) HGA35 (b) HGA46 and (c) HGAG61. The black
dashed lines mean the unit cell of each holey graphite anode. The blue dashed sublines
help find the symmetry of the HGAs. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)

to get fully optimized. Following the previous work [53—61], the
adsorption energy (E,q) per Li atom is defined as:

Ej; — Enga — nEj;
Eiq= Li,HGA nH Li (3)

where Ej; yca, Enca, and Ey; are the total energy of the Li-adsorbed
HGAs, the pristine HGAs, and per Li atom in the metal lithium,
respectively. And n is the number of Li atoms adsorbed in the HGAs.
Under such a definition of the adsorption energy, E,4 should be
negative when the HGAs have the ability to adsorb one Li atom.
Besides, the larger absolute value of E,4 (in other words, the more
negative of E,4), the more stable Li-adsorbed HGAs [53—61].

Table 1 summarizes the calculated E,; at the corresponding
adsorption sites. For all the HGAs, the ‘Z’ sites are the most favorable
adsorption sites for the Li atom with the E,4 of —1.62, —1.34
and —1.10 eV for the HGA35, HGA46 and HGAG61, respectively. Such
high absolute values of adsorption energies mean quite a steady
adsorption, a rapid loading process and a significant potential for
Li-storage application [5]. The structures of one Li atom adsorbed at
the ‘H’ sites in the HGAs are all steady during the optimization.
However, due to the positive values of these E,q, all the ‘H’ sites
cannot adsorb the Li atom under this condition. That means that
hydrogen (H) atoms have no contribution to the Li-atom adsorp-
tion. Besides, all the ‘E’ sites possess the ability to adsorb Li atom,
but the E.q are not as strong as those of the corresponding ‘Z’ sites.
It could be interpreted that the number of carbon atoms around the
‘E’ site is less than that of the ‘Z’ site, and then the adsorption ability
would be weakened at the ‘E’ site relatively. In addition, the other
adsorption sites are all unstable, and the Li atom moves to the
nearby stable adsorption sites.

3.3. Electronic property

Commonly, the electric conductivity of graphite would decrease
after being constructed as the holey structures [46,47,62,63].
However, for the applications of anodes for LIBs, a good electrical
conductivity is essential. In this section, we study the electronic
properties of the Li-adsorbed HGAs.

The total density of states (TDOS) of the intrinsic HGAs and their
Li-adsorbed structures (one Li atom adsorbed at the favorite ‘Z’
adsorption site) per unit-cell are illustrated in Fig. 3. Herein, the
TDOS of the IGA and its maximum Li concentration adsorbed
structure (LiCg) are also calculated for comparison. The HGA35
keeps its good electric conductivity compared with the IGA. How-
ever, the HGA46 and HGAG61 generate an energy gap of 0.20 and
0.88 eV around the Fermi level, respectively. That means the
insulation of the hole structures will much influent the electric
conductivity of the HGAs when the hole density is higher than (at
least) 35%. Besides, we find that a higher hole density could
generate a more significant energy gap, which accords with the
previous study [46,62]. Remarkably, after the adsorption of the Li
atom, the Fermi level of the Li-adsorbed HGAs moves upward into
the conduction band. Thus, the Li adsorbed HGAs still possess the
appropriate electric conductivities, which provides the enhance-
ment for the applications of the Li adsorbed HGAs in LIBs. Besides,
we found that the TDOS of the Li-adsorbed HGAs show no obvious
difference to the HGAs with just the Fermi level moving into the
conduction band. Such a phenomenon is similar to that of the Li
adsorbed in the bulk CusN [64], monolayer GaS [60], monolayer
C4N [51], and monolayer PCg [65]. As reported in these previous
works, such a phenomenon indicates that the Li-atom adsorptions
do not change the electronic properties of the HGAs, which implies
that the dominating interaction between the Li-atoms and the HGA
is ionic interaction instead of the covalent interaction.
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Table 1

The adsorption energies at the different adsorption sites for the HGAs. Herein, the sites on the top of a carbon (C) atom or hydrogen (H) atom are marked as the numbers (‘0’ to
‘5") and at the center of a hexagonal ring are marked as the letters (E/H/Z) as shown in Fig. 3. Explicitly, we define the adsorption site at the hexagonal C—H ring (which is near
the edge of the hexagonal hole) as the ‘E’ site, the center of the hexagonal hydrogen passivated hole as the ‘H’ site and the center of the hexagonal C—C ring (which is the nearest
neighbor C—C ring to the hexagonal hole) as the ‘Z’ site. The arrows mean the adsorption site is changed after the optimization.

Sites 0 1 2 4 5 E H z
HGA35 Eaa(eV) ~155 -0 -z —E -z -z ~145 0.09 ~1.62
HGA46 Eaa(eV) -z ~1.09 -z -z / / -123 0.44 ~1.34
HGAG1 Eaa(eV) -z -z -z / / ~1.06 0.29 ~1.10

To get a further understanding of the interaction between the Li
atom and HAGs, we studied the charge transfer phenomenon of the
Li-adsorbed HGAs. Bader charge analysis indicates that Li atoms act
as the electron donors and donate about 0.83e~, 0.84e™ and 0.84e~
per Li atom to the HGA35, HGA46, and HGAG61, respectively. Such
analyses mean that Li atoms exist in the ionic state in the Li-
adsorbed HGAs.

Besides, the charge density difference (Ap) between the Li atoms
and the HGAs is also calculated and displayed in Fig. 4. Herein, Ap is
defined as:

Ap =pLi_HcA — PHGA — PLi (4)

where pji_pga, PHca. and py; represent the charge density values of
the Li-adsorbed HGAs, the pristine HGAs, and a Li atom,
respectively.

As a result, there is a net electron loss above the Li atom and a
net electron gain between Li atoms and the nearby carbon atoms
for all the HGAs. From the above, the results of the TDOS figures, the
Bader charge analysis, and the charge density difference are
entirely consistent. They indicate that there are electron transfers
from the Li atoms to the HGAs, and the ionic interaction is formed
between the Li-ions and the HGAs.

3.4. Diffusion barriers of single Li-ions

The in-plane diffusion pathway for single Li-ions diffusing in the
IGA is shown in Fig. 5 (a), and a high in-plane diffusion barrier
height of 0.57 eV is observed (in accordance with the previous re-
ports [8,66,67]). The possible in-plane diffusion pathways and the
corresponding energy profiles of the HGAs are shown in Fig. 5
(b)—(d). Each Li-ions starts from the favorite adsorption ‘Z’ sites,
and then diffuses at the interlayer of the HGAs. Two in-plane
diffusion pathways for Li-ions in the HGAs are considered in our
study: (1) diffusing only at the residual carbon surface (named ‘B-
pathway’) and (2) bypassing the edge of the hexagonal hydrogen
passivated hole (named ‘R-pathway’). Under such definitions, there
are two possible in-plane diffusion pathways for the HGA35 and
HGAA46, respectively, but only ‘R-pathway’ for the HGA61.

The diffusion barrier heights along ‘B-pathway’ and ‘R-pathway’
are about 0.50 and 0.42 eV for the HGA35, respectively, and the
corresponding diffusion lengths are 9.00 and 11.51 A, respectively.
The diffusion barrier heights along ‘B-pathway’ and ‘R-pathway’ are
about 0.46 and 0.38 eV for HGA46, respectively, and the corre-
sponding diffusion lengths are 5.31 and 5.48 A, respectively. The
diffusion length is longer for the ‘R-pathway’ than that of the ‘B-
pathway’. However, the diffusion barrier height is much smaller
along the ‘B-pathway’ than along the ‘R-pathway’. That could be
interpreted as the reduced Li—C interactions around the edge of the
hexagonal hydrogen passivated hole. Besides, for the HGA61, there
is only the ‘R-pathway’ with the diffusion barrier height of 0.35 eV
and the diffusion length of 5.57 A. Remarkably, all the HGAs have a
lower in-plane diffusion barrier height than that of IGA. Besides, the
larger the hole density, the lower the in-plane diffusion barrier

height. Those phenomena imply the holey structure could improve
the Li-ions diffusion rate compared with the intrinsic graphite.

The holey structure could also open an extra out-plane diffusion
channel for the Li-ions. The previous work has shown that the
diffusion barrier of a given ion passing the hole on the graphene
sheet is only related to the hole size [46]. Thus, we only take the
HGA35 as an example and calculate the out-plane diffusion barrier
height of the Li-ions travel through a hexagonal hydrogen passiv-
ated hole in the HGA35 (Fig. 6 (a)). The out-plane diffusion barrier
height for the Li-ions diffusing across the hollow site in a
hexagonal C—C ring of IGA is also calculated for comparison (Fig. 6
(b)). The calculated out-plane diffusion barrier is just 1.64 eV for the
HGA35, which is only one-fifth of the diffusion barrier of that for
the IGA (8.23 eV). Thus, the Li-ions could diffuse across the hole in
the HGAs much easier than in the IGA and probably accelerate the
charge/discharge process of LIBs.

3.5. Maximum Li-ion storages

The holey structure of the HGAs generates a larger distance
between the neighboring layers, which commonly means a wider
space for Li-ion storage. In this section, we investigate whether
such a wider space could generate higher Li-ion storage than that of
the IGA.

The E,q4 as a function of Li concentration in the different HGAs
are calculated and shown in Fig. 7. The E,q as a function of Li con-
centration in the IGA is also calculated for comparison (LiCyg, LiCy2,
LiCg, LiCg structures are considered). Our calculated E,4 of the IGA in
different Li concentrations accord with the previous works [8—10].
For each HGA, E,4 is negative at the low Li concentration, which
indicates that the Li-adsorbed HGAs are stable. As the concentra-
tion increases, the absolute value of E,4 becomes smaller due to the
weaker electrostatic attractions between the HGA hosts and the Li
cations and the enhanced Li—Li interactions [51,60,65]. Generally,
by gradually increasing the concentration of the Li atoms (Li,HGA)
before the E.,q turns to a positive value, and then the maximum
number of Li adsorption per unit-cell (nmax) of the HGAs are
obtained.

The negative E,q indicate that the Li-ions can be adsorbed stably
instead of clustering to form Li metal in the HGAs. Besides, the
absolute value of E,4 is much higher than that in the IGA at each the
same Li-ion storage, implying that the holey strategy in the IGA
makes more active sites for Li adsorption [68—70]. Finally, we find
the E,4 keeps negative until ny.x = 18 and 14 for the HGA35 and
HGAA46, respectively, and the structures of the HGA35 and HGA46
are quite steady under the maximum Li-ion storage (LijgC26Hg and
Li;4Ci8He), as shown in Fig. 8(a) and (b). However, for the HGA61,
when the Li concentration increases to n = 5, the deformation of
the HGAG61 is quite obvious, as shown in Fig. S2. That means that the
HGAG1 is not even statically stable under a Li concentration higher
than LisCioHg, which is not secure for the applications of LIBs. It
could be interpreted that the large hole density generates enor-
mous damage to the stability of the C—C frames in the HGA61,
leading to poor structure stability under a relatively high Li
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Fig. 4. Top views of difference charge density for one Li-ion adsorbed in (a) HGA35, (b)
HGA46 and (c) HGA61. Red and green colors indicate the net increase and decrease of
electrons. (For interpretation of the references to color in this figure legend, the reader
is referred to the Web version of this article.)

concentration. Thus, the graphite with hole density below 46% is
robust enough to keep the structure stability under a relatively high
Li concentration. Besides, the structure of the HGA61 (LisCi2Hg)
under a low Li concentration of n = 4 is also statically stable, as
shown in Fig. 8 (c). Thus, the maximum Li concentration of the
HGAG61 is nmax = 4. The structures of the HGA35, HGA46 and HGA61
show little difference at the adsorption sites of the Li-ions when

they both reach the maximum Li-ion storage, which has been dis-
cussed in the Supplementary Material.

The theoretical maximum Li-ion storage (C) for LIBs is deter-
mined by the maximum Li concentration (nmax) by the equation of
[53—61].

1
C:MxnmaxxF (5)

where F is the Faraday constant (26801 mAh/mol), M is the atomic
Molar weight per unit-cell (318.33, 222.25 and 150.18 g/mol for the
HGA35, HGA46 and HGAG1, respectively). For the IGA, considering
the Mg, = 72.06 g/mol and the corresponding nmax = 1, the
maximum theoretical Li-ion storage is 372 mAh/g under such an
equation [8—11].

The theoretical maximum Li-ion storages are 1516, 1689 and 714
mAh/g for the HGA35, HGA46, and HGA61, respectively, as shown in
Fig. 9. Although the nmax of the HGA35 is higher than that of the
HGAA46, the larger Mygp of the HGA35 leading to a relatively low Li-
ion storage than the HGA46. The HGA61 has a relatively low Li-ion
storage because of the low npax. Remarkably, all these Li-ions ca-
pacities outdistance that of the IGA (372 mAh/g). The HGAs lead to a
higher maximum Li/C ratio in comparison with that of the IGA. For
the IGA, there is a widely accepted notion that the maximum Li/C is
0.17 (the LiCg structure). However, the maximum Li/C ratios are up
to 0.69, 0.78 and 0.33, respectively, for the HGA35, HGA46 and
HGAG61. The much improved Li-ion storage is also observed in other
holey carbonic anode materials. For instance, the monolayer
nitrogenized holey graphene obtains ultrahigh Li-ion storage of
2939 mAh/g as the anode of LIBs in the first-principles study [71].
Such Li-ion storage outdistance that of 460 mAh/g in the perfect
graphene anode [21]. Thus, the holey strategy is a feasible method
to achieve higher Li-ion storage.

We calculate the electron localization functions (ELFs) for the
HGAs with the maximum Li-ion storage, as shown in Fig. S3. Herein,
we find that the electrons almost localize in the Li-ions or the HGAs
substrate. Besides, there are always regions with ELF~0 between Li-
ions and the HGAs and between each Li-ions. These results suggest
that Li-ions are keeping ionic state even under the high Li con-
centration instead of clustering to form Li metal. We also find that
the holey structure is like an electron-exchanging channel con-
necting each layer of Li-ions (especially in the HGA35 and the
HGA46). Such an electron-exchanging channel could reinforce the
adsorption of Li-ions in the HGAs.

The holey structure could provide the electron-exchanging
channel; however, we should state that the improved theoretical
maximum Li-ion storage is not due to the Li-storage in the hole
space. The cause that the hexagonal hydrogen passivated hole
cannot adsorb the Li atoms is the positive value of E,4 at the center
of the hexagonal hydrogen passivated hole (0.09, 0.44 and 0.29 eV
for the HGA35, HGA46 and HGAG61, respectively). Actually, the
following two reasons contributing to the higher Li-ion storage for
LIBs: (1) A larger distance (3.60, 3.67 and 3.69 A for the HGA35,
HGA46 and HGAG1, respectively, in comparison with that of 3.58 A
for the IGA) between the neighboring layers generating a wider
space for Li storage per unit-cell indeed leads to a bigger nmax
(nmax = 18, 14 and 4 for the HGA35, HGA46 and HGA61 in a unit-
cell, respectively). (2) The holey structure leads to a lower atomic
Molar weight per unit-cell Myga (the atomic Molar weight of the
HGA35, HGA46 and HGAG61 are about 83%, 77% and 69% of that of
the IGA in the same unit-cell size, respectively).

3.6. Open-circuit voltage

Finally, we test the Open-circuit voltage (OCV) and cycling
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stability of the HGAs which are crucial factors affecting the per-
formance of LIBs. We can obtain the OCV curve by calculating the
average voltage over the increasing values of the Li concentration.
In theory, the charge/discharge process can be summarized as:

(ny —nq)Li* + (ny — nq)e + Lip, HGA © Li,, HGA (6)

When we neglect the pressure, volume and entropy effects, the
average voltage of the HGAs in the concentration range of n; < n <
n, can be calculated as [53—61].

_ Eui, Hoa — ELi, Hoa + (2 — m)Ey;

\Y%
(np —nqp)e-

(7)

where E]_inl Heca and ELinZHGA are the total energy of Li,, HGA and

Lin, HGA, Ey; is the average energy per Li atom in the metal lithium,
ny and n, are the number of Li-ions adsorbed in the HGAs.

The voltage curves of three HGAs are presented in Fig. 10.
Herein, we also present the voltage profile of the IGA for reference
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(comparing Li-adsorbed structure with the corresponding intrinsic
structure). Commonly, there are three prominent voltage regions in
the charging process of the anode: (1) plateau region correspond-
ing to a weak interaction between the Li-ions at low Li concentra-
tion, (2) a region for increasing repulsive interaction between the Li
ions, (3) a region for strong repulsive interaction where even a
negative voltage is generated [72,73]. The first and second regions
could be regarded as the reversible regions used as an anode for
LIBs, which have been merged and marked orange, blue and green
colors for the HGA35, HGA46 and HGA61 in Fig. 10, respectively.
However, the gray third regions in Fig. 10(a) and (b) demonstrate
the irreversible parts. Thus, the reversible Li-ion storages are 1010,
1205 and 714 mAh/g for the HGA35, HGA46 and HGAG61, respec-
tively, with the corresponding maximum Li concentration structure
of Li;pCysHsg, LijoCigHg, and LisCi2Hg. The reversible Li-ion storage
values of the HGA35 and HGA46 are only 67% and 71% of that of the
corresponding maximum Li-ion storage values. However, they are
still much larger than that of the most commercially used IGA of
372 mAh/g. We should state that the above reversible capacities are
all based on the half-cell reaction (we only calculate the anode for
the LIBs). When the HGAs are connected to a full-cell, the external
voltage can overcome the repulsive interaction between Li-ions at
high concentration and charge the HGAs to the theoretical
maximum Li-ion storage.

We numerically average the voltage profiles and get the average
OCV of about 0.64, 0.86 and 1.11 V for the HGA35, HGA46 and
HGAG61, respectively. These values are larger than that of IGA
(0.11 V) [74], but much smaller than that of other widely studied
anodes like TiO; (1.5—1.8 V) and black P (1.8—2.9 V) [75,76]. A lower
OCV of the anode can guarantee a higher energy density and a high
output voltage of the LIBs. However, a too low OCV for the anode
would lead to a metal plating during the charge/discharge
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Fig. 9. Maximum Li-ion storage of HGAs as a function of the hole density. That of the
IGA is also listed for comparison with the defined hole density of R = 0%.

processing. Thus, the suitable OCV for an anode material is sug-
gested in the range of 0.2—1.0 V [77]. Fortunately, the average OCV
of the HGA35 and HGAA46 are just in the suitable OCV range as the
anode of LIBs. Thus, the HGA35 and HGA46 can be used as the
anode of LIBs. By contrast, the average OCV of the HGA61 is a bit
high to be used as the anode for LIBs.

3.7. Cycling stability

The cycle stability of the HGAs is also essential for LIBs, which is
extremely sensitive to the structure deformation during the
reversible charge/discharge process. It is known that significant
surface area expansion might cause electrode pulverization and
eventually lead to fast capacity fading and poor cycle stability [78].
Thus, we test the surface area expansion of the Li-adsorbed HGAs in
this section (herein, that of the IGA is also presented for reference).
Following the previous study, we define the surface area change
ratio (AS) as [79].

AS = [(Sti—1ca — Snca) / SHcal x 100% (8)

where S;;_pca and Syga are the surface area of the Li-adsorbed and
pristine HGAs, respectively.
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Fig. 10. Voltage profiles as a function of the Li-ion storage of the (a) IGA (comparing
the Li-adsorbed structure with the corresponding intrinsic structure), (b) HGA35, (c)
HGA46 and (d) HGA61. The reversible regions are marked orange, blue and green
colors. The gray regions demonstrate the irreversible parts. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of
this article.)

As plotted in Fig. 11, AS increases gradually with the increase of
the Li concentration. Herein, the maximum AS are only 7.87%,
13.90% and 2.77%for the HAG35, HGA46 and HGA61, respectively,
when they achieve the theoretical maximum Li-ion storages.
Herein, the AS of the IGA adsorbed with its four Li-concentration
structures (LiCyg, LiCqp, LiCg, LiCg) are also calculated for compari-
son. Obviously, at each of the same Li-ion storage, the superficial
area change ratio of the IGA is much higher than those of the HGAs.
Besides, they are much smaller than that of the silicon-based anode
(400%) [78]. The low surface area change ratio of the HGAs may due
to the holey structure accommodating the superficial area change,
which also potentially slows down the cycle capacity fading of the
HGAs during the charge/discharge process for better cycle stability
[26]. Thus, the holey strategy is also a feasible method to achieve
higher cycle stability for the IGA.
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4. Discussion

The holey graphite performs well as the anode for LIBs and
shows high stability according to our calculations. There is one
question: how to realize the holey graphite structure in the real
world? Actually, in 2010, Xiangfeng Duan’s group has successfully
created the so-called graphene nanomeshes (GNM) with the peri-
odical and regular holey structure [80]. The graphene nanomeshes
are prepared using block copolymer lithography and possess vari-
able periodicities and neck widths as low as 5 nm. Besides, in 2019,
Xiangfeng Duan’s group has improved the pore size of the GNM to
less than 1 nm by using O, plasma exposure [81]. Their methods
can be used to create holey graphite anodes. In the previous study,
the fabrication of regular two-dimensional carbon-based networks
with single-atom wide holes and sub-nanometer periodicity has
been realized by surface-assisted coupling of specifically designed
molecular building blocks [63]. Thus, we believe that holey graphite
anode is possible in the real world.

Besides, we demonstrate that the higher the hole density, the
lower the in-plane diffusion barrier in the HGAs. The Li-ion capacity
of the HGA46 is also higher than that of the HGA35, which means
the higher the hole density, the larger the Li-ion capacity to some
extent. On the other hand, the higher hole density would also bring
a larger instability of material. For instance, the HGA61 presents a
slight deformation in the z-direction compared with the steady
structure of the HGA35 and HGA46 in MD simulations. Besides, the
superficial area change ratio of the HGA46 is also higher than that
of the HGA35. To generate the highest Li-ion storage, we suggest
that the hole density of the HGAs should be closed to 46% in the
experiment. However, to get less expansion and higher stability of
the HGAs during the Li-ion charging process, the hole density of the
HGAs should be closed to 35%.

5. Conclusion

In this paper, we used the first-principles calculations to
examine the performance of the three kinds of HGAs with hole
densities of 35% (HGA35), 46% (HGA46) and 61% (HGA61) as anodes
for LIBs. We found that the HGAs possessed the following good
characters: (1) the thermodynamic stability at room temperature,

(2) the enhanced electrical conductivity in the single Li-adsorbed
HGAs, (3) the lower in-plane diffusion barriers of 0.35—0.42 eV
(which was much lower than that of 0.57 eV in the IGA), (4) an extra
out-plane Li-ion diffusion channel with the diffusion barrier of
1.64 eV (which was only one-fifth of the diffusion barrier of 8.23 eV
for Li-ion diffusing across one graphene layer of the graphite anode)
(5) the ultrahigh Li-ion storages of 714—1689 mAh/g (about 2—4.5
times as high as that of the IGA), (6) an appropriate average OCV of
about 0.64 and 0.86 V for the HGA35 and HGA46, (7) the relative
small structure deformations of the HGAs upon adsorption of the
maximum Li concentrations with the surface area change ratio of
less than 3%—14%. Therefore, we indicated that the holey structure
was a promising strategy to improve the IGA for LIBs.
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