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2D carbon nitride materials play an important role in energy storage. Recently, 2D dumbbell (DB) C4N, a new member of 2D
carbon nitride, is proposed and possesses two stable phases (DB C4N-I and DB C4N-II). In this paper, we use the first-principles
calculations to examine the performance of monolayer (ML) DB C4N as anode for lithium-ion batteries (LIBs). After adsorbing Li-
ions, the Fermi level of both two phases of ML DB C,N moves upward into the conduction band and shows an enhancement of the
electrical conductivity. The maximum theoretical specific capacities for LIBs are up to 1942 and 2158 mAh g~ for I and II phase,
respectively, which are about 4 ~5 times higher than that of the commercially used graphite (372 mAh g~ '). The appropriate open-
circuit voltages of ~0.60 and 0.68 V are also generated in ML DB C4N-I and II anodes, respectively. Finally, the diffusion barriers
of Li ions are only 0.26 and 0.21 eV at I and II phase of ML DB CyN, respectively, providing appropriate rate capacities
performance for LIBs. Therefore, we suggest that both two phases of ML DB C4N are promising anode materials for LIBs.
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As one of the most important batteries, rechargeable lithium-ion
batteries (LIBs) have attracted more and more attention and achieved
great commercial success.'> However, the most extensively and
commercially used anode material for LIBs is still graphite, whose
specific capacity is only 372 mAh g '.° With the development of
electronic devices, it is more and more urgent to strengthen the
performance of LIBs, especially the specific capacity. Two-dimen-
sional (2D) materials possess a high surface area, fast ion transport
and vast ion occupation. These properties make 2D materials
promising electrodes for LIBs that possess a higher specific capacity
and larger rate.”'°

So far, many kinds of 2D materials have been explored as anodes
for LIBs and show a high specific capacity. For instance, graphene
has been commercially used for its experimental high specific
capacity (540 mAh g~"), stability and low cost.'' Some 2D transi-
tion metal chalcogenides (TMDs) have been investigated and show a
high specific capacity like 466 mAh gf1 for VS, (in theory)'? and
814.2 mAh g71 for MoS, (in the experiment).13 Previous theoretical
studies also show that monolayer (ML) 2D silicene, '
borophene,'>'® and black phosphorene!”'® can generate a high
specific capacity of 1196, 1720 and 2596 mAh g ', respectively.
Remarkably, 2D carbon nitride materials often get a tremendous
specific capacity as well as good cycling stability both experimen-
tally and theoretically. For instance, 2D C,N anode possesses a high
specific capacity of 933.2mAh g~' in experiment,” and the theore-
tical specific capacity is up to 2939 mAh g~ ! for its monolayer.'® 2D
C;N anode possesses a specific capacity of 383.3 mAh g~! and an
excellent c;/cling stability for more than 500 cycles in the
experiment.” ML 2D carbon excess C3N is also predicted to possess
a high theoretical specific capacity of 837.06 mAh g~'.?° In addition,
2D g-C3N,4 has drawn growing attention for its highly reversible
specific capacity of 2753 mAh g~ and high cycling stability (more
than 300 cycles) in experiment.”

“E-mail: jinglu@pku.edu.cn

Another important member of 2D carbon nitride is dumbbell
(DB) C4N.?? After been proposed in 2017, it has initiated a series of
studies in theory for its potential applications.”>™> 2D DB C4N is
predicted to possess two stable DB-shape phases with both thermal
and dynamical stability and could be experimentally synthesized as
2D C3N.>?? Besides, the DB-shape structures can probably generate
an appropriate diffusion pathway for Li-ions.”® The Dirac-cone
energy band has been found in both two phases of DB C4N, which
means a good electric property.>” These novel characters of DB C4N
are significant in applications of energy storage. Motivated by the
huge success of other 2D carbon nitride materials used as an anode
for LIBs, based on the first-principles calculations, we investigate
the performance of the ML DB C4N as an anode material for LIBs.

In this paper, we show that both two phases of ML DB C4N can
adsorb Li atom steadily. After Li-adsorption, the Fermi level of ML
DB C4N moves upward into the conduction band and enhances the
electrical conductivity for LIBs. The maximum theoretical specific
capacity for LIBs is up to 1942 and 2158 mAh g~ for I and II phase
of ML DB CyN, respectively. As anode for LIBs, ML DB C4N also
possesses appropriate open-circuit voltages of ~0.60 and 0.68 V for
I and II phase, respectively. Besides, we demonstrate the diffusion
barriers of Li-ion are only 0.26 and 0.21 eV at I and II phase of ML
DB CyN, respectively. Such low diffusion barriers provide appro-
priate rate capacities for LIBs. Therefore, we suggest that both two
phases of ML DB CyN are promising anode materials for LIBs with
ultrahigh specific capacities, appropriate electrical conductivity,
open-circuit voltage, and rate capacity.

Computational Details

All the calculations were carried out by the plane-wave basis set
with a cut-off energy of 500 eV and the projector augmented wave
(PAW) pseudopotential was implemented in the Vienna ab initio
simulation package (VASP) code.”®?* Based on the density func-
tional theory (DFT), the generalized gradient approximation (GGA)
combined with the Perdew-Burke-Ernzerhof (PBE) form were
adopted.*** Periodic boundary conditions were implemented in
all directions with a vacuum space (at least 15 A) in the z-direction
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between the adjacent ML DB Cy4N layers to avoid the interactions in
the adjacent unit cells. Herein, we adopted the dipole correction to
eliminate the pseudo interaction generated by the periodic boundary
condition in the vacuum direction. Besides, Van der Waals interac-
tion was taken into consideration by using the DFT-D3 approach in
the VASP code.>**

We firstly optimized the structures of the Li-adsorbed ML DB
C4N compounds by relaxing the atoms and lattice parameters into
their energy and force minimization. Herein, the k-point mesh was
sampled by the Monkhorst-Pack method with a separation of
0.04 A~" and the convergence thresholds were 10~ eV for energy
and 0.02 eV A™' for force. After the full convergence of the
structure optimization, we changed a more precise k-point mesh with
a separation of 0.02 A~' and the convergence threshold to 107 eV
for energy. These parameters were used to calculate the total
energies and electronic properties (like the partial density of state
(PDOS), the charge density difference and the electron localization
functions) of the compounds. We also used the Bader charge
analysis to estimate the charge distribution situations.*® Besides,
the climbing image nudged elastic band (CI-NEB) method imple-
mented in the VASP transition state tools was used to determine the
minimum energy diffusion pathways and the corresponding energy
profiles of Li ions.*”~

Results and Discussions

Adsorption ability of one Li atom at ML DB C,N.—ML DB
C4N has been proposed to possess two stable phases named ML DB
CyN-I and ML DB CyN-II, as shown in Figs. la and 1b,
respectively.”? The optimized lattice parameters are a = b =
4775 A for phase T and 4.761 A for phase II, in accord with the
reported values.”> To begin with, the favorable adsorption sites
should be found. For ML DB C4N-I, as shown in Fig. 1a, we define
four potential adsorption sites according to its symmetry: the
“central sites” above the center of the C-N hexagon (H; site) and
the C—C hexagon (H, site), the “top sites” on the top of the N atom
(T, site) and the C atom (T, site). Both N-surface and C-surface (as
defined in Fig. 1) of ML DB C,4N-I are considered in our calculation,
as shown in Fig. la, which means there are 8 potential adsorption
sites for Li atom in total. For ML DB C4N-II, as shown in Fig. 1b,
we define six potential adsorption sites according to its symmetry.
The meanings of these adsorption sites in ML DB C4N-II are similar
to those in ML DB C4N-1.

We simulate a 3 x 3 Ml DB C4N supercell with one Li atom
located above (Li concentration: LiposC4N) to investigate the
adsorption properties, and such a supercell is large enough to avoid
the interaction between the Li atoms in different supercells.
Following the previous work,'*!72%2!3942 the adsorption energy
(Ep) is defined as:

(a)

Top view
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where Ey; c,n, Ec,N, EvLi and x are the total energy of ML DB Cy4N (I
phase or II phase) adsorbed by the Li atoms, the total energy of
pristine ML DB C4N (the corresponding I phase or II phase), the
average energy per Li atom in the metal lithium and the number of
Li atoms adsorbed in ML DB CyN, respectively. Depending on such
a definition, Ey, should be negative when ML DB C4N adsorbing the
Li atom. Besides, the more negative of E}, (in other words, the larger
absolute value of E}), the more exothermic reaction of the Li atom
adsorption at ML DB C,N.'3!7-20:21.39-42

Table I summarizes the calculated adsorption energies at the
different adsorption sites. For the N-surface of ML DB C4N-I, the
studied Li atoms initially on the T, and H, sites move to the H;
site after full optimizations. Besides, E, is positive at the T site, and
the absolute value of E, is close to 0 eV on the H; site (only
—0.08 eV). Such optimized results and adsorption energy values
mean the absence of the adsorption ability for Li atom at the N-
surface of ML DB C4N-I. Thus, in the subsequent part of this paper,
we do not study the adsorption at the N-surface of ML DB C4N-I
any more. For the C-surface of ML DB C4N-I, the studied Li atoms
initially on the T;, T, and H, sites move to the H; site after full
optimizations. Besides, the E}, on the H; site is —1.38 eV. As for ML
DB CyN-II, the studied Li atoms initially on the Ty, T,, T4 and H,
sites will move to the H; site, and E}, on the H; and T; sites are
—0.93 and —0.77 eV, respectively. Thus, we find the favorite
adsorption sites for two phases of ML DB C4N are both in the H;
sites. The absolute values of Ej, on the H; site for both two phases of
ML DB CyN are larger than that of the previous studied ty?ical 2D
anode materials for LIBs, such as ML 2D BP (—0.202 eV),* ML 2D
Sc,C (—0.31 eV)* and ML 2D GaN (—0.46 e¢V).*> These higher
absolute values of adsorption energy of Li atom at ML DB C4N
probably mean better steady adsorption, a more rapid 1oadin%
process and more significant potential for Li-storage applications.”

Electronic property of Li adsorbed ML DB C,/,N.—A good
electrical conductivity is also an important part for the materials
intended to be used as an anode for LIBs. In this section, we study
the electronic properties of Li adsorbed ML DB C4N under the low
Li concentration of Lig(sC4N. The partial density of states (PDOS)
for both two phases of pristine ML DB C4N-I and the ML DB
C4N-II with one Li atom adsorbed on the H; site are illustrated in
Fig. 2. For both two phases of pristine ML DB C4N, there is a Dirac
cone around the Fermi level. Such Dirac cones mean an extremely
large Fermi velocity and a good electric property. These properties
make the pristine ML DB C4N ideal materials for electronic devices
and are also beneficial to LIBs.***> Besides, the states around the
Fermi level are mainly composed of p, atomic orbitals which are

Top view

Figure 1. Top and front views of (a) ML DB C4N-I and (b) ML DB C4N-II structure. The black dashed lines are the unit cells, and the blue dashed lines help find
the symmetry. Herein, we define the “central sites” above the center of the C—N hexagon (H; site) and the C—C hexagon (H, site), the “top sites” on the top of the
N atom (T} site) and the C atom (T, T3 and T, sites). Both the N-surface and the C-surface of ML DB C4N-I are considered as marked in its front view figure.
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Table 1. Adsorption energy of Li atom at different sites in ML DB C4N-I and ML DB C4N-II under the concentration of LiyosC4N. Herein, we
define the ““central sites” above the center of the C-N hexagon (H; site) and the C-C hexagon (H, site), the ‘“top sites” on the top of the N atom (T,
site) and the C atom (T, T5, and T, sites). The arrows mean the adsorption site is changed after the optimization.
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Figure 2. Total density of states and projected density of states (PDOS) of (a) pristine and Li adsorbed ML DB C4N-I (under the concentration of Lij ¢sC4N) and
(b) pristine and Li adsorbed ML DB C4N-II (under the concentration of Lig sC4N). The Fermi level is set to zero.

also the origin of the Dirac cone, in accord with the previous work.?
As shown in Fig. 2, after the adsorption of the Li atom, the Fermi
level of ML DB C4N moves upward into the conduction band and
show an enhancement of the electrical conductivity. Such enhance-
ment will provide a better electrical conductivity in the charge/
discharge process for LIBs.

To get a further understanding of the interaction between the Li
atom and the two phases of ML DB C4N, we study the charge
transfer of Li-adsorbed ML DB CyN. The Bader charge analysis
indicates that Li atoms act as the electron donors and donate about
0.85¢™ and 0.87e™ per Li atom to the underlying ML DB C4N-I and
II substrates, respectively. Such analyses mean the Li atoms existing
in the ionic state after adsorption on the two phases of ML DB C4N.
Besides, the charge density difference (Ap) between the Li atoms
and the two phases of ML DB CyN is also calculated and displayed

in Fig. 3 Herein, Ap is defined as Ap = py;c,n — Pe,n — Prps 1D
which pyc,n» Pe,n> ad py; represent the charge density values of
the ML DB C,N adsorbed with the Li-ion, pristine ML DB C4N, and
a Li atom, respectively. As shown in Fig. 3, the red color above the
Li atom indicates electron accumulation, and the green color
between Li atoms and the ML DB C4N substrate indicates electron
depletion. These charge distributions clearly show a transfer of
electrons from the Li atoms to ML DB C4N for both two phases.
Apparently, the adsorbed Li atoms exist in the ionic state. Such ionic
states of Li can form a strong Coulomb interaction with ML DB C4;N
to enhance the adsorption ability for Li-storage applications. In the
following part, we call them Li-ions instead of Li atoms.

Specific capacity of ML DB C,N for LIBs.—To evaluate the
performance of ML DB C4N as anode for LIBs, the theoretical
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Figure 3. Side and top views of difference charge density for LiposC4N of (a) ML DB C4N-I and (b) ML DB C4N-II phases. Red and green colors indicate
electron accumulation and depletion, respectively. We adjust the atomic ball radii in terms of the atomic size and mark carbon, nitrogen and lithium atoms in

gray, blue and violet colors, respectively.

specific capacity is very important. In theory, the number of the
maximum adsorbed Li ions is proportional to the maximum specific
capacity of the anode materials for LIBs. Then, we investigate the
concentration-dependent adsorption energies of ML DB C4N. We
gradually increase the concentration of Li ions (Li,C4N) until
the adsorption energy E, turns to a positive value, and then get
the structures with the highest Li concentration (Li,  C4N). Herein,
we consider several initial structures of Li,C4N with a high highly
symmetrical adsorption site for each Li concentration and determine
the minimum energy adsorption configuration (Seeing “Method” in
Supporting Information for details).***’

For the absence of the adsorption ability for Li-ions at the
N-surface of ML DB C4N-I, only the single-side adsorbing at the
C-surface is considered for ML DB C4N-I. The adsorption energy Ej,
is negative at low Li concentration, indicating that Li-ML DB C4N-I
compounds are stable. With the increasing Li concentration, the
absolute value of E}, becomes smaller due to the weaker electrostatic
attraction between the ML DB C4N-I host and Li cations, as well as
the enhanced Li-Li interactions. In the result, E}, keeps negative until
x = 4.5 for ML DB C4N-I, as shown in Fig. 4a, and the final
structure (Liy sC4N) is steady, as shown in Fig. 4b.

For ML DB C4N-II, both two sides can adsorb Li-ions. To
begin with, single-side adsorption is considered. Under the similar
physical process with ML DB C4N-I, as a result, £}, keeps negative

(a)
Li adsorbed ML DB C,N-I

—_—— -Eb

- Voltage 11.2

Voltage (V)

Li concentration in Li C,N

I_?%%M &

until x = 0.5 for ML DB C4N-II as shown in Fig. 5a. Besides, the
final structure (Liy sC4N) is steady, as shown in Fig. 5b. However, in
the real ML 2D anode, double-side adsorption of Li ions is more
possible.'® Then, we consider the double-side adsorption of Li ions
at ML DB C4N-II. We find that, for any Li concentrations, double-
side adsorption is always more stable than that of the single-side,
which is attributed to the decrease of Li-Li repulsion in the former
case.'® As shown in Fig. 6a, Ej is negative when x = 5 for ML DB
C4N-II, and the structure (LisC4N) is steady, as shown in Fig. 6b.
However, when the Li concentration x is increased to 6, the structure
(LigC4N) of ML DB C4N-II anode is broken, as shown in Fig. S1
(available online at stacks.iop.org/JES/167/020538/mmedia). Thus,
we consider the maximum Li concentration is xy.,= 5 for the
double-side adsorption of ML DB C,4N-II.

We perform the ab initio molecular dynamics (MD) simulation
on the ML DB CyN structures with the highest Li concentration
(Lig sCy4N for I phase and LisC4N for II phase, respectively). The
MD simulation is conducted in a canonical NVT ensemble with
the 300 K Nose-Hoover thermostat.**** As shown in Fig. S2, the
structures of Liy sC4N for I phase and LisC4N for II phase are kept
during the MD process of up to 2000 fs, suggesting both the systems
are thermodynamically stable at 300 K. Thus, we find the ML DB
C4N anodes with the maximum Li storages are LissC4N for the
phase I and LisC4N for the phase II, respectively.

(b) Liy s<C;N

u o & 6 6
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uwwmwu

0 A (substrate]

: ‘ ©®©c O~ Qi

Figure 4. (a) Adsorption energy (-Ep) (marked in red) and voltage profiles (marked in blue) as a function of x of Li,C4N in ML DB C4N-I. (b) Front- and top-
viewed structure of ML DB C4N-I with the maximum Li concentration (Li4 sC4N). Herein, we mark the 1st-5th layer of Li ions and their distance to the ML DB
CyN-I surface in the Z-axis. The axis labels (X-Y-Z) are also marked in the figure. We adjust the atomic ball radii in terms of the atomic size and mark carbon,

nitrogen and lithium atoms in gray, blue and violet colors, respectively.
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Figure 5. (a) Adsorption energy (-E;,) (marked in red) and voltage profiles (marked in blue) as a function of x of Li,C4N in the single-side adsorption condition
of ML DB C4N-II. (b) Front- and top-viewed structure of ML DB C4N-II with the maximum Li concentration (Lip sC4N) in the single-side adsorption condition.
Herein, we mark the distance of Li ions to the ML DB C4N-II surface in the Z-axis. The axis labels (X-Y-Z) are also marked in the figure. We adjust the atomic
ball radii in terms of the atomic size and mark carbon, nitrogen and lithium atoms in gray, blue and violet colors, respectively.
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Figure 6. (a) Adsorption energy (-E},) (marked in red) and voltage profiles (marked in blue) as a function of x of LiyC4N in the double-side adsorption condition
of ML DB C4N-II. (b) Front- and top-viewed structure of ML DB C4N-II with the maximum Li concentration (LisC4N) in the double-side adsorption condition.
Herein, we mark the 1st-5th layer of Li ions and their distance to the ML DB C4N-II surface for double-side in the Z-axis. The axis labels (X-Y-Z) are also
marked in the figure. We adjust the atomic ball radii in terms of the atomic size and mark carbon, nitrogen and lithium atoms in gray, blue and violet colors,

respectively.

Besides, we calculate the surface normal dipole moment and the
total charge transfer with the increase of Li concentration for both I-
and II-phase Li-adsorbed ML DB C4N anode, as shown in Fig. S3.
For the I phase, the surface normal dipole moment is increasing
gradually with the increase of Li concentration, and the direction of
surface normal dipole moment is always from Li atoms to ML DB
C4N-I substrate. However, the total charge transfer keeps around
1.93 e~ per unit-cell from Li atoms to ML DB C4N-I substrate. Thus,
the distance between the centers of positive charges in the Li atoms
and negative charges in the ML DB C4N-I substrate is increasing due
to the increase of Li-layer. As for ML DB C4N-II anode, the total
charge transfer keeps around 2.39 ¢~ per unit-cell from Li-atoms to
the underlying ML DB C4N-II substrate. However, due to the
double-side adsorption of Li-atoms (which means the double-side
charge transfer) in DB C4N-II anode, the surface normal dipole
moment is self-counteracted and keeps almost zero. These results
mean that Li atoms always act as the electron donors and donate
steady electrons to the underlying ML DB C4N anodes in the whole
charge process, implying a stable electrochemical performance of
ML DB C,N anodes.”

To find the maximum specific capacity (C) of ML DB C4N, we

use the following equation based on the previous work:'*!7-20-21-39-42

C =

(2]

X X x F
MC4N max
where x,,x represents the highest concentration of Li ions, F is the
Faraday constant (26801 mAh mol™ , Mc,~ is the atomic Molar
weight of ML DB C4N (68.039 g mol™").

The calculated specific capacities are 1942 and 2158 mAh g
for ML DB C4N-I and ML DB C4N-II, respectively. Such ultrahigh
specific capacities of both two phases of ML DB C4N outdistance
the commercially used graphite (372 mAh g~'). They are about
quadruple of the specific capacities of ML Mn,N (432 mAh g~ "),*
ML Sc,C (462 mAh g~")** and Ga$ (526.74 mAh g~ ').*® Besides,
they are about double the specific capacities of ML Mn,C
(879 mAhg™H,* ML GaN (938 mAhg™"),’! and ML V,C
(940 mAhg™").>> A more detailed comparison of the specific
capacities between both two phases of ML DB C4N and

other typical ML 2D anode materials for LIBs is shown in
Fig, 7.6:12:15.1624.39-42.44.45.53-56

—1

In addition, the comparison with the other 2D carbon nitride
materials as anode for LIBs is also demonstrated in Table IL>'92" It
could be concluded that carbon nitride materials usually perform

with high specific capacity as anode material for LIBs. Particularly,
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Table II. Comparison of the specific capacity of ML DB C4N with the other carbon nitride materials as anode for LIBs.

2,19-21

2D Carbon Nitride Materials Capacity (mAh g™ ") Exp. or Cal.? References
Layered 2D C,N 933.2 Experiment 2
ML C,N 2939 Calculation 19
Layered 2D C3;N 383.3 Experiment 2
ML Carbon excess CzN 837.06 Calculation 20
Layered 2D g-C3Ny 2753 Experiment 21
ML DB Cy4N-I phase 1942 Calculation This work
ML DB C4N-II phase 2158 Calculation This work
?03000 (82.65 gmol™")** and generate a higher specific capacity for
= LIBs, as shown in Fig. 7.
2500 2) The. exister}ce of multilayer adsorgtion of .Li ions. Usually, with
Black Phosphorene the increasing Li layer, the adsorption ability of the anode would
~ + DB C,N-II be decreased due to the reduced electrostatic attraction between
4? 2000+ fDB C,N-IT the anode host and Li cations and the enhanced Li-Li interac-
g Borophene tions. However, multilayer adsorption of Li ions is observed in
% 1500 ML DB Cy4N. Here, electron lgcalization fupctions (ELFs) are
o calculated to study such a multilayer adsorption behavior of the
o ML DB C4N with the maximum Li concentration, as shown in
= 10001 ‘ A02N MnSb,S, Fig. 8. For both two phases of ML DB C,N, we find a large
8 MnO, Lanc Gas ' number of localized electrons between the first layer of Li ions
o X a5 NoC and the ML DB C4N substrate, suggesting an ionic bond
@ 500 SCZC&; \fKanN Mo,C character between Li and ML DB C,N substrate. Such an ionic
c>v<$ Graphite Tig/ Vs, ““Ges WS, bond strengthens the adsorption of Li layers. Besides, the
> 0 i repulsion between the two Li layers are neutralized by the

0 10 20 30 40 50 60 70 80 90
Average atom weight (g/mol)
Figure 7. Comparison of the capacities between ML DB C4N and

other typical ML 2D anode materials for LIBs. 3D commercial

graphite is also listed for comparison. The data are taken from
literature, & 12:15:16.24.39-42.44.45.53-56

extremely high specific capacities are generated in ML DB C4N
probably due to two major factors:

(1) The small atomic Molar weight of the carbon and nitrogen
elements. Because the specific capacity is defined as a negative
correlation with the atomic Molar weight of the anode materials,
the anode with a smaller average atom weight could probably
more easily generate a higher specific capacity. The average
atom weight of ML DB C4N (13.61 gmol™') is much lower
than those of the previously studied anode like ML Mn,C
(4124 gmol™H,*® ML GaS (50.90 g mol™"),*® and ML WS,

(a) —
XL IR
00200200

0: 0@

electron-cloud filled into the interstices between the two Li
layers, and then the adsorption of multilayer Li ions is
stabilized. From above, ML DB C4N anode can get stable
multiplayer adsorption of Li ions. Such multilayer adsorption is
also found in previous reports like MoO,/graphene heterostruc-
ture anode*’ and ML holey C,N anode,19 which results in their
relatively high specific capacities for LIBs.

Open-circuit voltage of ML DB C,N for LIBs.—Open-circuit
voltage (OCV) is another factor that needs to be considered for
characterizing the performance 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:

(x2 — x)Lit + (xa — x)e” + Li,,C4N < Li,,C4N [3]

When the pressure, volume and entropy effects are neglected, the
average voltage of Li,C4N in the concentration range of x; < x < x

0.8 N 0

Figure 8. Electron localization functions plots of the (110) slices for (a) ML DB C4N-I phase and (b) ML DB C4N-II phase with the highest Li concentration.
Red color indicates the localization of valence electrons, and blue means no valence electron here. We adjust the atomic ball radii in terms of the atomic size and
mark carbon, nitrogen and lithium atoms in gray, blue and violet colors, respectively.
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3 )
can be calculated as;!>!7:20-21.39-42

v~ ELi,cin — ELicn + (02 — x1) Ep

4
(x2 —xp)e 4
where ELicN and Ey c,N are the total energy of Li,,C4N and
Li,,C4N, Ei; is the average energy of per Li atom in the metal
lithium, x; and x, are the number of Li ions adsorbed at the ML DB
CyN surface. In this study, we set x; = 0 and gradually increase x;.
Thus, Eq. 3 directly simulates each concentration of Li-ions
adsorbing at the surface of the ML DB CyN substrate, which could
be simplified as xLi"™ + xe™ + LiC4N «» Li,C4N. Under such a
particular case, we could also simplify Eq. 4 as V =~ — 5 under the
same Li-ion concentration. ¢
As shown in Figs. 4a and 6a, the OCV by numerically averaging
the voltage profiles are about 0.60 and 0.68 V for ML DB C4N-I and
II anodes, respectively. Usually, a lower OCV of LIBs can guarantee
a higher energy density, but a too low OCV for anode would result
in metal plating. On the other hand, a too high OCV is not suitable
for LIBs because it results in a lower output voltage of the battery.
Thus, the suitable OCV for an anode material is suggested in the
range of 0.2 ~ 1.0 V.”” Fortunately, the OCV of both two phases of
ML DB C4N are just in this range for LIBs. Thus, both two phases of
ML DB CyN possess the appropriate average OCV for LIBs.

Diffusion barriers of the Li-ion at ML DB C,N.—1In the last, we
estimate the rate capacity performance of both two phases of ML DB
C4N when used as the anode for LIBs. We have proved that the Li
atoms are ionized after adsorbing at the surface of both two phases
of ML DB CyN, and the entities of Li that diffuse at the surface of
both two phases of ML DB C4N should be also Li-ions instead of Li
atoms. The migration pathway and barrier of the Li ions diffusion at
the surface of both two phases of ML DB C4N are indispensable to
evaluate their rate performance. The diffusion barrier determines the

(b)

@cON@ u

charge/discharge rate of LIBs. We examine the optimal diffusion
pathways and calculate the corresponding diffusion barriers by the
CI-NEB method in a 3 x 3 supercell of both two phases of ML DB
C4N. Such a huge supercell has a quite low concentration of Li ions
(Lig.05C4N) to avoid the interaction between the Li ions in different
supercells.

For ML DB C4N-I, only the H; site at the C-surface can adsorb
Li-ion, and the H, site is unstable with Li adsorption. Thus, we only
consider the diffusion pathway along H, — T, — H;. Then, the
linear medial diffusion points are inserted along with two nearest
neighboring H; sites on ML DB C4N-I. After full optimizations by
the CI-NEB method, the inserted medial point gets to their saddle
points. The corresponding diffusion energy profiles are presented in
Fig. 9a. Herein, the diffusion barrier is 0.26 eV, and the pathway
length is about 2.55 A. For ML DB C,N-II, considering the
symmetry of material, there are two pathways named “B” and
“R”, as shown in Fig. 9b. Similar to the study of that in ML DB
C4N-I, the diffusion barriers are 0.20 and 0.21 eV, and the
corresponding pathway lengths are about 3.26 and 2.63 A for
pathway “B” and “R”, respectively. For each Li-ion diffusing at
ML DB CyN-II, both “B” and “R” pathway should be passed. Thus,
Li-ion should overcome a diffusion barrier of 0.21 eV at ML DB
C4N-II.

Theoretically, the diffusion barrier is related to the molecular

diffusion constant, which can be estimated by the Arrhenius
equation; ! >17:20:21.39-42

D ~ exp (—E] [5]
kgT
where E is the diffusion barrier, kg is the Boltzmann’s constant and 7'
is the environmental temperature.

The diffusion barriers are only 0.26 and 0.21 eV for Li-ions at I
and II phase ML DB CyN, respectively, which are smaller than those

0.30
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Figure 9. Li atom diffusing pathways and corresponding energy profiles at the surfaces of (a) ML DB C4N-I and (b) ML DB C4N-II. The dashed line means the
unit-cell of ML DB C4N. H; sites are calculated unstable for Li adsorption, which are marked red “x” in the figure. Curved arrows stand for the diffusing
pathways. Red and blue triangles mark the name of the pathway. We adjust the atomic ball radii in terms of the atomic size and mark carbon, nitrogen and lithium

atoms in gray, blue and violet colors, respectively.
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on the 2D graphene (0.33 eV)'' as well as the most commercially used
bulk graphite (0.48 eV).*>® Thus, the diffusion constants of Li ions at
both two phases of ML DB C4N are smaller than those of 2D graphene
and bulk graphite. Besides, such low diffusion barriers are as low as
those of other anode materials such as ML MoS, (0.21 eV)* and ML
VS, (0.22 eV).!? Therefore, both two phases of ML DB C,4N have
appropriate rate capacities performance for LIBs.

Conclusions

In summary, we investigate the performance of ML DB Cy4N as
the anode material for LIBs by using the first-principles calculations.
We firstly show that both the two phases of ML DB C4N can adsorb
Li atom steadily, and the Fermi level of ML DB C4N will move
upward into the conduction band. Thus, both the two phases of ML
DB C4N show an enhancement of the electroconductibility for LIBs.
Secondly, the maximum theoretical specific capacity for LIBs is
calculated as high as 1942 and 2158 mAh g~ of I and II phase of
ML DB C4N, respectively. Such ultrahigh capacity values out-
distance that of the commercially used graphite (372 mAhg™').
Thirdly, as anode for LIBs, ML DB C4N also possesses appropriate
OCYV of ~0.60 and 0.68 V for I and II phase, respectively. Finally,
the diffusion barriers of Li-ion are only 0.26 and 0.21 eV at I and II
phase of ML DB CyN, respectively. The low diffusion barriers
provide appropriate rate capacities for LIBs. From the above, we
conclude that both two phases of ML DB CyN are promising anode
materials for LIBs with ultrahigh specific capacities, appropriate
electrical conductivity, open-circuit voltage and rate capacity.

Discussion

In our study, ML DB C4N is a theoretical material that is
predicted based on the ML C3N framework.?> Considering the very
similar structure between DB C4N and C;N, we predict that the
interaction of layered 2D DB C4N anode with the solvent/electrolyte
could be also similar to that of layered 2D C3;N anode in the
application. Jong-Beom Baek’s group has researched the layered 2D
C3N in the experiment as anode for LIBs.”> After the electrode-
electrolyte activation at a low C-rate of 0.1 C in the initial cycle,
layered 2D C3N delivered a reversible capacity of 313.1 mAh g™},
which is higher than that of the graphite anode (80.52 mAhg ).
Excellent cycling stability for more than 500 cycles was also
observed in the layered 2D C;N anode. According to the good
performance of C;N anode interacting with solvent/electrolyte, we
predict that the interaction of layered 2D DB C4N with the solvent/
electrolyte could also be stable, and DB C4N will also possibly keep
their high specific capacities in the experiment.
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