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With the diversified development of the battery industry, potassium-ion batteries (PIBs) have aroused widespread
interest due to their safety and high potassium reserves on earth. However, the lack of suitable anode materials limits their
development and application to a certain extent. Based on first-principles calculations, we investigate the possibility of using
PC3; monolayer as the anode material for PIBs. PC3 sheet has excellent electrical properties and meets the prerequisite of

anode materials. The storage capacity of potassium is as high as 1200 mAh-g

—1, which is better than many other reported

potassium-ion anode materials. In addition, the outstanding advantages of PC3 sheet, such as low diffusion barrier and
moderate open-circuit voltage, make it a potential anode candidate for PIBs.

Keywords: two-dimensional materials, potassium-ion batteries, first-principles

PACS: 68.65.—k, 82.47.Cb, 71.20.Nr, 71.15.Mb

1. Introduction

In recent years, with the rapid development of the elec-
tronic market, the demand for innovative batteries with ex-
cellent performance has been increasing. So far, lithium-ion
batteries (LIBs) are the most widely used batteries, with high
power density, great charge—discharge efficiency, and long
life cycle. However, the lithium resources on the earth are
limited and its stocks are falling, which poses a challenge
to the development of LIBs. With the growing interest in
LIBs alternatives, it is urgent to find suitable new electrode
materials.[!! Since the outer electronic structure and electrical
properties are similar to LIBs, sodium-ion batteries (SIBs) and
potassium-ion batteries (PIBs) have been proposed to resolve
this crisis. Compared with LIBs, they have the advantages
of low cost, high safety, and abundant reserves on the earth.
Meanwhile, the mature theoretical knowledge and technical
experience of LIBs can be applied to SIBs and PIBs to a cer-
tain extent. Compared with SIBs, LIBs have higher voltage
and energy density due to lower standard electrode potential.
However, the standard electrode potential of Kt /K is compa-
rable to, or even lower than, that of LiT /Li, which indicates
that PIBs have higher voltage and energy density.!?! Taking
these factors into consideration, we regard PIBs as a more ap-
propriate choice. However, the lack of suitable anode materi-
als hindered the development of PIBs.

Since the successful exfoliation of graphene in 2004,
two-dimensional (2D) materials have received widespread at-
tention due to their excellent physical and chemical proper-
ties. As anode materials of ion batteries, 2D materials have
also shown outstanding performance. For instance, graphene
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nanosheet families exhibit excellent behavior in rechargeable
LIBs.l3 Phosphorene has attracted much attention due to
its remarkably high theoretical capacity (2596 mAh-g~!) in
SIBs.!*l Phosphorene and graphene heterostructure have also
been investigated as the anode for LIBs.>! However, these ma-
terials are not suitable for PIBs, partly because potassium has
a larger atomic radius. Several 2D materials have been pro-
posed as anode for PIBs, such as FeSe,,!% GeSe,!”l YN,,[8]
and T-NiSe,.[”) However, as an emerging novel ion battery,
PIBs choice is far from enough. Therefore, it is necessary to
explore high-performance anode materials for PIBs.

It has been reported that metallic P3C and PC3 monolayer
can be used as anode for SIBs, and 2D PCg sheet is a promis-
ing anode material for PIBs.!'"~!?] Due to the excellent con-
ductivity and stability of the material composed of C elements
and the high specific capacity of P-based materials, we focus
on the 2D binary materials of P and C. Similarly, 2D binary
materials g-SiC, and g-SiCj have been used as anode materi-
als for LIBs. And they have shown excellent performance by
combining the good qualities of both elements Si and C.!'3]
After a series of screening and testing, we finally choose the
PC5; monolayer, which is a stable hexagonal structure similar
to graphene, with high theoretical capacity and low voltage,
and is very suitable to be anode material for PIBs.

2. Computational method

All calculations are performed using density functional
theory (DFT) as implemented in the Vienna ab initio simu-
lation package (VASP).[4!5] The Perdew-Burke—Ernzerhof
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(PBE) functional of the generalized gradient approxima-
tion (GGA) is used to describe the exchange—correlation
interactions.!'%! The Brillouin zones are sampled using a 3 x
3 x 1 k-point grid according to the Monkhorste—Pack scheme
for a 2 x 2 supercell.['”] The kinetic energy cutoff of 700 eV is
used for all calculations. To avoid periodic image interactions,
a vacuum space of 20 A is set along the z direction to the PC3
monolayer. The projector augmented wave (PAW) method is
adopted to describe interactions among ion cores and valence
electrons.'®! The DFT-D3 method for van der Waals inter-
action description is adopted.!'”! All the structures are thor-
oughly relaxed until the forces are less than 1072 eV/A, and
the energy convergence is below 107> eV between two con-
secutive self-consistent steps. The migration pathways and
diffusion barriers for K atoms on the PC3 monolayer are calcu-
lated using the climbing image nudged elastic band (CI-NEB)
method. To verify the stability of PC3 monolayer, ab initio
molecular dynamics (AIMD) simulations using a statistical
ensemble with a fixed particle number, volume, and temper-
ature (NVT) are performed at room temperature (300 K) for
5 ps with a time step of 1 fs.

3. Results and discussion
3.1. Structure and stability of PC;

A rationally designed 2D material PC3 has a graphene—
like hexagonal structure, and each unit cell contains six car-
bon atoms and two phosphorus atoms. It can be seen from
the side view in Fig. 1(a), adjacent phosphorus atoms are dis-
tributed on different sides, making PC3; a buckled material
with an up—and—down thickness of 1.19 A. The optimized lat-
tice parameters of the PC3 monolayer are a = b = 5.42 A,
o = f3 =90° and ¥ = 120°. The average C—C bond length
is 1.42 A, the same as in graphene, and the average P-C bond
length is 1.81 A, comparable to the values of 1.80-1.83 A in
phosphorus carbide. 2!

To verify PC3 monolayer can be synthesized experimen-
tally, we calculate its cohesive energy, E.on, Which is defined
as

Econ = (6Ec +2Ep — Epc,) /8, 9]

where Ec, Ep, and Ecp, are the energy of the isolated C atom,
P atom, and PCj3 unit cell, respectively. The value of the cohe-
sive energy is 6.41 eV, which is much higher than that of phos-
phorene (3.45 eV) and closer to that of graphene (7.98 eV).
Such a high cohesive energy indicates that the structure of
PC3 is stable and could be synthesized. We use AIMD sim-
ulation to study the thermal stability of the PC3 monolayer at
room temperature. And after 5 ps, no structural deformation
or bond fracture occurs, proving its high thermal stability [see
Fig. 1(b)].

Now, we calculate the electron local density along the
plane of monolayer PC3; to find the essence of its chemi-
cal bonding by using the electron localization function.?!! In
Fig. 1(c), the red region between C—C and C-P represents the
strong covalent bond. Consistently, the Bader charge analy-
sis shows that each P atom transferred 1.5 |e| to the bonded C
atoms, which is attributed to the fact that the electronegativity
of C (2.55) is larger than that of P (2.19). It can be seen from
Fig. 1(d), PC;3 is an indirect band gap semiconductor (the gap
is 0.75 eV). The valence band maximum is located at the M
point, and the conduction band minimum is at the I" point.
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Fig. 1. (a) The top and side view of optimized atomic configurations for PC3
and different adsorption sites for K ions. (b) The AIMD simulation of PC3
at 300 K for 5 ps. (c) Localization charge density and (d) band structure of
PC3 monolayer.

3.2. Adsorption and diffusion of K atoms on PC;

The preference for K adsorption is characterized by the
adsorption energy, E,q. The lower the energy, the more stable
the adsorption configuration. For the K atom on PC3 mono-
layer, there are six possible adsorption sites, as marked in
Fig. 1(a). The adsorption energy is defined as

E.q = Exerc; — Epc, — Ex, )

where Exepc, and Epc, are the total energy of the K-adsorbed
and pristine PC3 monolayers, respectively. And Ex is the en-
ergy per atom in bulk K. After the optimization, S1, above the
center of the C6 ring, has the largest E,q of —0.83 eV. The sec-
ond stable site is S6, which is on the top of the hollow P atom,
with an adsorption energy of —0.79 eV. In contrast to S6, S5
is on the top of the protruding P atom, E,q is —0.74 eV. The
vertical distances between the K atom and the PC3 plane are
2.54 A,2.66 A, and 2.53 A at S1, S5, and S6 sites. We then fo-
cus on the most stable site S1 to study the electrical properties
and diffusion barriers.

The charge density difference of K adsorbed PCj is
shown in Fig. 2(a), where charge accumulates on the surface
of PC3, while charge deletion is around the K atom, indicating
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that the charge is transferred from the K atom to PC3. The
charge transferring can be understood by the fact that the elec-
tronegativity of C (2.55) is significantly larger than that of
K (0.82). The Bader charge analysis manifests that 0.87 |e|
transfers from the K atom to the substrate. For other K atoms
adsorbed on S5 and S6 sites, the transferred electron is 0.88 |e].
Upon potassium adsorption, the system becomes metallic, and
the density of states (DOS) is shown in Fig. 2(b). The DOS
at the Fermi level is greatly enhanced, and the contribution
mainly comes from the substrate PC3, suggesting that more
carriers are generated in the system. Therefore, the electronic
conduction becomes better, which is beneficial for PIBs.

~ P —K
= 104 :
~ H
n [
5 i
+ '
@ :
+ '
z 1
% E
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A |
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-5 -4 -3 -2 -1 0 1 2
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Fig. 2. (a) Charge density difference and (b) band structure of the K-

adsorbed PC3. The yellow and blue regions represent charge accumulation
and depletion, respectively. The isosurface level is set to 0.005 e-A=3.

The diffusion rate is a critical parameter for ion batter-
ies. It is partly determined by the adsorption energy between
the K atoms and the substrate. On the other hand, the diffu-
sion rate of K atoms on the surface of the anode affects the
performance and efficiency of the charging/discharging pro-
cess to a great extent. To obtain the diffusion energy barrier
of the potassium, we consider two possible diffusion path-
ways for the K atom (denoted as path I and path II) on PCj,
as shown in Fig. 3(a). Via path I, the potassium goes from
site S1 to the neighboring S1 directly, across the P,Cy4 ring.
Along path II, K moves zigzag from S1 to S6, then to the
adjacent S1. The energy barriers via path I and path II are
0.92 eV and 0.16 eV, respectively. Note the energy barrier of
0.16 eV is significantly smaller than the Li diffusion barriers
for pristine graphene (~ 0.28 eV), graphene with a point defect

(~ 0.366 eV to 0.538 eV),!??! and graphite (~ 0.47 eV),[?3
promising a fast K diffusion.

0 2 4 6 8

Diffusion coordinate

Fig. 3. (a) The diffusion paths and (b) corresponding diffusion energy bar-
riers of K atom transfer on PC3 surface.

3.3. Theoretical capacity and open-circuit voltage of PIBs
with the anode of PC;

The performance of ion batteries strongly depends on the
storage capacity of metal atoms on anode materials, which is
directly related to the number of adsorbed metal atoms on the
substrate. To this end, K atoms can be absorbed layer by layer
on both surfaces of the PC3. The average adsorption energy of
K atoms is obtained by

Eae = (Eskepc, — Epcy; —nEK)/n, 3)

where 7 is the total number of adsorbed K atoms, E,kepc; is
the total energy of the K adsorbed PC3, and Epc, is the energy
of pristine PC3. The negative adsorption energy indicates K
atoms can be adsorbed stably.

Since K atoms have a tendency to form bulk sponta-
neously, we calculate the continuous adsorption energy of the
additional layer E., by the formula

Econ = Ex, jpcy — Bk, ) /pey — 2 X 4 X EX, 4)

where L is the number of adsorbed layers, Ey,pc, and
Ex (L_1)/PC; are the total energy of L and L — 1 layers K atoms
adsorbed PCs, respectively. So E.on should always be negative
to make sure it is favorable of loading extra K layer on PCs.
We load the first layer of K atoms at S1 on both sides
of the substrate [see Fig. 4(a)]. After the optimization, all K
atoms are steadily adsorbed. E,. is calculated to be —0.50 eV,
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and the vertical distance between K atoms and the sheet is
2.64 A. Since S1 sites are fully occupied by the first K layer,
there are two possible positions for depositing the second K
layer (PC3Kj3), namely S5 and S6 sites. It turns out that K
atoms prefer to occupy the S5 sites [see Fig. 4(b)]. With ad-
sorbing two potassium layers on both sides of PCs, E,y. de-
creases to —0.25 eV. The system remains energetically sta-
ble. To put the third K layer on, all the possible sites are con-
sidered, and S6 is the most favorable position; the optimized
structure is shown in Fig. 4(c). The average adsorption energy

is —0.19 eV. When connected with the cathode, a weak bind-
ing with anode is desired to enhance the voltage.!!! For the
fourth K layer, the value of layer-by-layer average adsorption
energy is positive, indicating that the adsorption becomes en-
ergetically unfavorable. For L =3 to L =4, E¢o, is —0.69 eV
and 1.80 eV, respectively. Therefore, the limitation of loading
K atoms is three layers on both sides, while the system main-
tains structural stability. The average adsorption energy ranges
from —0.50 eV to —0.19 eV, which meets the requirement of

ion batteries specifically.

Capacity (mAh/g)

400 800 1200 Q o o
I I
0.50 ! !
Q © |
I I
I |
Q@ O
I I
0.25
0.19
1 2 3
L

Fig. 4. Crystal structures of (a) PC3Kj, (b) PC3K>, (c) PC3K3 from the side and top view. The violet balls indicate the K atoms. (d) Calculated

OCYV and theoretical capacity with different K adsorption concentrations.

Our electronic structural results show that, as the concen-
tration of K atoms increases from one layer to three layers, the
systems exhibit metallic characteristics and the subgaps below
the Fermi level shrink. Correspondingly, the electronic con-
ductivity of the PC3 monolayer is enhanced with the increase
of the concentration of K ions. The projected density of states
(PDOS) is shown in Fig. 5; one can see the distinct overlap
between the K-s orbital and the p orbitals of P and C at and
around the Fermi level. Such significant s—p hybridization in-
dicates notable interactions between potassium atoms and the
PC3 monolayer.

With the maximum K adsorption concentration on the
PC3, we evaluate its storage capacity using the following equa-
tion:

C=xF/M. 5)
Here x is the number of electrons transferred, F is the
Faraday constant, and M is the molecular mass of PCj.[>4]
The storage capacity for the PC3 monolayer is as large as
1200 mAh-g~!, significantly larger than that of the black phos-
phorus anode for PIBs (617-843 mAh-g~!),[! and PCg in
PIBs (781 mAh-g~").[%] Such a high storage capacity can be
attributed to the variety of adsorption sites on both sides and

the light atomic weight of P and C.

ot
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Fig. 5. Density of states for (a) PCs, (b) PC3K|, (c) PC3K3, and (d) PC3K3.
The Fermi level is set to 0 eV and labeled with vertical dashed lines.

Another significant parameter of ion batteries is open-
circuit voltage (OCV), which can characterize the perfor-
mance of anode materials for PIBs. The average open-circuit
voltage can be calculated by

OCV = (Ex/pc, — Epc, — cEx)/ce, (6)
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where c is the concentration of the adsorbed K atoms. The
OCYV decreases from 0.50 V, 0.25 V to 0.19 V with the in-
creased number of adsorption layers. When the number of
adsorbed K atoms reaches its limitation, we can obtain a fairly
low OCV of 0.19 V. Such alow OCV can provide a large oper-
ating voltage with a higher energy density as applied in PIBs.
Now we want to emphasize that the range of OCV is 0.19—
0.50 V, which can avoid the formation of dendritic during the
charge—discharge process.?”) This appropriate range of OCV
values makes PC3; an ideal candidate for anode material for
PIBs.

4. Conclusion

By using first—principle calculations, we systematically
investigate the structure stability and electronic property of the
PC3 monolayer, and find that the diffusion barrier of potassium
on PCj is as low as 0.16 eV, ensuring the efficiency of the
charging/discharging process. As an anode material, the PC;
sheet has an ultra-high theoretical capacity of 1200 mAh-g~!,
which could guarantee the long-term durability of the battery.
The value of OCV is between 0.19 V and 0.5 V, which can en-
sure the safety of the charging/discharging process. With low
diffusion barrier, high capacity, and suitable OCV, we predict
that PC5 is an ideal choice for PIBs anode materials.
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