
Nanoscale
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Se

pt
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 1

1/
21

/2
02

5 
1:

57
:1

6 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Prediction of two
aSchool of Materials Science and Engineerin

300130, China. E-mail: zhangxiaoming87@
bState Key Laboratory of Baiyunobo R

Comprehensive Utilization, Baotou Resea

014030, China
cCentre of Excellence for Advanced Material

† Electronic supplementary informa
10.1039/d0na00746c

Cite this:Nanoscale Adv., 2020, 2, 5271

Received 5th September 2020
Accepted 23rd September 2020

DOI: 10.1039/d0na00746c

rsc.li/nanoscale-advances

This journal is © The Royal Society o
-dimensional CP3 as a promising
electrode material with a record-high capacity for
Na ions†

Zishuang Cheng, a Xiaoming Zhang, *ab Hui Zhang,a Jianbo Gao,c Heyan Liu,ab

Xiao Yu,ab Xuefang Dai,a Guodong Liu a and Guifeng Chen*a

Borophene with a maximum Li/Na capacity of 1984 mA h g�1 (nanoscale 2016, 8, 15 340–15 347) has

shown the highest capacity among two-dimensional (2-D) anode materials identified so far. Herein, we

report the record break for Na-ion using a newly proposed 2-D material, namely, CP3. We fully

investigated Li- and Na-ion adsorption and diffusion processes on a CP3 monolayer. We found that the

material can enable stable Li/Na adsorption considering charge accumulation on CP3 surfaces. The ion

diffusion barriers for Li and Na were identified to be 98 meV and 356 meV, respectively. These values

were comparable or smaller than those of the typical high-capacity electrode materials such as

borophene. Most remarkably, the maximum Na capacity in CP3 monolayer can reach up to

2298.9 mA h g�1, which breaks the value recorded using borophene (1984 mA h g�1). Our work highly

promises that the 2-D CP3 material could serve as an outstanding electrode material for Na-ion batteries

with an extremely high storage capacity.
1. Introduction

Li-ion battery (LIB) technology has been one of the most
successful breakthroughs in recent decades. LIBs are currently
used in various elds because of their high performances on
energy storage and electrical operation.1–5 Meanwhile, they are
still suffering from bottlenecks for application in large-scale
electrical devices because of intrinsic issues such as safety
and costs.6–10 To relieve these issues, continuous efforts have
been made on two aspects. One aspect focuses on developing
high-performance and cost-effective LIB electrode materials.
For this consideration, two-dimensional (2-D) electrodes fall
into the spotlight, because their unique geometric congura-
tions can favor the ion diffusion and storage processes.11–19 As
accompanied, it has seen an explosion of 2-D electrode devel-
opment in recent years, nearly covering all layered mate-
rials.20–40 For the other aspect, great efforts were made on
developing other types of ion batteries.41–47 Among various
potential ion batteries, Na-ion batteries (NIBs) have attracted
much attention because of excellent security, low costs, and
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similar operating mechanisms with LIBs.21–23,32 There has
already been a rapid progress in NIB development; however,
further development of LIBs face crucial challenges. One of the
challenges is the lack of excellent LIB anode material, in
particular those that can enable high capacity. Currently, the
storage capacity of 2-D anode materials for NIBs is mostly in the
range of 500–800 mA h g�1; hence, there is an urgently need to
explore excellent LIB anode materials that can enable higher
capacities.

In 1970s, two typical layered materials, namely, GeP3 and
SnP3, have been synthesized.48–50 Soon aer, the great feasibility
of exfoliating GeP3 and SnP3 monolayers from their bulk
materials has been theoretically reported.51–54 Besides, it was
found that these freestanding monolayers possess good ther-
modynamic and mechanical stabilities, which can exist
steadily. As it is known, carbon, germanium and tin (C, Ge and
Sn) belong to the same group in the periodic table of elements.
Then, one may wonder whether the material of CP3 can stably
exist? Whether it is a layered material like GeP3 and SnP3?
Further, is it possible to peel off monolayer from the bulk?
These questions have been solved by the following studies.
Ramzan et al. reported for the rst time the excellent dynamic
stability of CP3 layered materials, which have a similar structure
to GeP3 and SnP3 counterparts.55 Immediately aer, Sarkar et al.
reported that the monolayer form of CP3 has a relatively low
cleavage energy, which can be readily cleaved from its bulk
phases like other layered materials.56

In this work, we report for the rst time that 2-D CP3 is a very
promising electrode material for LIBs and NIBs. As realized by
Nanoscale Adv., 2020, 2, 5271–5279 | 5271
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rst-principles calculations, we have thoroughly simulated the
Li/Na atom adsorption and diffusion processes on CP3 mono-
layers. We realize that the CP3 monolayer can enable stable Li/
Na adsorption and considerable charge transfers are observed
during the period. The CP3 electrode hosts good conductivity,
considering the denite metallic electronic structures both
before and aer adsorptions. The ion diffusion path and the
minimummigration barriers for Li/Na atoms on CP3 monolayer
are obtained, which are comparable or lower than those of 2-D
electrodes with high storage capacity. Besides, the storage
capacity and the average open circuit voltage have been
systematically investigated. The results indicated that the CP3
monolayer has a low average open circuit voltage for Li/Na,
which is suitable to be used as an anode material. Most excit-
ingly, the maximum capacity of the CP3 monolayer for Na-ion
has reached a new record for 2-D anode materials, which is
2298.9 mA h g�1. In particular, 2-D CP3 can provide higher
capacity (2298.9 mA h g�1 versus 1984 mA h g�1) than the
famous anode material borophene23 with a comparable diffu-
sion barrier (356 meV versus 340 meV).
2. Computational details

In this work, we performed the rst-principles calculations
using the Vienna ab initio simulation package (VASP),57 based
on density functional theory (DFT).58 For the exchange-
correlation potential, we applied the generalized gradient
approximation (GGA) of the Perdew–Burke–Ernzerhof (PBE)
functional.59,60 The cutoff energy was set as 500 eV during the
calculations. A vacuum space with a thickness of 30 Å was built
in the bare CP3monolayer to avoid articial interaction between
two single monolayers. During the calculations, the long-range
van der Waals interactions were taken into account by using the
DFT-D2 method.61 The Brillouin zone was sampled with a 7 � 7
� 1 Monkhorst–Pack k-point mesh for the geometrical optimi-
zation and with a 9 � 9 � 1 k-mesh for the calculations of the
electronic structure and atomic adsorptions. All atomic posi-
tions were fully relaxed during the calculations, and the force
and energy convergence criteria were set as 0.01 eV Å�1 and
10�6 eV, respectively. To investigate the dynamical stability of
the CP3monolayer, the phonon spectra was calculated using the
PHONOPY package.62,63 The climbing-image nudged elastic
Fig. 1 (a) Optimized structure of bulk CP3 with a 2� 2� 1 supercell. (b) C
atoms doping into blue phosphorene, showing another potential CP3 m

5272 | Nanoscale Adv., 2020, 2, 5271–5279
band (CI-NEB) method was used to obtain the diffusion barrier
height during the ion diffusion process.64,65
3. Results and discussions
3.1 Structure and stability of the CP3 monolayer

As shown in Fig. 1(a), the bulk phase of CP3 material has the so-
called ABC-type layered structure (the space group is R�3m),
which is similar to the GeP3 and SnP3 counterparts. Fig. 1(b)
shows the structure of the CP3 monolayer. Sarkar et al. have
proposed two potential fabrication methods of the CP3 mono-
layer.56 For the rst one, it may be directly cleaved from its
layered bulk structure, and shown by the process in Fig. 1(a) and
(b). Here, we evaluated the cleavage energy for the CP3 mono-
layer. A ve-layer system was used in our calculations, and the
computation details are displayed in the ESI.† The cleavage
energy of the CP3 monolayer was calculated to be 0.65 J m�2,
which well agrees with the previous work (0.57 J m�2).56 This
cleavage energy was lower than the DFT-calculated exfoliation
energy for Ca2N (1.08 J m�2),66 InP3 (1.32 J m�2),67 and GeP3
(1.14 J m�2).68 For this consideration, the CP3 monolayer was
quite promising to be exfoliated experimentally from its bulk
phase. Besides, Sarkar et al. proposed that the CP3 monolayer
was promising to be synthesized by doping C atoms into blue
phosphorene,56 as displayed by the process in Fig. 1(c).

In addition, we wanted to further ensure the stability of the
CP3 monolayer. We estimated the cohesive energy (Ec) of the
CP3 monolayer, which can be described as follows:

Ec ¼ (Etotal � mEC � nEP)/(m + n) (1)

In this equation, Etotal, EC, and EP are on behalf of the
energies of the CP3 monolayer, single C and P atoms, respec-
tively; n and m are the number of C and P atoms in the CP3
monolayer. The calculated formation energy is �4.12 eV per
unit cell, which is consistent with previous results.56 In addi-
tion, it suggests that the CP3 monolayer is energetically stable.

We make further discussions on the structure of the CP3
monolayer, and top and side views are shown in Fig. 2(a) and
(b), respectively. In the structure, we can nd that each C atom
bonds with three P atoms, and each P atom bonds with one C
atom and two P atoms. Such bonding forms the connection of
the P6 ring and C2P4 ring, as shown by the top view in Fig. 2(a).
rystal structure of the CP3 monolayer delaminated from bulk CP3. (c) C
onolayer synthesis process.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Crystal structures of the CP3monolayer in (a) the top and (b) the
side views. (c) The considered adsorption sites (denoted as S1–S12) on
the surface of the CP3 monolayer (top view).
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The optimized lattice constants of the CP3 monolayer is 6.22 Å,
and the length of the C–P bond and P–P bond is 1.78 Å and 2.28
Å, respectively. These results are in good agreement with the
previous proposal.56 Based on the optimized structure, we study
the dynamical stability of the CP3 monolayer. The resulting
phonon dispersion is displayed in Fig. 3(a). Apparently, one
nds no imaginary frequency in the phonon spectra. Thus, the
CP3 monolayer is believed to be dynamically stable. In addition,
we show the band structure and density of state (DOSs) of the
CP3 monolayer in Fig. 3(c) and (d), respectively. We can nd that
the CP3 monolayer shows a denite metallic electronic struc-
ture. This can enable sound conductivity when applied as an
electrode material. Moreover, from the DOSs in Fig. 3(d), one
can nd that the electronic states near the Fermi energy are
mainly provided by the p orbitals of C and P atoms.
Fig. 3 (a) Phonon spectra of the fully relaxed CP3 monolayer. (b) 2-D
monolayer. (d) Total and projected density of states of the CP3 monolay

This journal is © The Royal Society of Chemistry 2020
3.2 Ion adsorption and diffusion

Then, we investigate the ion adsorption and diffusion on the
CP3 monolayer. Herein, we focus on the cases for Li and Na, and
the 2� 2 supercell CP3 monolayer is considered as the substrate
for the adsorption. By lattice symmetry of the CP3 monolayer,
we consider nine typical adsorption sites. As shown in Fig. 2(c),
these adsorption sites are denoted as S1–S12 (among them, S1–
S4 are the top sites, S5 and S9 are the hollow sites, S6–S8 and
S10–S12 are the bridge sites). The adsorption energy (Ead) of Li/
Na atoms on the CP3 monolayer is dened as follows:

Ead ¼ ELi/Na+CP3
� ECP3

� ELi/Na (2)

where ELi/Na is the energy per atom for the bulk metal Li/Na, ELi/
Na+CP3

and ECP3
are the total energies of the CP3 monolayer aer

and before Li/Na adsorption. A negative value of adsorption
energy means that Li/Na atoms tend to adsorb onto the CP3
monolayer, instead of forming a bulk metal. The calculated
adsorption energies for Li/Na are shown in Fig. 4(a). All values of
adsorption energy are negative, which indicates that Li/Na
atoms can stably adsorb onto the CP3 monolayer.

Aer examining the optimized structure, we found that the
Li atom at the S2, S4, and S7 sites would automatically shi to
the bridge site (nearby S7, for clarity, we redene this new
adsorption site as S7); the Li atom at the S5 site would move to
the S11 site; the Li atom at the S6 and S10 sites would move to
the S1 one and that at the S3, S8, and S12 sites would move to
the S9 one. The occasion for Na is slightly different. Adatoms at
the S4, S5, S7, and S11 sites would automatically shi to the S2
site; the Na atom at the S3, S8, and S12 sites would move to the
S9 one; the Na atom at the S6 and S10 sites would move to the S1
one. To sum up, Li has four stable adsorption sites on the CP3
Brillouin zone of the CP3 monolayer. (c) Band structures of the CP3
er.

Nanoscale Adv., 2020, 2, 5271–5279 | 5273
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Fig. 4 (a) Li/Na adsorption energies of the twelve possible adsorption sites on the surface of the CP3 monolayer. (b) Maps of charge density
difference in the CP3monolayer with Li/Na adsorption as well as the amounts of charge transfer. (c) and (d) Density of states (DOS) for Li- and Na-
adsorbed CP3 monolayers, respectively.

Fig. 5 (a) Potential Li/Na ion diffusion paths and (b) the corresponding
ion diffusion profiles on the CP3 monolayer as well as the size of the
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monolayer, while Na has three stable adsorption sites on it. For
these sites, as for Li, the stability is in the order: S7 > S9 > S11 >
S1 (�1.005 eV < �0.968 eV < �0.907 eV < �0.689 eV). With
regard to Na, the stability order is S2 > S9 > S1 (�1.163 eV <
�0.993 eV < �0.721 eV). Besides, we compared the adsorption
height at different sites, we found that the order is S11 < S7 < S9
< S1 for Li (which are 1.707 Å < 1.908 Å < 2.323 Å < 2.375 Å), and
S2 < S9 < S1 for Na (which are 1.973 Å < 2.799 Å < 2.849 Å). In
general, these values show a trend that the lower the ion
adsorption height, the more stable the adsorption that the site
can enable.

To explore the charge transfer of Li/Na atoms and the CP3
monolayer, we calculated the charge density difference (CDD)
during the ion adsorption. Here, the stable adsorption site (S1)
was applied. As shown in Fig. 4(b), the green regions represent
charge accumulation and the cyan regions represent charge
depletion. We can clearly observe the obvious charge transfers
to the CP3 monolayer from Li/Na atoms. By the way, we also
calculated the specic amount of the transferred charge using
the Bader charge calculations.69 The results indicated that the
transferred charge is 0.877e per atom for Li and 0.841e per atom
for Na, respectively. Therefore, we realize that Li/Na atoms are
chemically adsorbed on the CP3 monolayer. In addition, we
displayed the projected density of states (PDOSs) for Li/Na
atoms adsorbed on the CP3 monolayer in Fig. 4(c) and (d),
respectively. We can clearly nd that the CP3 monolayer still
possesses metallic conductivity aer the adsorption, which
enables the great feasibility of the CP3 monolayer as an elec-
trode material for ion batteries.

The diffusion performance of adatoms on the electrode is
closely related to its rate capability, and low diffusion is highly
5274 | Nanoscale Adv., 2020, 2, 5271–5279
required for electrode materials. Here, we estimated the Li/Na
diffusion ability on the CP3 monolayer using the CI-NEB
calculations. On account of the structural symmetry and
adsorption sites, three most possible ion diffusion paths (P–A,
P–B, and P–C) were taken into account for Li, and two most
possible ion diffusion paths (P–A and P–B) were taken into
account for Na. These are shown in Fig. 5(a). As for Li, the
diffusion route for P–A is that: the Li atom moves from the S7
site to S11 one, and nally moves to another S7 one. In P–B, the
Li atom moves from the S7 site to the S9 one, and nally moves
to another S7 one. In P–C, the Li atommoves from the S7 site to
the S1 one, and nally moves to another S7 one. As for Na, the
diffusion route for P–A is that: the Na atom moves from the S2
site to S9 one, and nally moves to another S2 one. In P–B, the
minimum diffusion barrier.

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Voltage profiles and specific ion storage capacities for (a) Li and
(b) Na adsorption on the CP3 monolayer. In (a) and (b), the optimized
structures of CP3Lix and CP3Nax on the step and the maximum Li and
Na capacities (the star) are provided.
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Na atommoves from the S2 site to the S1 one, and nally moves
to another S2 one. The calculated diffusion proles are shown
in Fig. 5(b). We can nd that the Li diffusion energy for P–A is
lower than those of P–B and P–C, while the Na diffusion energy
for P–B is the lower than that of P–A. Herein, the diffusion
barrier is as low as 98 meV for Li and 356 meV for Na. These
diffusion barriers are moderate when comparing with typical 2-
D electrode materials. For example, they are a bit higher (or
comparable) than electrode materials such as Ti3C2 (68 meV for
Li and 96 meV for Na),26 blue-phosphorene (130 meV for Li and
110 meV for Na),70,71 and so on. However, they are much lower
than graphene (370 meV for Li),22 MoN2 (780 meV for Li, and
560 meV for Na),33 and b12/c3 borophene (600/660 meV for Li,
and 300/340 meV for Na).23,24 These results indicated that the
CP3 monolayer would enable good ion diffusion ability when
applied as battery electrodes.

3.3 Storage capacity and open circuit voltage

Besides the diffusion barrier, the storage capacity and the
average open circuit voltage are important characters for the
electrode materials. To obtain the maximum possible storage of
Li/Na, we calculated the average adsorption energies of Li/Na
atoms for layers. Here, we still use the 2 � 2 supercell of the
CP3 monolayer as the substrate, then display the adatoms on
the CP3 monolayer layer by layer. Therefore, the average
adsorption energy in each layer (Eave) can be dened as follows:

Eave ¼ (ELi8n/Na8n+C8P24
� ELi(n�1)8/Na(n�1)8+C8P24

� 8ELi/Na)/8 (3)

Here, ELi/Na is the energy per atom in bulk Li/Na metals; ELi8n/
Na8n+C8P24

and ELi(n�1)8/Na(n�1)8+C8P24
are the total energies of the CP3

monolayer with “n” and “n � 1” Li/Na adsorption layers. The
number “8” represents eight Li/Na atoms adsorbed on both
sides of the 2 � 2 supercell per layer. According to the adsorp-
tion energies, the adsorption sequence for Li can be described
as: S7 (the rst layer) – S9 (the second layer) – S11 (the third
layer) – S1 (the fourth layer), and the adsorption sequence for Na
can be described as: S2 (the rst layer) – S9 (the second layer) –
S1 (the third layer).

For Li adsorption on the CP3 monolayer, we found that only
two layers can be stably adsorbed with negative Eave, and the
values are �0.893 eV for the rst layer and �0.172 eV for the
second layer, respectively. As the results, we realize that the CP3
monolayer can at most enable 18 Li atoms adsorbed on the
surface. The optimized structures for one and two adsorption
layers are shown in Fig. 6(a). In addition, and the other side
views of optimized structures are provided in the ESI.† As for
Na, we are delighted to nd that the CP3 monolayer can enable
extremely high ability for Na adsorption. With the triple-layer
conguration (S2–S9–S1) as the period, we are surprised to
nd that three of such adsorption periods can show negative
adsorption energy. In addition, the average adsorption energy is
�0.600 eV for the rst triple-layers, �0.120 eV for the second
triple-layers, and �0.196 eV for the third triple-layers, respec-
tively. Therefore, nine Na layers (totally 72 Na atoms) can be
adsorbed on the CP3 monolayer. Likewise, we show these opti-
mized structures in Fig. 6(b), and the other side views of them
This journal is © The Royal Society of Chemistry 2020
are provided in the ESI.† In addition, we investigated the
mechanical property of the CP3 monolayer before and aer
adsorption. The elastic constants, the Young modulus and the
Poisson ratio were calculated (the results are shown in the ESI†).
The elastic constants for all the cases satisfy the Born criteria
(C44 > 0; C11C22 � C12

2 > 0). This indicates that the CP3 mono-
layer is mechanically stable before and aer Li/Na adsorption.

As for CP3 monolayer, the typical half–cell reaction can be
dened as follows:

CP3 + xLi+/Na+ + xe� 4 Li/NaCP3 (4)

Accordingly, we can estimate the open circuit voltage (OCV)
from the following equation:

Vave ¼ (ECP3
+ xELi/Na � ELi/NaCP3

)/xe (5)

where x represents the number of Li/Na atoms, and other
parameters are the same for those in eqn (1). The voltage
proles are provided in Fig. 6(a) and (b), respectively. In the
gures, we nd the OCV for Li is in the range of 0.53–0.89 V, and
that for Na is in the range of 0.27–0.60 V. These OCV values
suggest that the CP3 monolayer is feasible to become an elec-
trode material for LIBs and NIBs.

The above discussions show that a 2 � 2 supercell could
accommodate up to 18 atoms of Li and 72 atoms of Na,
respectively. Such adsorptions correspond to the chemical
Nanoscale Adv., 2020, 2, 5271–5279 | 5275
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stoichiometry of CP3Li2 and CP3Na9. Finally, we can obtain the
maximum storage capacity (Cm) using the following equation:

Cm ¼ xmF/MCP3
. (6)

In this equation, xm is the maximum Li/Na concentration
(for the current case, xm ¼ 2 for Li; xm ¼ 9 for Na); F is the
Faraday constant (26.8 A h mol�1); and MCP3

is the molecular
mass of CP3. As a result, the storage capacities of Li and Na on
the CP3 monolayer are 510.9 mA h g�1 and 2298.9 mA h g�1,
respectively.

Before ending, we want to emphasize the extremely high
capacity for Na on the CP3 monolayer. Here, in Fig. 7, we list
some typical 2-D anode materials for the maximum capacity of
NIBs. They include Ti3C2 (352 mA h g�1),26 Mn2C
(444 mA h g�1),72 2-D GaN (625 mA h g�1),73 blue phosphorene
(865 mA h g�1),71 black phosphorene (865 mA h g�1),72 MnSb2S4
(879 mA h g�1),74 GeP3 (1295 mA h g�1),75 and b12/c3 borophene
(1240/1984 mA h g�1).23,24 It is very exciting to note that the
maximum Na-ion capacity of the current CP3 monolayer is up to
2298.9 mA h g�1, which is much higher than all the examples
listed in Fig. 7. We also examined the capacities of other 2-D Na
anodes reported in the literature, and to the best of our
knowledge, we found that the CP3 monolayer still has the
highest Na-ion storage capacity. As we all know, high storage
capacity is one of the most crucial performances for electrode
materials. The results in our work indicate that the CP3
monolayer can be expected to be a 2-D anode material for NIBs
with the record-high storage capacity.
3.4 Additional discussions

Before ending, we have several remarks. First, we have recently
become aware of a similar work that focused on the CP3
monolayer.78 For the rst time, the literature proposed the
feasibility of the CP3monolayer as a potential electrodematerial
for Na-ion batteries.78 Although the literature has focused on the
same material, we want to point out that our work still has two
crucial differences. First, besides the Na-ion batteries, we
studied the feasibility of the CP3 monolayer as an electrode for
Li-ion batteries and found that the material shows an extremely
low diffusion barrier of 98 meV and a moderate storage capacity
of 510.9 mA h g�1 for Li ions, while the literature did not discuss
the case of Li. Second and most importantly, the literature has
greatly underestimated the capacity for Na (1022 mA h g�1).
Fig. 7 Comparison of CP3monolayer with typical 2-D anodematerials
for the maximum Na-ion capacity.
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This may imply that some adsorption possibilities were not
taken into account. In our work, we found that a CP3 substrate
can support more Na adsorption than those reported in the
literature. We have comprehensively considered twelve possible
adsorption sites and found three favorable adsorption sites
aer full geometrical relaxations. Our calculations identied
one more stable adsorption site than reported in the literature,
which locates on the top of one C atom [S1 site in Fig. 2(c)]. In
our calculations, at the beginning, we add Na atoms layer by
layer on the CP3 substrate. Very interestingly, aer adding three
layers of Na atoms, we found that the CP3 substrate can stably
adsorb more Na atoms. To simplify, we consider three layers of
Na atoms as a period. Our calculations showed that the CP3
substrate can adsorb up to three periods of such adsorption. As
the result, the maximum capacity for Na is in fact
2298.9 mA h g�1. This capacity is the highest among known 2-D
anode materials for Na ions. The record-high capacity is the
most important innovation point in this work.

Second, our calculations show that the CP3 monolayer can
support the multilayer adsorption for Na ions, while not for Li
ions. For the case of Li, the CP3monolayer can stably adsorb two
layers. When the third layer is displayed, we can nd that the
nal structure breaks down [see ESI†]. The potential reason is
that the adsorption height for Li is much lower than that for Na
(1.795 Å vs. 2.104 Å for the rst layer; 2.516 Å vs. 3.175 Å for the
second layer). This induces more powerful interaction between
the Li adatoms and CP3 monolayer than that of Na; hence, the
structure collapses when multiple layers of Li are displayed. In
addition, we found that such phenomenon also happens in
many other 2-D electrode materials. For instance: Ca2N and
Sr2N can adsorb multiple layers of Na but no Li;32 GeP3,75,76

MoN2,33 and GeS68 can adsorb multiple layers of Na but only one
layer of Li.

Third, we want to point out that the supercell size of the
substrate sometimes would affect the adsorption and ion
diffusion properties. In the above discussions, the 2 � 2
supercell of the CP3 monolayer was applied. We tested the Li/Na
adsorption and diffusion processes in the 3 � 3 and the 4 � 4
supercells. We found that the most favorable adsorption site
and the maximum capacity are not changed in the 3� 3 and the
4 � 4 supercells. In addition, the minimum diffusion barrier is
only slightly changed for Na (356 meV for 2� 2 supercell vs. 336
meV for 3 � 3 supercell vs. 329 meV for 4 � 4 supercell). These
results indicated that the 2 � 2 supercell of the CP3 monolayer
was suitable for investigating the adsorption and diffusion
processes in this work. Moreover, the size of the 2 � 2 supercell
was also applied to similar structures such as GeP3 (ref. 75 and
76) and SnP3.77

4. Conclusion

In conclusion, we have systematically investigated the perfor-
mance of a CP3 monolayer as a potential LIB/NIB anode mate-
rial by the rst-principles calculations. We realized that Li/Na
atoms could steadily adsorb onto the CP3 monolayer surface,
and the corresponding adsorption energies and adsorption
sites were obtained. We showed that the CP3 monolayer
This journal is © The Royal Society of Chemistry 2020
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possesses good metallic conductivity before and aer adsorp-
tions, which is desirable for electrodematerials. In addition, the
average OCV and ion diffusion paths have been determined.
The results indicated that the lowest diffusion barrier is 98 meV
for Li and 356 meV for Na, which are comparable or much lower
than those of most high-capacity 2-D electrode materials such
as borophene. Most attractively, we realized that the storage
capacity of Na on the CP3 monolayer can be up to
2298.9 mA h g�1, which is the highest among 2-D NIB anodes
identied so far. To sum up, these outstanding performances
suggest that the CP3 monolayer is a potential NIB anode
material with extremely high storage capacity.
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