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The electrode material is regarded as one of the key factors that determine the performance of lithium-ion batteries
(LIBs). However, it is still a challenge to search for an anode material with large capacity, low diffusion barrier, and good
stability. In the present work, two new CrP, monolayers (Pmmn-CrP, and Pmma-CrP;) are predicted by means of first
principles swarm structure search. Our study shows that both the two CrP, monolayers have high dynamical and thermal
stability, as well as excellent electron conductivity. Additionally, Pmmn-CrP, exhibits a remarkably high storage capacity
of 705 mA-h-g~! for Li, meanwhile the diffusion energy barrier of Li on the surface of this monolayer is 0.21 eV, ensuring
it as a high-performance anode material for LIBs. We hope that our study will inspire researchers to search for new-type
two-dimensional (2D) transition metal phosphides for the electrode materials of LIBs.

Keywords: lithium-ion battery, electronic structure, first principles

PACS: 71.20.-b

1. Introduction

As a mature technology for electrical energy storage,
rechargeable lithium-ion batteries (LIBs) have been widely
used in portable electronic and electric vehicles.!!3] Never-
theless, with the increased demands for large-scale energy
storage equipment, the current commercial LIBs are still far
from satisfactory.[*~°! It has been widely accepted that the con-
stituent electrode is one of the key factors to determine the
performance of LIBs.!”8] Currently, graphite is used as the
most common anode material for LIBs, partly owning to its
low cost and good cycling stability. However, the relatively
low specific capacity and poor rate capacity of graphite elec-
trode are the main bottlenecks to restrict its performance. [°-!1]
To date, numerous studies have focused on the improved per-
formance of electrode for LIBs. For example, a unique micro-
sized silicon composite anode has been synthesized, exhibiting
significantly enhanced Li-ion battery performances.!!”] Re-
cently, it has been shown that Fermi level tuning by p-type
doping can be an effective way of dramatically raising elec-
trode potential.!'>) However, the searching of new anode ma-
terials with large capacity, low diffusion barrier, and good sta-
bility is still important for realizing the large-scale utilization
of LIBs.[!413]

Two-dimensional (2D) materials with many fascinating
properties including the remarkably high carrier mobility, out-
standing mechanical flexibility, and large surface-to-volume
ratio, have great potential in technological applications.!!¢]
Recently, many 2D materials have been proposed theoretically
as a promising candidate for applications in LIBs.!'7~11 Mul-
tiscale computation methods, including first-principles calcu-
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lation, molecular dynamics simulation, phase field simula-
tion, finite element, and machine learning, can be applied
in discovery and design of new electrode materials.['”] As a
relatively new family of monolayer materials, 2D transition
metal carbides and nitrides with a general formula of M,,; X,
namely MXenes, show promising applications as anode mate-
rials for LIBs, in view of their excellent electron conduction
and high charge/discharge rates.?>!] For example, Ti,C was
synthesized experimentally as an anode material for LIBs and
it displayed a specific capacity of 225 mA-h-g~!.??! Mo,C
monolayer was predicted theoretically to possess a high the-

~! and a minimal diffusion

oretical capacity of 526 mA-h-g
barrier of 0.035 eV only. (231 However, MXenes were known
to have less chemically stable and low specific capacity for
Li. The reason can be attributed to the direct exposure of
metal atoms on the surfaces of MXenes, greatly weakening
the adsorption strength between Li and the support.[?*! In
addition, several kinds of functional groups including OH,
O, and F are introduced on the surfaces of MXenes in the
process of experimental synthesis, which can reduce spe-
cific capacity and increase the diffusion energy barrier for Li
simultaneously./>>~2"] Therefore, the increase of carbon or ni-
trogen composition in MXenes provides a direct and effective
strategy to promote their performance as anode materials for
LIBs. To date, several carbon or nitrogen-rich monolayers,
such as MoC, MoN, TaC,, VC,, ScN», VN,, TiC3, and NiCs,
have been theoretical proposed and exhibited remarkably im-
proved specific capacity for Li.[?8-34]

As a promising candidate to replace graphite electrode,
black phosphorus possesses a wide application prospect in

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

067102-1


https://doi.org/10.1088/1674-1056/acc5e0
jingt87@sina.com
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 32, 067102 (2023)

LIBs due to its abundant resource and outstanding spe-

—1 1351 However,

cific theoretical capacity of 2596 mA-h-g
the occurrence of huge volume expansion of about 400%
leads to the rapid capacity loss and safety issues during the
charge/discharge process.!*®! Recently, it has been predicted
that the Li capacity of MXenes, including Ti,C and V,C,
can be remarkably enhanced by surface functionalization of P
atoms, and the value of which is as high as 1767 mA-h-g=1.137]
This striking improvement can be ascribed to the strong ad-
sorption of P for Li. Inspired by this, thus, we explore the
potential of 2D transition metal phosphides for anode materi-
als of LIBs. The direct exposure of P on the surfaces of these
monolayers is expected to promote the Li adsorption and im-
prove the Li capacity for LIBs.

In the present work, we propose two new CrP, monolay-
ers by combining the global minimum structure search with
first-principles calculations. We find that CrP, monolayers are
mechanical, dynamical, and thermal stable. The investigations
of electronic structures indicate that the two CrP, monolay-
ers possess good electronic conductivity. In addition, the high
theoretical capacity and low diffusion barriers render the CrP;
monolayers as promising anode materials for LIBs. Our work
might inspire people to study transition metal phosphides as
potential applications for LIBs.

2. Calculation method

The structural predication of CrP, monolayers is car-
ried out based on particle swarm optimization (PSO) method,
as implemented in CALYPSO code.38] The population size
and the number of generations are set as 40 and 30, re-
spectively, to ensure convergence. The first-principles cal-
culations are performed within the density functional theory
(DFT) formalism as implemented in VASP.3% The electron—
ion interactions are included using the frozen-core projected
augmented wave (PAW) approach with the cutoff energy of
500 eV.[4%] The exchange—correlation energy is described us-
ing the generalized gradient approximation (GGA) in the form
of Perdew—Bruke—Ernzerhof (PBE).[*!! The Monkhorst—Pack
k-point meshes of 19 x 13 x 1 and 5 x 5 x 1 are used for unit
cell and supercell calculations, respectively. In the calcula-
tions of structural optimization, the convergence tolerance for
energy and force are set to be 107% eV and 0.01 eV/A. To
avoid interaction between adjacent layers, a sufficiently large
vacuum thickness of 20 A is adopted. AIMD simulations are
carried out to inspect the thermal stability of these monolay-
ers at 1500 K for 5 ps with a time step of 1 fs. The phonon
frequencies are calculated by using a supercell approach as
implemented in the PHONOPY code.!*?! The climbing image
nudged elastic band (CI-NEB) method is employed to estimate
the diffusion energy barrier and the minimum energy pathway

for Li on CrP; monolayers. 43441

To quantitatively describe the energetic stability of CrP;
monolayer, the cohesive energy (E.qp) is calculated according
to the expression
ECrPg —Ec, —2Ep

3 )
where Ecp, and Ecyp) represent the total energies of CrP,

Econ =

monolayer and a single Cr (P) atom, respectively. According
to this definition, a more negative value of cohesive energy
implies the higher energetic stability of this monolayer.

To evaluate the adsorption strength of Li on the surface of
CrP; monolayers, a 3 x 2 supercell is adopted, which is large
enough to avoid interaction between adjacent Li atoms. Here,
the adsorption energy can be evaluated by the following for-
mula:

E.q = Em+crp, —Ecip, — B,
where Enyycp, and Ecp, are the total energies of the Li-
adsorbed and pristine CrP, monolayers, respectively, and Ey
is the energy of an Li atom in bulk structure.

For multilayer adsorption, the average adsorption energy
is calculated layer by layer, as defined by

Eynnvrcrr, —Ecp, +a(n—1)M —4EM

Eave = 4
The theoretical capacity for Li is computed as follows:
F
CM = . )
MCrP2

where n is the valance number of Li atoms, F represents the
Faraday constant (26798 mA-h-mol~! ), and Mcp, is the molar
weight of CrP;.

The open circuit voltage (OCV) can be estimated from
the following reaction:

CrP, 4+ nLi" +ne™ +— Li,CrP,,

thus, the open-circuit voltage (OCV) is accessed by

_ Ecw, +nELi — Evi,crp,
ne '

ocv

3. Results and discussion
3.1. Structure and stability of CrP, monolayers

All possible 2D planar structures of CrP, are searched
by the particle swarm optimization (PSO) structure search
method. We focus on two most energetically stable CrP;
monolayers, which both belong to the orthorhombic system,
as demonstrated in Fig. 1. The space groups of the two mono-
layers are Pmmn and Pmma, which are labeled as Pmmn-
CrP, and Pmma-CrP,, respectively. In the optimized struc-
tures, each Cr atom in Pmmn-CrP; is surrounded by six P
atoms, while each P atom is bonded to three Cr atoms and
two P atoms, forming a one-dimensional chain structure (P—
P-P) along the y direction. In light of the direct exposure of
P atoms on the surface, it is rational to predict that Pmmn-
CrP; can be an ideal substrate for the Li adsorption. In the
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case of Pmma-CrP,, Cr atoms form zigzag chains along the
x direction, which are sandwiched between two P atomic lay-
ers. These in-plane P-Cr-P layers are connected by P—P bonds
along the y direction. It is noteworthy that the Cr atoms in
Pmma-CrP, are closer to the surface than those of Pmmn-
CrP,, reducing the adsorption strength between Li and the sub-
strate. The lattice parameters of Pmmn-CrP, are calculated to
bea=3.13 A and b =4.68 A, while those for Pmma-CrP; are
a=3.76 A and b =4.85 A.

Fig. 1. Top and side views of atomic structures for [(a), (b)] Pmmn-CrP;
and [(¢), (d)] Pmma-CrP;.
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Cohesive energy is usually employed to access the en-
ergetic stability and experimental feasibility of predicted 2D
materials. The resultant cohesive energy of Pmmn-CrP; is
—6.92 eV per atom, while that for Pmma-CrP, is —6.73 eV
per atom, both of which are much lower than that of P;C
(4.18 eV per atom),*®! phosphorene (—3.48 eV per atom),*]
SnP3 (—3.88 eV per atom),[*®! and GeP; (—3.34 eV per
atom),*”! implying their high energetic stability. Next, we
examine the dynamical stability of the predicted monolayers,
thus the phonon spectra along the high-symmetry lines is cal-
culated using DFPT method, as plotted in Figs. 2(a) and 2(b).
The absence of any appreciable imaginary frequency is found
in the full Brillouin zone, confirming the dynamical stability of
the two CrP, monolayers. For an evaluation of the thermal sta-
bility of the two CrP, monolayers, we perform the AIMD sim-
ulations at 1500 K lasted for 5 ps.[*®! As depicted in Figs. 2(c)
and 2(d), the atomic configurations of the two CrP, mono-
layers are well maintained and no notable distortion is found
for the crystal structures, suggesting that the two monolayers
can withstand the high temperature of over 1500 K. Besides, it
is noted that the total energy fluctuates of the two CrP, mono-
layers are considerably small at 1500 K, further verifying their
extremely high thermal stability.
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Fig. 2. The phonon dispersion curves of (a) Pmmn-CrP, and (b) Pmma-CrP,. Total potential energy fluctuations and the corresponding snapshots of (c)

Pmmn-CrP;, and (d) Pmma-CrP; after 5 ps of AIMD simulation at 1500 K.

3.2. Electronic and mechanical properties of CrP, mono-
layers

Then, the band structures and projected density of states
(PDOS) of Pmmn-CrP, and Pmma-CrP, are investigated, as
illustrated in Figs. 3(a) and 3(b). We note that both Pmmn-
CrP; and Pmma-CrP, show the metallic properties with high
DOS peaks crossing the Fermi level. This means that the two
monolayers have outstanding electronic conductivity, thereby
leading to the fast charge transfer during the charge/discharge
process. Further analysis of PDOS reveals that the electronic
states near the Fermi level are dominated by the 3d orbitals of
Cr atoms, while the 3p orbitals of P atoms make a relatively
small contribution to these states. To figure out the bonding
features of the two CrP, monolayers, we plot electron local-
ization function (ELF), as presented in Figs. 3(c) and 3(d). Itis

found that P—P bond exhibits strongly covalent bond charac-
teristics, but Cr—P bond is identified as a typical ionic bond.
Significantly, the formation of P—P covalent bonds in CrP,
monolayers can reduce the total energies and increase their
structural stability. Bader charge analysis implies that a sig-
nificant amount of electrons is transferred from each Cr atom
to P atoms (0.71e for Pmmn-CrP, and 0.74¢ for Pmma-CrP;).

Now we turn to the mechanical properties of the two
CrP, monolayers and the elastic constants are firstly calcu-
lated. For Pmmn-CrP, (Pmma-CrPg), Ci1, Cxn, Ciz, and
Ce are 62.28 N/m, 190.58 N/m, 25.03 N/m, and 37.77 N/m
(115.38 N/m, 170.19 N/m, 48.79 N/m, and 47.13 N/m), re-
spectively. It is noted that the value of Cy;Cy; is larger than
that of the C122, meanwhile Cg has a positive value, verifying
the mechanically stability of the two CrP, monolayers. Based
on these elastic constants, we also assess the in-plane Young’s
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moduli (Y) of the CrP, monolayers using the following equa-
tion:
o (Cl 1Con — C%z) _ (C1 1Con — C%z)
' Cxn o Cn '

The in-plane Young’s moduli of Pmmn-CrP, (Pmma-CrP;) are

58.99 (101.39) N/m and 180.52 (149.55) N/m in the x and y di-
rections, respectively. We note that the in-plane Young’s mod-
uli of the two monolayers are less than those of hexagonal h-
BN (271 N/m)!*°! and graphene (340 N/m),! indicative of
their good mechanical flexibility.

a) 2 2
(a) \/\/ (b) \ \/ \}
14 \/ 14
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Fig. 3. The calculate band structure and partial density of states (PDOS) of (a) Pmmn-CrP; and (b) Pmma-CrP,. Electron localization function

(ELF) map of (¢) Pmmn-CrP, and (d) Pmma-CrP;.

3.3. Adsorption and diffusion behaviors of Li on CrP,
monolayers

To explore the adsorption and diffusion behaviors of Li
on the surfaces of CrP, monolayer, the most stable adsorption
site should be determined firstly. Considering the lattice sym-
metry, four representative adsorption sites are chosen for each
CrP, monolayer to explore the Li adsorption properties on the
substrate, as shown in Figs. 4(a) and 4(b). Notably, a negative
value of adsorption energy corresponds to an exothermic reac-
tion. For Pmmn-CrPy (Pmma-CrP;), A and A4 (B, and By)
locate just above the top and bottom Cr atoms, respectively,
while A3 and A, (B3 and B) are above the center of top and
bottom P—P bonds. For various sites, the calculated adsorp-
tion energies of Li are summered in Table 1. In the case of
Pmmn-CrP,, the adsorption energies of Li on Ay, Aj, Az, and
Ay sitesare —1.19¢eV, —1.08 eV, —0.76 eV, and —0.83 eV, re-
spectively, showing the strong interaction between Li and the
support. We also note that Li atom prefers to be absorbed at
the A site of Pmmn-CrP, due to the lowest adsorption en-
ergy. For Pmma-CrP,, the adsorption energies of Li on By,
B», B3, and By sites are predicted to be —1.41 eV, —0.94 eV,
—0.77 eV, and —1.08 eV, correspondingly. Obviously, By is
the optimal position for Li adsorption and much more stable
than other sites.

Table 1. The Li adsorption energies on high-symmetry sites for Pmmn-
CrP; and Pmma-CrP, monolayers.

Pmmn-CrP,
Al A2 A3 A4
E,q (eV) -1.19 -1.08 -0.76 -0.83
Pmma-CrP,
B, B, B3 By
E.q (eV) -1.41 -0.94 -0.77 -1.08

Since the number of adsorbed Li atoms directly corre-
lates with the theoretical capacity of the anode materials for
LIBs, thus we explore the concentration-dependent Li adsorp-
tion behavior by applying a 3 x 2 x 1 CrP; supercell. Notably,
once the value of adsorption energy becomes positive, the Li
atoms on the surface of CrP; monolayer are inclined to ag-
glomerate. We consider the adsorption of Li on both sides
of the slab and calculate the average adsorption energy for
each Li layer. Structurally, Li atoms are placed successively
on the sites Aj, Ay, A4, and A, for the first, second, third,
and fourth layers, respectively, until all possible sites are oc-
cupied. Very interesting, the average adsorption energy of Li
on Pmmn-CrP; is still negative when the number of adsorbed
Li layers reaches three, corresponding to the stoichiometry of
LizCrP;. In addition, the average adsorption energies decrease
steadily with the increasing the number of Li layers. Thus,
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the theoretical specific capacity of Li on Pmmn-CrP; reaches
as high as 705 mA-h-g~!, which is significantly larger than
that of graphite (372 mA-h-g~!).5!1 As presented in Fig. 4(b),
Pmma-CrP, can adsorb only two layer of Li, corresponding to
the stoichiometry of Li,CrP,. The theoretical specific capac-

(d)
o

o

(c)
00000
Q.00
g$$35

00000

o

i3

o

ity of this monolayer is estimated to be 470 mA-h-g~!. Com-
pared with Pmmn-CrP,, the lower value of specific capacity
can be ascribed to the direct exposure of Cr atoms on the sur-
face of Pmma-CrP,, which enhances the repulsion interactions
between Li and the support.

(e) 0.4 { = Pmmn-CrP,
L
o —0.41
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(f) 0.44 — Pmma-CrP,
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L
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Fig. 4. The Li adsorption sites for (a) Pmmn-CrP, and (d) Pmma-CrP;. Atomic structures of (c) Pmmn-CrP, with three-layer Li adsorption and
(d) Pmma-CrP;, with two-layer Li adsorption. Adsorption energies with the increase of Li concentration for (e) Pmmn-CrP, and (f) Pmma-CrP;.
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Fig. 5. The considered diffusion paths of Li on (a) Pmmn-CrP, and (b)
Pmma-CrP;. The diffusion energy barrier profiles of Li on (c) Pmmn-CrP,
and (d) Pmma-CrP,.

The diffusion behavior of Li on the surface of an-
ode materials was shown to be crucial for the performance
of charging/discharging process and circulation efficiency in
LIBs.152231 Therefore, the diffusion pathways and the corre-
sponding diffusion barriers of Li on the 3 x2 x 1 CrP; su-
percell are investigated by the climbing-image nudge elastic
band (CI-NEB) method. Considering the structural symme-
try of Pmmn-CrP,, three possible diffusion pathways are se-
lected for this monolayer, which are marked as path 1, path
2, and path 3, as shown in Fig. 5(a). It is worth noting that

the path 1 and path 3 correspond to the Li diffusion on the
substrate in the x and y directions, respectively. But along the
path 2, Li can diffuse either in the x or y direction. As pre-
sented in Fig. 5(b), the corresponding diffusion energy barri-
ers of Li along the path 1, path 2, and path 3 are estimated
to be 0.21 eV, 0.36 eV, and 0.43 eV, respectively, revealing
that Li prefers to diffuse along the path 1. The low diffusion
energy barrier suggests that Li is easily to diffuse on the sur-
face of Pmmn-CrP,, leading to the fast charging/discharging
process. In light of Pmma-CrP,, three possible pathways are
considered for Li ion diffusion, similar to the case of Pmmn-
CrP;. The calculated diffusion energy barriers for path 1, path
2, and path 3 are 0.48 eV, 0.67 eV, and 0.35 eV, respectively.
Remarkably, the path 3 is more favorable for Li migration on
the surface of Pmma-CrP;.

Finally, we will investigate the open-circuit-voltage
(OCV) of the two predicted CrP, monolayers. As shown
in Fig. 6, the OCV of CrP, monolayer at different Li con-
centration is calculated by employing the 2 x 1 x 1 super-
cell. We note that OCV of Pmmn-CrP, monolayer decreases
monotonously with the increasing Li concentration. Addi-
tionally, the values of OCV are in the range from 1.07 eV
to 0.47 eV, which can prevent dendrites formation of Li met-
als during the charge/discharge process. Instead, the OCV of
Pmma-CrP; is obviously fluctuant with the increase of Li con-
centration, indicating the instability of charge/discharge pro-
cess. Based on these results, the more stable intercalation volt-
age renders Pmmn-CrP, monolayer a promising candidate for
LIBs.
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Fig. 6. The open circuit voltage profiles of Li on (a) Pmmn-CrP, and
(b) Pmma-CrP;.

4. Conclusions

In summary, we systematically studied electrode proper-
ties of two new monolayers Pmmn-CrP; and Pmma-CrP,. The
high mechanical, thermodynamics, and dynamic stability can
increase the number of cycle life. In addition, the two mono-
layers possess a favorable Li storage capacity for LIBs. Es-
pecially, the specific capacity of Pmmn-CrP, reaches up to
705 mA-h-g~!, originating from its unique atomic arrange-
ments. Furthermore, the migration barrier of Li on the sur-
faces of Pmmn-CrP; is very low, which is beneficial to the
charge/discharge rate. These above results show that Pmmn-
CrP, monolayers could be quite promising 2D anode materi-
als for LIBs. Our studies may motivate both experimental and
theoretical efforts to further explore high-performance anode
materials for ion battery.
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