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Dynamic instability of lithiated phosphorene
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Li-ion batteries are widely used energy storage units. Although phosphorene delivers a high Li capacity, the
transition capacity between the intercalation reaction and the conversion reaction is still not clear. We
investigate the structural and electronic properties of Li intercalated phosphorene and graphene/
phosphorene/graphene sandwiches by first-principles calculations. The competition to obtain charge
from Li between C and P reduces charge depletion on the interlayer P—P bonds, improving stability.
Importantly, the sandwiches show higher transition capacities than freestanding phosphorene, confirmed
by ab initio molecular dynamics simulations. The trilayer structures show better structural reversibility
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1 Introduction

Two-dimensional materials have recently drawn much attention
after discovery of the unusual electronic properties of gra-
phene." Silicene,” germanene,’ phosphorene,* and antimonene®
are monolayer Si, Ge, P, and Sb in buckled structures (sp>-sp’
hybridization) as compared to the planar structure of graphene
(sp®> hybridization).® Phosphorene can be prepared by
mechanical and liquid exfoliation,” whereas silicene and ger-
manene can only be deposited on substrates.*®

Phosphorene is considered to have potential applications in
electronic devices (field-effect transistors),'**> sensing devices
(gas, ion and biology sensors),"*** and energy storage devices
(batteries and supercapacitors)* based on recent advances in
material synthesis."*"” Li-ion and Na-ion batteries are widely
used energy storage units because of high energy density and
lack of memory effect. The Na capacity of graphene/
phosphorene/graphene sandwiches is measured to be
2440 mA h g *,** which is close to the theoretical value of bulk P
(2596 mA h g~") based on the conversion reaction. However,
only 20% capacities of the sandwich is retained for the 10C cycle
as compared to the 0.02C cycle. Although bulk P has a much
higher specific capacity than the commercial graphite anode
(372 mA h g™'), the huge volume change of 491% leads to
disintegration of the electrode material and capacity loss.'>*
Two-dimensional materials usually have much lower diffusion
energy barriers than bulk materials because of flat potential
surface,*** which is important to prevent capacity loss for high-
rate cycles. Since intercalation reactions on two-dimensional
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materials do not affect structural stability and conversion
reactions destroy the structures, the high-rate performance thus
can be improved by enhancing the transition capacity between
intercalation and conversion reactions.”

On the other hand, phosphorene is thermodynamically
calculated to deliver a Li/Na capacity of 433 mA h g~ " based on
the intercalation reaction, showing a ratio of Li/Na to P to be
0.5.>*** Phosphorene/graphene heterostructures improve the
theoretical Li capacity to 485 mA h g~ with a low diffusion
energy barrier of 0.12 eV.?® The structure of bulk P is calculated
to be stable for the ratio of Na to P to be no more than 0.25
based on the intercalation reaction without considering
temperature effect,”” being much lower than for phosphorene
(Lip.sP)**** and for the fully charged electrode (LizP). In addi-
tion, some optimized structures of decorated phosphorene are
demonstrated to be unstable by ab initio molecular dynamics
simulation at room temperature.*® The real capacities based on
intercalation reactions for phosphorene-based electrode mate-
rials thus may be lower than the calculated values at 0 K. Since
integration of electrode materials is important to the perfor-
mance of high-rate charge/discharge, we will investigate the
structural and electronic properties of Li intercalated multilayer
phosphorene unsandwiched and sandwiched by graphene
using first-principles calculations.

2 Computational method

All the calculations are carried out in the framework of density
functional theory using the projector augmented wave method,
implemented in Vienna Ab initio Simulation Package.” The
exchange-correlation potential is based on generalized gradient
approximation proposed by Perdew, Burke and Ernzerhof.*° The
van der Waals type interlayer interaction for multilayer phos-
phorene is taken into account by the DFT-D3 approach,** which
has been demonstrated to successfully reproduce experimental
interlayer  distance for  two-dimensional material
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Table 1 Structural properties of monolayer, bilayer, and trilayer
phosphorene and the bulk as compared to the experimental results,
including the lattice constants a, b, and ¢ and the interlayer distance
d (in A)

34

Monolayer Bilayer Trilayer Bulk Exp.
a 3.310 3.313 3.317 3.357 3.34
b 4.550 4.506 4.456 4.232 4.49
c — — — 10.59 10.81
d — 3.197 3.177 3.132 —

heterostructures as compared to van der Waals functionals in
spite of different charge density distribution at the interface.**
The energy cutoff for the plane wave basis is set to 400 eV. The
total energies converge to 10~ eV in the self-consistent solution
of Kohn-Sham equations. The residual forces on the atoms
have declined to less than 0.01 eV A~'. The graphene/
phosphorene/graphene sandwiches are built by 4 x 2 x 1 and
3 x 2 x 1 and supercells of graphene in a rectangular unit cell
and phosphorene, respectively. Double-sized supercells con-
taining 352, 448, and 544 atoms (excluding Li atoms) for
monolayer, bilayer, and trilayer phosphorene, respectively, are
used for ab initio molecular dynamics simulations at 300 K with
a time step of 1 and 3 fs. The crystal orbital Hamiltonian pop-
ulation calculations are performed by LOBSTER code.*

3 Results and discussion

Table 1 lists the optimized lattice constants and interlayer
distance for the monolayer, bilayer, and trilayer phosphorene
and the bulk. The calculated lattice constant a/b expands/
shrinks with increasing number of layers and agrees with the
experimental value. The interlayer distance decreases with
increasing thickness and is smaller than the previous theoret-
ical results (3.612 A) because of different types of van der Waals

Li:P=2:24 Li:P=4:24

Fig. 1 Snapshots of the structures for Li intercalated multilayer
phosphorene after 3 ps ab initio molecular dynamics simulations at
300 K with a step of 1 fs. The P and Li atoms are labeled by blue and red.
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functionals.*® The interlayer binding energy for the bulk turns
out to be 0.099 eV per atom as compared to 0.012 eV per atom
excluding van der Waals correction, leading to a smaller
distance of 3.132 A to 3.432 A.

Total energies of different locations for Li intercalation have
been compared to search the ground states. Uniform distribu-
tion is energetically preferred to clustering because of the
repulsion between the Li atoms. Fig. 1 illustrates the structures
for Li intercalated multilayer phosphorene after 3 ps ab initio
molecular dynamics simulations at 300 K. The Li : P ratio is
calculated by the Li atoms on (at) the surface (interface) and the
P atoms in each layer to be independent of the number of layers.
The structure is distorted at the ratio of 2 : 24 for the monolayer.
The maximal Li capacity based on the intercalation reaction
requiring stability (instead of full capacity) turns out to be less
than 144 mA h g~ Although some previous work reports stable
structures and higher capacities for multilayer phosphorene
calculated by structural optimization at 0 K, the structure may
not be stable at room temperature confirmed by molecular
dynamics simulations leading to lower capacities.'®*** The
structure is completely destroyed at the ratio of 4 : 24. In the

Fig. 2 Snapshots of the structures for Li intercalated multilayer
sandwiches after 3 ps ab initio molecular dynamics simulations at 300
K with a step of 1 fs. The P, C, and Li atoms are labeled by blue, black,
and red.

This journal is © The Royal Society of Chemistry 2020
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Li:P=2:24

Li:P=4:24

Fig. 3 Charge density difference for Li intercalated trilayer phos-
phorene and the sandwich. The yellow/green color represents charge
accumulation/depletion. The isosurface value is 1.8 x 1072 electrons
per bohr®. The P, C, and Li atoms are labeled by blue, black, and red.

case of bilayer and trilayer, the structures are almost not dis-
torted for the ratio of 2 : 24, confirmed by the average formation
energy of Li intercalation (0.58 eV and 0.64 eV, respectively, as
compared to 0.46 eV for the monolayer). The surface sheets are
broken for the ratio of 4 : 24, whereas the center sheet is still
stable for the trilayer further confirmed by the molecular
dynamics simulations for 6 ps. The capacities are calculated to
be 108 mAh g ' and 96 mA h g " for the bilayer and the trilayer.
The capacity converges to 72 mA h g~ for bulk P, being lower

Table 2 Structural properties of trilayer phosphorene and the sand-
wich, including the distance of the Li—P and P-P bonds on the surface
(bfi_p and bp_p) and at the center (bfi_p and bi_p) (in A), respectively

bii-p Li-p Dp-p b-p
Phosphorene
Li:P=2:24 2.41 2.51 2.27 2.26
Li:P=4:24 2.40 2.44 2.31 2.32
Sandwich
Li:P=2:24 2.43 2.47 2.25 2.24
Li:P=4:24 2.45 2.42 2.30 2.32

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Density of states (DOS) of the P 3p states for trilayer phos-
phorene and the sandwich with the Li: P ratio of 2 : 24 and crystal
orbital Hamiltonian populations (COHP) of the interlayer P—P bonds in
the surface and center sheets.

than the value of 216 mA h g~ " obtained by the thermodynamic
calculations at 0 K.*” High quality phosphorene nanoribbons
have been successfully prepared with typical widths of 4-50 nm
and lengths of up to 75 um recently.’® Since the number of
surface sites for Li adsorption is much more than the edge sites,
our results obtained by molecular dynamics can also predict the
stability and capacities based on the intercalation reaction for
phosphorene nanoribbons. In addition, other kinds of phos-
phorene nanostructures such as nanorods and nanoneedles
have also drawn much attention,*® which may have higher
capacities than the bulk.

Since stability of two-dimensional materials can be improved
by formation of hybrids with graphene,'® the structures of Li
intercalated multilayer phosphorene sandwiched by graphene
after 3 ps molecular dynamics simulations are shown in Fig. 2.
The structures are stable for the Li : P ratio of 4 : 24, which is
higher than in the graphene-free cases. The Li capacities are
calculated to be 142-144 mA h g~ for the monolayer, bilayer
and trilayer including the mass of C. The corresponding values
are 289, 216, and 192 mA h g~ ' excluding the mass of C. In
addition, lithiation only expands the thickness of the sand-
wiches by less than 15%, as compared to the volume change of
491% (sodiation) for bulk P.* High-rate charge/discharge may
be achieved below these capacities, since the layered structures
show low diffusion energy barriers.>® Moreover, the sandwich
structures may obstruct reaction of phosphorene with oxygen
and florine affecting applications®*” because of high energy
barriers for diffusion through graphene. The surface sheets are
broken for the ratio of 6:24. Furthermore, the lithiation
process changes to the conversion step for higher Li concen-
tration due to complete destruction of the structures of multi-
layer phosphorene.

Charge density difference for Li intercalated trilayer phos-
phorene and the sandwich is shown in Fig. 3. The charge
density difference is defined as

RSC Adv, 2020, 10, 32259-32264 | 32261
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Table 3 Integral of crystal orbital Hamiltonian populations (-ICOHP)
of the interlayer P—P bonds in the surface and center sheets for trilayer
phosphorene and the sandwich

Phosphorene Sandwich
Surface Center Surface Center
Li:P=1:24 4.17 4.46 4.56 4.66
Li:P=2:24 1.98 2.17 4.46 4.63
Li:P=4:24 — — 3.96 3.97
1.0
monolayer ——
bilayer ——
09 trilayer ——
2
Q
%0 0.8
G
>
0.7
0.6
0.03 0.08 0.13 0.18
Li:P

Fig. 5 Voltages for the sandwiches as function of the Li: P ratio
calculated by the Li atoms at the interface and the P atoms in each
layer.

AP = Pfull — Psandwich — PLi (1)

where peun, Psandwich, and pp; refer to the charge density for the
full system, the sandwich without Li, and the Li atoms,
respectively. The charge redistribution on the surface is
stronger than at the interface for phosphorene, which leads to
a shorter Li-P bond length on the surface than at the interface
as listed in Table 2. The charge depletion on the interlayer P-P

View Article Online

Paper

bonds occurs with increasing Li concentration, weakening
interaction and thus lengthening the bonds. Graphene obtains
partial charge from the Li atoms in the sandwich, reducing the
charge transfer to the P atoms on the surface. The competition
to obtain charge from Li suppresses the charge depletion on the
interlayer P-P bonds, improving stability. The Li-P bond on the
surface is lengthened for higher Li concentration, reflecting
stronger interaction between Li and C than between Li and P.

The density of states (DOS) of the P 3p states for trilayer
phosphorene and the sandwich with the Li : Pratio of 2 : 24 and
the crystal orbital Hamiltonian populations (COHP) of the
interlayer P-P bonds in the surface and center sheets are shown
in Fig. 4. The P atoms in the surface and center sheets show
similar DOS and -COHP in profile. The P atom in the surface
sheet shows more states located at the Fermi level and conse-
quently the P-P bond has a more negative ~-COHP. In addition,
the ~-COHP for the P-P bond in the center sheet shows a higher
integral value (-ICOHP) than that in the surface sheet (Table 3),
reflecting better stability. The -ICOHP decreases by more than
50% from the Li: P ratio of 1:24 to 2: 24 for phosphorene,
whereas a reduction of 2% to 2 : 24 and 13% to 4 : 24 is found
for the sandwich.

Fig. 5 depicts the voltage for the sandwiches defined as

E(sandwich + Li) — E(sandwich) — xE(Li)

V= xq ) (2)

where E, x, and g refer to the total energy, Li concentration, and
charge on Li, respectively. The voltage for the monolayer
decreases from 0.80 V to 0.65 V with increasing Li concentration
as compared to the highest value of 1.01 V for phosphorene/
graphene heterostructure.”® Li intercalation at the interface
leads to rotation of the ¢ axis to the armchair and the zigzag
directions as shown in Fig. 3, which is also reported in ref. 27. In
the case of the Li : P ratio of 2 : 24, the angle turns out to be 6.1°/
0.9°, 0.8°/8.2° and 5.5°/7.8° to the armchair/zigzag direction for
the monolayer, bilayer, and trilayer, respectively. A large

Fig. 6 Snapshots of the structures for multilayer phosphorene and the sandwiches after 1 and 3 ps ab initio molecular dynamics simulations at
300 K with a step of 3 fs starting from the configurations for the Li : P ratio of 4 : 24 and 6 : 24, respectively. The P and C atoms are labeled by blue

and black.

32262 | RSC Adv, 2020, 10, 32259-32264
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rotation of 10.7° to the armchair direction takes place for the
bilayer at the Li : P ratio of 4 : 24. The fluctuation of the voltage
may be related to the distortion of the lattice.

Structural reversibility of electrodes is important to prevent
capacity loss during long-term cycles. Fig. 6 illustrates the
structures of multilayer phosphorene and the sandwiches after
molecular dynamics simulations starting from the configura-
tions for the Li: P ratio of 4 : 24 and 6 : 24, respectively. The
monolayer structures cannot be recovered after 3 ps because of
high surface energy, which is confirmed by the results for up to
6 ps. Only slight surface distortion is retained for trilayer
phosphorene after 1 ps, reflecting better reversibility. However,
the surface reconstruction is hardly removed after 3 ps, which
may lead to disintegrity of electrodes after many cycles. The
structure is completely recovered without surface reconstruc-
tion for the sandwich after less than 1 ps.

4 Conclusions

Structural and electronic properties of Li intercalated multilayer
phosphorene unsandwiched and sandwiched by graphene have
been studied by first-principles calculations. Li intercalation
has been demonstrated to donate charge to the P atom, weak-
ening the interlayer P-P bond strength. Graphene obtains
charge from the Li atoms on the surface of the sandwich,
reducing charge depletion on the interlayer P-P bonds and thus
improving structural stability. Consequently, the sandwiches
achieve Li capacities of 142-144 mA h g~ ' for the monolayer,
bilayer, and trilayer without destroying structures in compar-
ison to 144, 108, 96 mA h g~ ' for freestanding multilayer
phosphorene, respectively, which improves performance for
high-rate charge/discharge. Structural reversibility of multilayer
phosphorene is enhanced with increasing number of layers and
can be improved by graphene sandwiching.
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