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Lithium-ion batteries (LIBs) are widely used energy storage devices, and sodium-ion batteries (SIBs) are
promising alternatives to LIBs because sodium is of high abundance and low toxicity. However,
a dominant obstacle for the advancement of LIBs and SIBs is the lack of high capacity anode materials,
especially for SIBs. Here, we propose that three characteristics, namely appropriate pore size, suitable
pore distribution, and an entirely planar topology, can help achieve ultrahigh capacity 2D anode
materials. Under such guidelines, we constructed a B;P, monolayer, and investigated its potential as
a LIB/SIB anode material by means of density functional theory (DFT) computations. Encouragingly, the
B,P, monolayer possesses all the essential properties of a high-capacity LIB/SIB anode: its high stability
ensures the experimental feasibility of synthesis, its metallicity does not change upon Li/Na adsorption
and desorption, the Li/Na can well diffuse on the surface, and the open-circuit voltage is in a good
range. Most importantly, the B,P, monolayer has a high storage capacity of 3117 mA h g™ for both LIBs
and SIBs, and this capacity value ranks among the highest for 2D SIB anode materials. This study offers
us some good clues to design/discover other anode materials with ultrahigh capacities, and serves us
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batteries (SIBs) and LIBs were studied as early as in the 1970s,
LIBs have been the focus due to their much higher energy
densities.”® Sharing similar chemical properties to lithium,

1. Introduction

Rechargeable lithium-ion batteries (LIBs) are widely used in
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portable electronics and electric vehicles due to their merits of
high energy densities, no memory effect, low self-discharge, and
being environmentally benign."* Though both sodium-ion
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sodium possesses some superior characteristics for battery
applications, such as lower toxicity and higher earth abun-
dance. Hence, SIBs have been resurrected as appealing candi-
dates for medium and large-scale stationary energy storage.’™*
One of the largest obstacles restricting SIBs' development and
application is the limited anode storage capacity.***® Therefore,
it is indispensable to search for ultrahigh-storage anode mate-
rials for rechargeable LIBs and SIBs, especially SIBs, to satisfy
the ever-growing demand for high-density energy storage
equipment in the modern society."” >

Two-dimensional (2D) materials are promising candidates
for the next-generation LIB/SIB anode materials because of their
high storage capacity, excellent electrical conductivity, and
lower diffusion energy barrier.”*>* The performance of many 2D
materials as anode materials has been explored, such as gra-
phene and its derivatives,”* transition-metal dichalcoge-
nides,** metal oxides,** and transition-metal carbides.?***
Particularly, sodium storage capacities have been significantly
improved in several 2D materials, even reaching the same
capacities as for lithium storage.®*®

Our careful analysis of the reported 2D anode materials
revealed that some characteristics, such as appropriate pore
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size, suitable distance between adsorption sites, and an entirely
planar topology, can greatly boost the Li/Na storage capacities.
First, appropriate pore size and suitable distance between
adsorption sites are crucial for porous 2D materials since the
most favorable adsorption sites for Li/Na atoms are typically
over the pores, instead of on top of certain atoms, as observed in
all the examples containing pores, such as the porous B,S,*
BP,* InP3,% TiC3,** and NiC; (ref. 65) monolayers. Among them,
the B,S and BP monolayers, as isoelectronic analogues of gra-
phene, have a larger interval between the adjacent adsorption
sites than graphene (3.03 A and 3.18 A vs. 2.47 A), and conse-
quently less repulsive interactions between the adsorbed Li/Na
atoms, which lead to the possibility of forming a closely packed
Li/Na layer on the B,S and BP monolayers, and concomitant
higher theoretical capacities for LIBs and SIBs.”*® Second, the
entirely planar monolayer is beneficial to utilize more adsorp-
tion sites on the substrate. For example, the entirely planar NiCs
monolayer (1698 mA h g~ ') possesses higher specific capacity
than the puckered TiC; monolayer (1278 mA h g~ *).** Compared
with the puckered monolayer, the flattened planar structure can
better reduce the repulsive interactions among the Na atoms
adsorbed on the reasonably well separated adsorption sites,
thus promoting the Na loading amounts. Moreover, the exper-
imentally available boron monolayer materials, including the
puckered triangular-borophene,” the entirely planar striped
borophene (Bj,-borophene)™ and y;-borophene,”* are all
proposed to be high-performance anode materials for LIBs and
SIBs. Among them, the entirely planar and porous B;,-bor-
ophene and y;-borophene were predicted to possess the same
storage capacity (1984 mA h g~" and 1240 mA h g™') for LIBs
and SIBs.® However, the storage capacity of the puckered
triangular-borophene for Na (2341 mA h g~ ') is obviously lower
than that for Li (3306 mA h g7 '),> and our computations
showed that the entirely planar and porous B;,-borophene has
a much higher Na storage capacity (3968 mA h g™ ') than the
puckered triangular-borophene (2341 mA h g~ ') (Fig. S1 in the
ESIt). Therefore, the entirely planar topology is a hidden key
characteristic to further boost the Na storage capacities.

With the above rationale in mind, we looked back to the
reported candidates of 2D anode materials for LIBs/SIBs. One
inspiring material is the experimentally available striped bor-
ophene (B;,-borophene),” which possesses the highest single-
layer storage capacity for SIBs. The high capacity of boron
nanomaterials is attributed to the stronger binding interaction
of the B,-unit (than the B¢-unit) with Li/Na atoms and the longer
distance between adjacent potential adsorption sites. Though
with the same pore size and the same entirely planar topology,
%3-borophene has a lower Li/Na storage capacity than B;,-bor-
ophene,® which is due to its shortage of B,-units. Therefore,
introducing another element with bigger atomic ratio but
having B,-units allows us to tune the pore size and their
distribution. Equally inspiring are black phosphorene, blue
phosphorene, and the BP monolayer, and their superior
capacities (865 mA h g ' in black phosphorene”™ and
865 mA h ¢~ in blue phosphorene” for SIBs, and 1283 mAh g ™!
in the BP monolayer® for LIBs) strongly demonstrate the high
potential of the P element as an anode material of LIBs and
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SIBs. The exceptional Li/Na storage capacities of borophene and
phosphorene prompted us to consider the B-P binary mono-
layers. Especially, a B,P, binary monolayer, which can be con-
structed by replacing some Cg-units in graphene with B,-units
and substituting the remaining C atoms with P atoms
(symmetry P6/mmm), caught our great attention (Fig. 1a), since
the larger radius of P (relative to that of B) can help separate the
B--units, and the lone pair electron on P's p, orbital is beneficial
to stabilize the planar structure.

In this work, we systematically explored the potential of the
B,P, binary monolayer as a LIB/SIB anode material. This
monolayer has high stability and is confirmed to be the global
minimum in the 2D space, thus experimental realization is
rather feasible. The B,P, monolayer is metallic, its intrinsic
metallicity is well retained at different Li/Na concentrations,
and has low Li/Na diffusion barriers and small average open-
circuit voltages. Most excitingly, its capacity for both LIBs and
SIBs reaches 3117 mA h g, especially its Na storage capacity is
among the highest for 2D materials.” All these unique and
exceptional characteristics make the B,P, monolayer a prom-
ising 2D ultrahigh capacity anode material for LIBs and SIBs.
We also believe that our proposed principles can be used to
design even more such anode materials.

2. Computational methods

The B,P, monolayer is confirmed to be the global minimum by
the particle-swarm optimization (PSO) method within the
evolutionary scheme as implemented in the CALYPSO code,”®
which is very effective in finding the ground or metastable
structures at a given chemical composition.”*”® In our PSO
simulation, the population size and the number of generations
are both set to be 30. Unit cells containing 1, 2 and 4 formula
units (f.u.) are considered. The structure optimizations and
electronic property calculations are performed at the level of
density functional theory (DFT) using the Vienna Ab initio
Simulation Package (VASP).”” The Perdew-Burke-Ernzerhof
(PBE) function with van der Waals (vdW) interaction proposed
by Grimme (DFT-D2) is adopted.®*®* The projector augmented-
wave (PAW) pseudopotential is utilized to represent electron-
ion interactions.®>** A vacuum distance of 30 A along the z
direction is used to avoid interactions between adjacent layers.
A plane-wave cutoff energy of 600 eV is employed in all the
computations. The convergence threshold is set as 10 eV in
energy and 1072 eV A~! in force. The Monkhorst-Pack k-point
mesh resolution in reciprocal space is 2 x 0.02 A~'. The
hybrid Heyd-Scuseria-Ernzerhof (HSE06) functional is used to
obtain more accurate density of states (DOS) and the band
structure of the lowest-energy B,P, monolayer.®*

To evaluate the thermodynamic stability of the B,P, mono-
layer, the cohesive energy (E.on) defined as Eon, = (7Eg + 2Ep —
Eg p,)/9 is calculated, where Ey, Ep and Eg p, are the energies of
the isolated B and P atoms and the B,P, monolayer. To assess
the kinetic stability, phonon dispersion of the B,P, monolayer is
computed using the finite displacement method as imple-
mented in the PHONOPY program.*® To evaluate its thermal
stability, ab initio molecular dynamics (AIMD) simulations

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 (a) Optimized global minimum structure of the B;P, monolayer. The red dashed lines indicate its primitive cell. (b) Electron localization
function (ELF) map sliced in the (001) direction of the B;P, monolayer, (c) electronic band structure of the B;P, monolayer using the HSEO6
functional, and (d) projected densities of states (PDOS) of the B;P, monolayer using the HSEO6 functional. The Fermi level is set to zero.

using the PBE functional and PAW pseudopotential are per-
formed with a 3 x 3 supercell at different temperatures. AIMD
simulations in an NVT ensemble last for 10 ps with a time step
of 1.0 fs. The temperature is controlled by the Nose-Hoover
thermostat.®

To investigate the Li and Na diffusion energy barrier on the
B,P, monolayer, the climbing-image nudged elastic band (CI-
NEB) method is used to search for the minimum energy
pathway between the given initial and final configurations.*”

To evaluate if Li/Na atoms can be favorably adsorbed on the
B,P, monolayer to form B,P,(Li/Na),, we calculated both
differential adsorption energy (E.q.qir) and average adsorption
energy (Eagave) Of Li/Na atoms on the B,P, monolayer. The
differential adsorption energy for B,P,(Li/Na),, defined as E,q4.qi¢
= Epp,LiNa), — Epp,wina),, — FErina describes the energy
released/needed when adding one more Li/Na atom on the
B,P,(Li/Na),_; structure. According to this definition, a negative
E.q.qir value suggests favorable adsorption; however, a small
positive value does not exclude the formation of the next atom
adsorption since this step can be considered as an activation
barrier to overcome when forming the structure with one more
adsorbed atom. The average adsorption energy for B,P,(Li/Na),
is calculated using E.g-ave = (Es,p,(Li/Na), — E,p, — NELi/Na)/, and
a negative value indicates the thermodynamic preference of
forming a specific B,P,(Li/Na), structure without metal atom

This journal is © The Royal Society of Chemistry 2020

clustering. Note that the volume and entropy changes during
the adsorption process are neglected in our computations.

The average open-circuit voltage (OCV) is obtained by
calculating the average voltage in the concentration range: Vyy.
= _(EB7P2(Li/Na),, — Egp, — nEyina)/ne, in which Eg p,(Li/Na),» EB.p,)
and Ey;n, are the energies of the B,P, monolayer with adsorbed
Li/Na atoms, the B,P, monolayer in its global minimum, and
a Li/Na atom in the body-centered cubic (bcc) structure.®

The maximum capacity C is calculated using C = 1000nF/
(3600M) mA h g, where n represents the maximum number of
transferred electrons involved in the electrochemical process, F
is the Faraday constant, and M is the mass of the B,P, mono-
layer in g mol .

3. Results and discussion

3.1. Structure, stability and electronic properties of the B,P,
monolayer - the global minimum in 2D space

Inspired by the obvious distinction between graphene and
borophene as anode materials, we identified an eligible B,P,
monolayer satisfying the proposed criteria, which is confirmed
to be the global minima through a comprehensive PSO search
combined with first-principles calculations. The unit cell of the
B,P, monolayer consists of seven B atoms and two P atoms in
the same plane with the optimized lattice constants of a = b =
6.12 A (Fig. 1a). In the B,P, monolayer, one central B atom binds

J. Mater. Chem. A
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with six neighboring B atoms to form one B,-unit. The B-B
distances in these B,-units (1.70 A) are comparable to those in
B1,-borophene (1.70 A), which also consists of entirely planar
B,-units. Meanwhile, each P atom binds with three B,-units,
and each B,-unit is connected by six P atoms, forming a hexag-
onal B,P,-unit with a pore diameter of 3.53 A and B-P distance
of 1.84 A. Note that the lattice parameters and the pore diameter
of the B,P,-unit are both larger than those of graphene and
borophenes (for the lattice parameters of graphene and bor-
ophenes, see Table S1 of the ESIT), which is beneficial to reduce
the repulsive interactions among adsorbed Li/Na atoms
according to our hypothesis, and is expected to help improve
the Li/Na storage capacity.

To understand the bonding nature in the B,P, monolayer, we
plotted its electron localization function (ELF)** map in the
(001) direction (Fig. 1b). Note that the values of 1.0 and 0.5
represent the perfect localization and the free electron-gas,
while the value near zero denotes a low electron density area.
For the B,P, monolayer, an electron density of 0.9 around P
atoms along three directions in the (001) direction suggests
significant B-P covalent bonding. On the other hand, the other
three 7 electrons in the B,-unit and the two electrons in the p,
orbital of the P atoms are delocalized in the whole monolayer
framework with an electron density of around 0.25.

To understand the charge distribution of the B,P, mono-
layer, we analyzed the deformation electronic density (DED).
The deformation electronic density is defined as the difference
between the total electronic density and the electronic density
of the isolated atoms. Remarkable electron transfer occurs from
the B,-unit to the P atoms (Fig. S2t), which can be confirmed by
the Bader charge (—0.73]|e| on each P atom) and Hirshfeld
charge (—0.14|e| on each P atom) analyses. The covalent B-P ¢
bonds and delocalized 7 electrons in the whole framework
guarantee its superior stability, and the unoccupied 7 orbitals
in the B;-units are expected to benefit the electron diffusion
upon Li/Na adsorption, as confirmed by our computations in
Section 3.2.

Our computations also found that the B,P, monolayer has
a spin-polarized ferromagnetic ground state, which is 12.6 meV
per unit cell lower in energy than the nonmagnetic state. The
spin density distribution (Fig. S31) shows that the spin-
polarized electrons are mainly localized on the six peripheral
B atoms of the B,-unit. The B,P, monolayer is metallic, and the
high electron density near the Fermi level is well revealed. The
conducting nature mainly originates from the p orbitals of B
atoms (Fig. 1c and d). The outstanding electronic conductivity is
also beneficial for its application as a LIB/SIB anode material.

The B,P, monolayer has superior thermodynamic, kinetic,
thermal, and mechanical stabilities. The calculated cohesive
energy of the B,P, monolayer (5.49 eV per atom) is comparable
to those of the experimentally available borophenes, including
triangular-borophene (5.90 eV per atom),”® B,,-borophene
(5.95 eV per atom),”* and y3-borophene (5.96 eV per atom),” and
it is much higher than that of phosphorene (3.48 eV per atom)*
computed at the same theoretical level. Such a high cohesive
energy suggests that the B,P, monolayer is a strongly bonded
network and has good thermodynamic stability. This monolayer
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is also kinetically stable, as indicated by the absence of any
imaginary frequency in the phonon dispersion curve in the
whole Brillouin zone (Fig. S47). Moreover, the B,P, monolayer
can well maintain its original configuration with the B,-units
and the hexagonal B,P,-units up to 2000 K at the end of 10 ps
MD simulations (the final snapshots of the B,P, monolayer
structures at temperatures of 500 K, 1000 K, 1500 K and 2000 K
are given in Fig. S51), and the distorted structures after MD
simulations can restore the entirely planar structure upon full
structural relaxation, indicating its high thermal stability.
Furthermore, we evaluated the mechanical stability of the B,P,
monolayer. The calculated elastic constants of the B,P, mono-
layer are Cy; = 175.24 Nm™ ', Co, = 173.37Nm ', Cjp = Cpy =
45.15 N m™" and Cg = 63.79 N m~ ', which satisfy the
mechanical stability criteria: C;1Cy, — C15> > 0, Cg > 0. Thus,
the B,P, monolayer is mechanically stable. Though the in-plane
Young's moduli (Y, and Y3) along a and b directions of the B,P,
monolayer (163.48 N m~ " and 161.74 N m™", respectively) are
less than that of graphene (341.60 N m™"),** they are higher than
the corresponding values of the experimentally available MoS,
monolayer (126 N m~*)*? and Cu,Si monolayer (84.51 N m '),
suggesting that the B,P, monolayer possesses promising
potential for mechanical applications.

Finally, we examined the interlayer strength and stacking
pattern when B,P, monolayers are stacked together. Among the
three considered bilayer stacking patterns (Fig. S6t1), the
complete overlap (AA) stacking bilayer is energetically the most
favorable. Its computed interlayer energy (80 meV per atom at
an interlayer distance of 2.85 A) is even lower than the corre-
sponding value (141 meV per atom at a distance of 3.08 A) of the
graphene bilayer.”® Moreover, there is no obvious electron
distribution between the upper-layer and lower-layer. These
data indicate that B,P, is inclined to be a monolayer, instead of
stacking together to form multi-layers.

3.2. Li/Na adsorption and adatom diffusion on the B,P,
monolayer

To explore the potential of the B,P, monolayer as an anode
material for rechargeable LIBs and SIBs, first we investigated
the single Li/Na atom adsorption and diffusion on the B,P,
monolayer. A 2 x 2 supercell is used for the B,P, monolayer,
and three possible adsorption sites on the B,P, monolayer,
namely S1, S2 and S3 (Fig. 2a), are considered due to its high
symmetry (P6/mmm). S1 locates over the center of the B,P,-unit,
or at the pore center; S2 is over the center of the B,-unit; and S3
is over the top site of the P atom.

The calculated Li/Na adsorption energies (E,q) on all these
three adsorption sites are negative, suggesting that the process
of single Li/Na atom adsorption on the B,P, monolayer is
exothermic. Note that the energetically most favorable adsorp-
tion site for a single Li/Na atom is the S1 site above the pore
center, with E,q values of —1.54 and —1.41 eV for Li and Na,
respectively. The preferential adsorption on the S1 site strongly
supports our hypothesis that the existence of suitable pores
would enhance the Li/Na adsorption. The S2 site is the second
favorable position (E,q: —1.28 eV for Li, —1.20 eV for Na),

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (a) Optimized structures and the corresponding adsorption energy (E,q) of single Li/Na atoms on three adsorption sites of the B;P;
monolayer, respectively. (b) Possible Li/Na diffusion pathways on the B;P, monolayer; Paths 1, 2, and 3 are marked in black, red and blue. (c) Li

and (d) Na diffusion energy barriers on the B;P, monolayer.

followed by the S3 site (E,q: —0.94 €V for Li, —1.09 eV for Na).
The short distance between S1 and S3 sites (1.77 A) suggests
that the adsorption on the S3 site is very likely unfavorable once
the energetically most favorable S1 site is occupied.

After adsorption, significant charge transfer from the
adsorbed Li/Na atoms to the B,P, monolayer occurs, as indi-
cated by the ELF map of the Li/Na adsorbed B,P, monolayer
(Fig. S771), and the calculated Bader charge and Hirshfeld charge
of the single Li/Na atoms on the monolayer (Table S21). The
electron transfer (0.8|e| according to Bader charge analysis) is
comparable to that on borophenes,*®°>* which demonstrates

This journal is © The Royal Society of Chemistry 2020

strong ionic interactions between the adsorbed Li/Na atoms
and the substrate B,P, monolayer.

To theoretically evaluate the charge/discharge rate of our
newly proposed anode material, we investigated the diffusion
pathways and the corresponding barriers of a single Li/Na ion
on the B,P, monolayer among different adsorption sites. In our
computations, the energetically most preferred adsorption site,
namely S1, is defined as the starting and the ending position for
the Li/Na diffusion. Accordingly, there are three different
diffusion pathways between two nearest neighboring adsorp-
tion sites (Fig. 2b): (i) Path 1, in which the adsorbed Li/Na

J. Mater. Chem. A
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diffuses directly from one S1 site to another nearest S1 site; (ii)
Path 2, in which the adsorbed Li/Na moves to another S1 site
passing through its nearest S2 site; and (iii) Path 3, in which the
adsorbed Li/Na transfers to another S1 site passing through its
nearest S3 site. According to the calculated Li/Na diffusion
barriers (Fig. 2c and d), Path 3 is the most optimal pathway for
both Li and Na diffusion, and the Li/Na diffusion barriers (0.59
and 0.32 eV for Li and Na, respectively) are slightly lower than
those on PBj,-borophene and y;-borophene,” and the corre-
sponding Li/Na diffusion lengths are 3.77 A and 3.88 A,
respectively. Notably, the S3 site is the highest energy point of
the diffusion pathway along Path 3, which indicates that the
adsorbed Li/Na cations can't accommodate on this adsorption
site in practical applications. Though with the shortest possible
distance, diffusion along Path 1 has the highest barriers (1.27
and 0.68 eV for Li and Na, respectively).

3.3. Maximum storage capacity and open-circuit voltage

We evaluated the maximum Li/Na storage capacity on the B,P,
monolayer through a gradient increment strategy by consid-
ering 16 different concentrations (B,P,(Li/Na),, n = 1-16). The
most stable structures for the maximum Li/Na concentration,
i.e., with the stoichiometry of B,P,(Li/Na),s, are presented in
Fig. 3b and c, while those at lower Li/Na concentrations are
given in Fig. S8 and S9.1 The entirely planar structure of the
B,P, monolayer is somewhat puckered once the adsorption site
S2 is occupied by a Li/Na atom. Moreover, when the Li/Na atoms
are adsorbed on the substrate, the lattice constants of the B;P,
monolayer are slightly changed (up to 1.8%, Table S57).
However, the slightly puckered structures and the lattice
constants can quickly recover to the initial planar topography
when the Li/Na atoms are removed from the B,P, monolayer.
We calculated both the differential adsorption energy (Eaq.aif)
and average adsorption energy (Eagave) values at different
lithiation/sodiation levels, as presented in Fig. 3a and Table S6.} In
general, the differential adsorption energy and average adsorption
energy feature the same trend: both fluctuate and approach zero
when increasing the number of adsorbed Li/Na atoms. The
calculated E,q .y values are all negative and lower than the E,qg g
values, and only a few E,qqir values are slightly positive (the
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maximum values are +0.25 eV for B,P,Li;, and +0.20 eV for
B,P,Na;s). At the highest concentration, B,P,(Li/Na);e, the calcu-
lated average adsorption energies are —0.28 eV per Li atom and
—0.24 eV per Na atom, respectively, suggesting that the lithiated/
sodiated monolayer does not suffer the metal clustering
problem, in other words, the Li/Na atoms prefer being adsorbed
separately on the B,P, monolayer even at such a high Li/Na ratio.
Thus, we expect that the maximum storage capacity can reach
3117 mA h g~ " with the stoichiometry of B,P,(Li/Na)ye.

Is the highly lithiated/sodiated B,P, monolayer thermally
stable? To address this question, we performed AIMD simula-
tions of B,P,Li;s and B,P,Na;s with a 3 x 3 supercell at
a temperature of 300 K. Encouragingly, the adsorbed Li/Na
atoms are well attached to the B,P, monolayer after 10 ps
simulations (Fig. S101), and the slightly puckered B,P,(Li/Na)¢
at the end of MD simulations can quickly recover to the initial
planar topography when the Li/Na atoms are removed from the
B,P, monolayer. Thus, the B,P, monolayer is structurally stable
even after high lithiation/sodiation, which is beneficial for
recharging LIBs and SIBs.

Notably, the maximum theoretical storage capacity of the
B,P, monolayer (corresponding to B,P,(Li/Na)s) is
3117 mA h g ', which is roughly comparable with that of
triangular-borophene for Li, and reaches a new record for Na
among the reported 2D materials (372 mA h g~ * of graphite for
Li,>* 1498 mA h g~ of B,S monolayer for Li/Na,*”” 1283 mAh g~
of BP monolayer for Li,* 3306 mA h g~ of triangular-borophene
for Li,> 2341 mA h g ' of triangular-borophene for Na,”
1984 mA h g~ of By,-borophene for Li/Na,® 1240 mA h g ' of
y3-borophene for Li/Na,® 1278 mA h g * of TiC; monolayer for
Na,* and 1698 mA h g~ of NiC; monolayer for Li/Na*). Such
high storage capacities for Li and Na, especially for Na, further
validate our hypothesis that the latent characteristics, namely
appropriate pore size, suitable distance between adsorption
sites, and an entirely planar topology of 2D anode materials, can
greatly boost the Li/Na storage capacities.

In addition, the inherent metallicity of the B,P, monolayer is
well preserved at different Li/Na concentrations (Fig. S11 and
S127), which is important for charge-discharge cycles. The
calculated B,P,(Li/Na), (n = 1-16) are all metallic, expect
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Fig. 3 (a) Differential adsorption energy (E,q-4if) and average adsorption energy (E,q-ave) Of Li/Na atoms on the B;P, monolayer. Top and side
views of the most stable structure with the maximum (b) Li and (c) Na concentration on the B;P, monolayer.
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Fig. 4 ELF maps sliced in the (100) direction of the B;P, monolayer with (a) one layer of Li atoms (B;P,Lig), (b) two layers of Li atoms (B;P,Lise), (c)
one layer of Na atoms (B;P,Nag), and (d) two layers of Na atoms (B;P,Nag).

B,P,Li5; and B,P,Na; with small band gaps (0.43 eV and 0.09 eV,
respectively). In comparison, the recently predicted anode
material for Na-ion batteries, a P;C monolayer, has a band gap
of 0.77 eV upon sodiation to P;CNa.”

To understand the origin of the high Li/Na storage capacities
and the multi-layer adsorption behavior, we compared the ELF
maps sliced in the (100) direction of the B,P, monolayer with
two representative Li/Na adsorption concentrations, ie.,
B,P,(Li/Na)g with one layer of Li/Na atoms and B,P,(Li/Na);¢
with two layers of Li/Na atoms (Fig. 4). Clearly, more electrons
are transferred from the inner layer to the outer layer. Moreover,
the dispersive electrons are well spread out in the metal layers,
forming a negative electron cloud, which can effectively
decrease the repulsion interactions among the adsorbed Li/Na
atoms and stabilize the outer-layer Li/Na atoms.’®*® A similar
phenomenon was observed for the multi-layer Na atom
adsorption in the MoN, monolayer.'*

The theoretical open-circuit voltage (OCV) values, as another
important parameter to evaluate the performance of anode
materials, are in the range of 0.24-1.39 V at the 16 different Li/
Na concentrations examined here (Table S31). Such OCV values
are also beneficial for our predicted anode material, since it will
result in a larger cathode-anode voltage difference, and thus
a higher cell voltage.

4. Conclusions

Our analysis of the reported 2D anode materials revealed that
some characteristics, namely appropriate pore size, suitable

This journal is © The Royal Society of Chemistry 2020

distance between adsorption sites, and an entirely planar topology,
could boost the Li/Na storage capacity, and thus help achieve
ultrahigh capacity anode materials for LIBs and SIBs. Guided by
these insights and encouraged by recent discoveries of using
borophene and phosphorene as high-performance LIB/SIB anode
materials, we constructed the B,P, monolayer with similar topol-
ogies to borophene by combining the B,-units in borophene and
the P element with a larger atomic radius. Our computations
showed that the proposed structure is the global minimum in the
2D space and possesses the essential properties as a promising
ultrahigh capacity LIB/SIB anode material: it has superior ther-
modynamic, kinetic, thermal and mechanical stabilities, preserves
its intrinsic metallicity upon Li/Na adsorption and desorption, and
has a high Li/Na mobility and relatively small average open-circuit
voltages. Encouragingly, its capacity (3117 mA h g ') is eight times
higher than that of the commercial graphite for LIBs, and among
the highest for 2D SIB anode materials.

We strongly encourage further studies of purely planar 2D
materials containing high abundance of reasonably well sepa-
rated pores with suitable sizes, which are promising candidates
for ultrahigh capacity LIB/SIB anode materials, and believe that
revealing the trends/rules in the vast literature, which may be
implicit or hidden, will greatly accelerate our materials
discovery process.
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