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ABSTRACT: As opposed to the standard graphite anode used for lithium
(Li) ion batteries (LIBs), a standard anode material for sodium (Na) ion
batteries (NIBs) has not yet been reported. Black phosphorus is potentially
very attractive as an anode material for NIBs, as it has a layered structure
similar to graphite but a greater interlayer distance. In this work, we propose an
atomistic mechanism for the sodiation of black phosphorus, based on first-
principles calculations. The layered structure of black phosphorus is
maintained up to the composition of Nay,P, with one-dimensional sodiation
(an intercalation process) occurring in the interlayer spaces of the black
phosphorus, resulting in sliding of the phosphorene layers because one Na
atom tends to bind to four P atoms. At Na levels beyond Nay,sP, the
intercalation process changes to an alloying process. Sodiation exceeding the
critical composition leads to breaking of P—P bonds and eventual formation of
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an amorphous phase from the layered Na,P structure. After the P—P bonds in the layered NaP structure are broken, in a
progress in which staggered P—P bonds are preferentially broken rather than planar P—P bonds, P, dumbbells are generated. As
sodiation proceeds further, most of the P, dumbbells become isolated P atoms. Thus, in the amorphous Na;P phase, only low-
coordinate P components such as isolated atoms (primarily) and dumbbells are found. We expect that our comprehensive
understanding of the sodiation mechanism in black phosphorus will provide helpful guidelines in designing new types of black

phosphorus anodes to obtain better performing NIBs.

1. INTRODUCTION

In recent years, sodium (Na) ion batteries (NIBs) have drawn
considerable attention as an alternative to lithium (Li) ion
batteries (LIBs) because of the relatively high abundance of
sodium and the similarities in the chemistries of sodium and
lithium."~* However, among several problems hindering the
practical use of the NIBs, the absence of an appropriate anode
material is one of the most serious.””” In LIB, the graphite is
regarded as the standard anode material; however, such a
standard material is still unknown for NIB. While Li graphite
intercalation compounds (Li-GICs) form a stage I structure in
which every graphene layer is occupied by §uest Li ions, Na-
GICs do not form similar stage I structures.”’

Recently, phosphorus, an element of the fifth group in the
periodic table, has been studied as a potential anode material
for LIBs and NIBs because of the natural abundance and
environmental friendliness of phosphorus as well as a
theoretical specific capacity predicted to be as high as 2596
mAh/g for Li;P and NajP compounds.'®™'* Of the three
phosphorus allotropes (red, white, and black), black
phosphorus is most stable and has a layered structure similar
to graphite consisting of phosphorene layers with AB stacking
bound by van der Waals interactions.”>™"® The interlayer
distance of black phosphorus is greater than that found in
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graphite (5.4 A for black phosphorus vs 3.4 A for graph-
ite),"+71 implying an easier intercalation of Na ions into the
layers of black phosphorus than to the layers of graphite. Thus,
black phosphorus can be considered as a potential anode
material for the NIBs. Experimentally, black phosphorus shows
a charge capacity (Na ion insertion) of 2035 mAh/g, although
its reversible discharge capacity (Na ion removal) is decreased
to 637 mAh/g. In addition, the Na charge/discharge capacities
of black phosphorus are higher than those of amorphous red
phosphorus (charge capacity: 897 mAh/g; discharge capacity:
15 mAh/g)"” due to the higher bulk conductivity of black
phosphorus.

To improve the battery performance of black phosphorus in
NIBs, a thorough understanding of their sodiation mechanisms
at the atomic scale is critically important. As mentioned, black
phosphorus has many advantageous characteristics for the NIB
anode applications; however, the study of the sodiation of black
phosphorus is in its infancy, although density functional theory
(DFT) works on the lithiation'® and sodiation"'® mechanisms of
phosphorene (the 2D counterpart of layered black phosphorus)
were reported. Also, DFT studies on the comparative diffusion
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Figure 1. A sodiation mechanism of black phosphorus. Here, the numbers in parentheses indicate calculated formation energies of Na,P structures.

The blue solid lines indicate cell sizes of Na,P including 64 P atoms
structures show top views of each structure to clarify positions of Na

used in our DFT calculations, and the black insets in Nag ;P and Nag P
atoms in the structures.

of lithium and sodium in black phosphorus® and the sodium
diffusion in crystalline Na;P>' were very recently reported. In
the present work, we report a comprehensive DFT study on the
sodiation mechanism of black phosphorus at the atomic level.

2. COMPUTATIONAL DETAILS

We performed periodic ab initio density functional theory
(DFT) calculations as implemented in the Vienna ab initio
simulation package (VASP).**** The exchange-correlation
energy is described by the generalized gradient approximation
(GGA) proposed by Perdew, Burke, and Ernzerhof (PBE).**
The electronic wave functions were expanded on a plane-wave
basis set with a kinetic energy cutoff of 500 eV. The effects of
core electrons were replaced by projector augmented wave
(PAW) potentials.”® To include the effect of van der Waals
interactions, we adopted Grimme’s DFT-D2 approach®
implemented in the VASP software.

To investigate Na adsorption and diffusion, black phospho-
rus was modeled using a 2 X 2 X 2 supercell with four
phosphorene layers (total 64 P atoms). The Brillion zone was
sampled using a 3 X 2 X 1 Monkhorst—Pack grid.*” The atomic
structures of Na,P were fully optimized without any symmetry
constraint. For structural optimizations, the magnitudes of the
forces on the atoms were minimized to be below the limit of
0.001 eV/A. Our calculation provides lattice parameters of the
black phosphorus crystal (a = 3.32 A, b = 441 A, and ¢ = 10.49
A) similar to experimental values (a = 3.34 A, b =449 A, and ¢
=10.81 A).*®

To examine the Na diffusion pathways in black phosphorus,
we also performed nudged elastic band (NEB) calculations.
For each pair of configurations with Na in equivalent binding
sites, we sampled the corresponding pathway for diffusion with
a NEB path consisting of five intermediate configurations. The
NEB path was first constructed by linear interpolation of the
atomic coordinates and then relaxed until the force on each
atom was smaller in magnitude than 0.004 eV/A.
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3. RESULTS AND DISCUSSION

3.1. Sodiation Mechanism. In the present study, we
focused on providing an understanding of the atomistic
sodiation process in black phosphorus, an important phenom-
enon in the NIB anode. On the basis of DFT calculations for
several Na[P systems, we have elucidated the atomistic
sodiation of black phosphorus, as shown in Figure 1. We
calculated the formation energies of the Na,P compounds with
the following equation:

Ef(x) = Etot(NaxP) - Etot(P) - 'xEtot(Na) (1)
In eq 1, E,(Na,P) is the total energy per Na,P unit, E,,,(Na) is
the total energy per atom in the bec Na crystal, and E,.(P) is
the total energy per atom in the bulk black phosphorus.

We first investigated whether the initial two Na atoms
intercalated into the black phosphorus preferred being in the
same layer or in different layers in the formation of Na,Pg,
(Nag;P) systems. According to Figure S1 of the Supporting
Information, the arrangement wherein two Na atoms occupy
the same layer in black phosphorus is thermodynamically
preferred, despite the fact that the Na atoms in black
phosphorus have positive atomic charges (Bader charge:
+0.78¢) that exert repulsive forces between one another.
However, intercalation of the Na atoms into the same layer
space leads to a minimum increase of the interlayer space and
hence has the lowest energy cost.

Based on the formation energies for Na,Pg, (NagosP) and
NagPg, (NagooP) (Figures S2 and S3), Na atoms are located at
the same layer space up to 8 = 25% coverage per phosphorene
layer. Beyond this coverage, additional Na atoms fill different
layers of black phosphorus, a trend that continues up to a
composition of Nay,sP, as shown in Figure 1. We also found
that there is no P—P bond breaking in the black phosphorus at
Na concentrations below Nay,sP. Pristine black phosphorus has
a planar P—P distance of 2.22 A in the same corrugated half-
layer and a staggered P—P distance of 2.26 A in different
corrugated half-layers with an interlayer distance of 5.40 A. In
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Figure 2. (a) Calculated formation energy and (b) volume expansion of Na,P systems. Here, the inset in each figure corresponds to data for the
layered black phosphorus region at the low Na concentrations. In (a), formation energies for crystalline Na,P and Na;P are also included for the

comparison.

the Nay,sP structure, with an interlayer distance of 6.84 A, the
planar P—P distance is 2.23 A and the staggered P—P distance
is 2.29 A, which are similar to the bond lengths in pristine black
phosphorus. Sodiation of the black phosphorus does not
significantly affect the chemical bonds between P atoms at Na
levels below Nay,sP but instead simply increases the interlayer
distance.

The sodiation of the layered spaces of black phosphorus
induces changes in the layer stacking, as shown in Figure S4. In
the layered structures of Na,P, one Na atom tends to bind to
four P atoms, with the Na—P bond formation (bond distance:
2.90 A) leading to sliding of the phosphorene layers. We also
calculated the energy required for this sliding in black
phosphorus (Figure SS) and found that the energy required
is marginal by 0.08 eV/atom, indicating the ease with which this
sliding motion occurs.

However, when two more Na atoms are added into the
Nay,sP structure, with a resultant Nay,,P composition, the
process of P—P bond cleavage begins. Further sodiation
eventually leads to the formation of an amorphous phase
from the layered Na,P structures. After P—P bond breakage, P,
dumbbells are generated, as can be seen in the structure of
Nag,sP (Figure 1). Further sodiation generates more of the P,
dumbbells, as observed in the structure of Nay P (Figure 1).
As the sodiation continues, most of the P, dumbbells become
isolated P atoms. Thus, in the amorphous Na;P phase, only
low-coordinate P components, such as isolated atoms
(primarily) and dumbbells, are found.

From the results thus far described, in Na concentrations
above the critical composition of Naj,sP, the sodiation
mechanism of black phosphorus changes from a process of
intercalation into the phosphorene layers to a process of
alloying with P atoms. These mechanisms are clearly shown in
Figure 1. In addition, according to the calculated atomic
charges in the Na,P structures (Figure S6), the atomic charges
of Na in the layered Na,P phase up to x = 0.25 show a constant
value of +0.78¢; however, the Na charge states in the
amorphous phase decrease with increasing Na concentration
and are distributed across a wide range due to increased
interaction between Na atoms with increasing Na concen-
trations.

Figure 2a shows the calculated formation energies of the
Na,P systems. The formation energy gradually decreases up to
the Na;P composition, corresponding to a specific capacity of
2596 mAh/g. Comparisons with other NIB anode materials
show that this sopeciﬁc capacity is higher than those for Na, ;4Si
(725 mAh/g),3 Na, xGe (576 mAh/g),30 Na; ,sSn (846 mAh/

g),”! Na;,sPb (854 mAh/g),*" and Na,Sb (660 mAh/g).32
After full sodiation (Na,P), black phosphorus shows a volume
expansion of 317% (Figure 2b) similar to the 293% expansion
known for Na;Sb.>* In general, the volume expansion of black
phosphorus increases linearly with Na concentration, despite
the fact that the sodiation mechanism changes from an
intercalation process to an alloying process above the critical
composition (Naj,sP). In other words, the slope of V/V,
versus x in NaP is 1.06 for layered NaP and 1.05 for
amorphous Na,P.

3.2. Investigating P—P Bond Breaking Mechanism. To
elucidate the formation of amorphous Na,P structures at the
atomic level, we scrutinized the breaking of P—P bonds induced
by sodiation. Figure 3a shows the electronic charge density
distribution on a (010) plane of Nag,4P at the point when P—P
bond breaking begins. Most of the electronic charge is
accumulated around P atoms, rather than Na atoms, indicating

Ap (e A%)

3.133e-6
2.302e5
1.471e5
6.402e-6
-1.907e-6

P P
P

Figure 3. (a) Valence electron charge density distribution on a (010)
plane in the Na,sP. Here green and red atoms are P and Na atoms,
respectively. (b) The charge density difference distribution along a P—
P bond represented by a black dashed line in (a) and the Na—P bond
represented by a red dashed line in (a).
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partial charge transfer from Na to P. A close inspection of the
charge density plot shows that the bond between P atoms A
and B is indeed broken. The dangling P atoms, created upon
P—P bond breakage, can be saturated by Na atoms, leading to
Na—P bonds with predominantly jonic bond character. For a
clearer picture, we also plotted the charge density difference
distribution (Figure 3b) along a Na—P bond (red line in Figure
3a). The charge density difference Ap is defined as follows:

Ap = PNag,e ~ PP T Pra (2)

In eq 2, Pn,,,p P and py, are the electron densities of the

Nay 5P system, a phosphorus structure consisting of only P
atoms in the same positions as in the Na,,gP structure, and the
contribution from the individual Na atoms at the positions they
occupy in the Nay,sP system, respectively. This plot clearly
shows that the charge density difference around the P atom is
positive (charge accumulation), while it is negative around the
Na atom (charge depletion), indicating charge transfer from Na
to P resulting from the electronegativity difference of the two
atoms. In contrast to the Na—P bond, we see a symmetric
electron charge accumulation between pairs of P nearest
neighbors (black lines in Figure 3b).

As already mentioned, black phosphorus has a corrugated
structure, providing two different P—P bonds called planar P—P
and staggered P—P. Interestingly, sodiation leads to preferential
breaking of the staggered P—P bonds rather than the planar
ones, as seen in the Nay,4P structure (Figure 1). To clarify the
reason for this phenomenon, we calculated the energy changes
of the Na,P structures as a function of the change in the bond
distance for each P—P bond. In calculating the energy change,
we optimized the Na,P structure along with a cell optimization,
in which the positions of two P—P bond atoms were fixed at a
given bond distance while the other P and Na atoms were
allowed to relax.

Figure 4 shows the energy profile as a function of P—P bond
elongation. The slopes of planar bonds are steeper than those
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Figure 4. Energy profiles with elongation (d'/d) of planar (square)
and staggered (triangle) P—P bonds in pristine black phosphorus (P),
Nay 4¢P, and Nay,sP, where d is an optimized P—P bond distance and
d’ is an elongated bond distance.

of staggered ones, clearly indicating that more energy is
required to break planar P—P bonds than staggered P—P bonds.
The intercalation of Na atoms into black phosphorus leads to a
significant increase in the interlayer distance along the ¢
direction rather than along the a or b direction. Thus, geometry
changes of the P atoms in the Na,P (e.g,, Nay,sP) structure,
induced by additional sodiation in the layered Na,;P, are more
facile (less steric hindrance) along the ¢ direction than along

the a or b direction, explaining the relative ease with which
staggered P—P bonds are broken. Moreover, sodiation in the
layered Na,P structures leads to sliding of the phosphorene
layers, as shown in Figure S4. During the sliding motion, the
planar P—P bonds are left essentially unaffected, as they occupy
the same plane as the direction of the sliding; however, the
staggered P—P bonds accumulate lateral stress (Figure S7),
resulting in easier breakage of the staggered P—P bonds than
the planar P—P bonds.

Figure 4 also shows that the slopes of both the planar and
staggered bonds decrease with degree of sodiation. This
indicates that it is easier to break P—P bonds in sodiated
Na,P structures than in pristine black phosphorus, supporting
the hypothesis that increased sodiation leads to amorphous
Na,P.

3.3. Diffusion of a Na Atom in Black Phosphorus.
Layered sodiation can be more thoroughly envisaged by
studying the diffusion behavior of a Na atom in black
phosphorus. We performed NEB calculations to investigate
the diffusion pathways of a single Na atom. Figure S shows the
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Figure S. NEB calculations on diffusion barriers of a Na atom in black
phosphorus (solid symbols) and on a phosphorene single layer (open
symbols). The color codes correspond to the diffusion pathways in the
right figure.

NEB barriers to Na diffusion along three possible paths in black
phosphorus, of which two correspond to behaviors along the
phosphorene layer and the other corresponds to inter-
penetration through a phosphorus hexagon ring of the
phosphorene layer. For the diffusion behaviors along the
phosphorene layer, the Na atom hops along the same channel
direction (black route in Figure S) or hops to an adjacent
channel along the corrugated path (blue route in Figure S). The
former route has a diffusion barrier of 0.18 eV, while the latter
has a 0.76 eV barrier, indicating that the diffusion of Na atoms
along the one-dimensional pore channels in black phosphorus
(the former route) is an easy process. In contrast, the diffusion
barrier for interlayer Na diffusion (red route in Figure S) is very
high by 4.2 eV, much higher than the energy associated with
diffusion along the phosphorene layer. It is very difficult for a
Na atom to penetrate the hexagonal rings of the phosphorene
layer. Instead, Na atoms show one-dimensional diffusion paths
along the pore channels of black phosphorus, similar to
diffusion behavior along the pores of nanotube materials.

4. CONCLUSION

In conclusion, we have proposed a sodiation mechanism of
black phosphorus at the atomic level, based on first-principles
calculations. The sodiation of black phosphorus occurs via
layered intercalation up to a composition of Nay,;P, beyond
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which further sodiation leads to P—P bond cleavage and
eventual formation of amorphous Na,P, concomitant with large
volume expansion. It is proposed that improved anode
performance of black phosphorus in NIBs relies on the
maintenance of the layered structures, as these layers provide
better kinetic (easier diffusion of Na atoms) and cyclic (no
phase transition from the layered structure to the amorphous
one) properties, although such layered structures might have a
disadvantage that electrolyte molecules would intercalate into
the layer spaces and then lead to exfoliation of the layered
structures. Black phosphorus—graphite composites, similar to
those described in a previous report (ref 33), are one option for
improving the stability of the layered structure of black
phosphorus during sodiation. In such composites, formation
of stable phosphorus—carbon bonds would enhance the
stability of the layered structure of black phosphorus.
Additionally, pillared black phosphorus could be another
option. The pillar may not only improve the stability of the
layered structure of black phosphorus but also increase the
interlayer distance of black phosphorus, providing easy
diffusion channels for Na atoms. In these endeavors, the
selection or design of an appropriate pillar capable of forming
strong chemical bonds with phosphorene layers would be very
important and will be investigated in our future work.
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