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ABSTRACT: Ideal Li-ion battery materials should have a low
diffusion barrier, which can realize fast charging/discharging.
Here, density function theory (DFT) computations were
performed to investigate the possibility of phosphorene and its
nanoribbons as anode materials for Li-ion battery. Both
phosphorene and its nanoribbons are direct band gap
semiconductors, and show semiconductor-to-metal transition
upon lithiation with significant charge transfer. Importantly,
the computed energy barrier of Li diffuses on phosphorene
monolayer along zigzag direction is only 0.09 eV, which
indicates the possibility of ultrafast charging/discharging. Furthermore, the fast Li ion mobility is robust and well kept in
phosphorene nanoribbons. The ultrahigh Li-ion mobility well distinguishes phosphorene from other typical two-dimensional
(2D) materials, such as graphene and MoS2, and makes phosphorene a promising anode material for Li ion batteries.

■ INTRODUCTION

Black phosphorus (BP) is the most stable phosphorus allotrope
at room temperature that was first synthesized from white
phosphorus under high pressure and high temperature in
1914.1 It is a layered material coupled together by weak van der
Waals (vdW) forces, structurally well resembles graphite.
However, instead of a layered planar structure in graphite, BP
is a puckered structure due to the sp3 hybridization character of
tetraphosphorus. Recently, two groups reported that bulk BP
can be mechanically exfoliated to atomic layers which they
called phosphorene.2,3 Phosphorene turns out to be a
promising material with wide potential applications. For
example, phosphorene based field effect transistors (FETs)
show a high charge-carrier mobility up to 1000 cm2V−1s−1,
much better than other typical two-dimensional (2D) semi-
conductors, such as MoS2 (around 200 cm2 V−1 s−1).3 In
contract to graphene, phosphorene is a direct band gap
semiconductor whose band gap strongly depending on the
number of layers.2,4 The band gap of BP can be monotonously
tunable from ∼0.3 eV in bulk to ∼1.6 eV for a monolayer.2,4

Additionally, the band gap can also be effectively modified by
strain,5−7 stack orders,8 electric field8 and so on. However, the
most particularly characters of phosphorene are its high
anisotropic electric conductance and optical responses,2,4,5,9,10

which distinguish it from graphene and MoS2.
On the other hand, 2D materials attract a lot of attention in

the field of lithium-ion batteries (LIBs) because of their large
surface-to-volume ratio and unique electronic properties. For
today’s LIBs, it is highly desired with high capacity and fast
charging/discharging, which naturally requires strong binding
and low diffusion barriers. Graphene and MoS2 have been

considered to be novel electrode materials for advanced
LIBs.11−15 Fan et al. have reported that Li atoms can be
adsorbed on the hollow position with a large binding energy of
1.3 eV.16 The large binding energy of Li atoms ensures its high
capacity. However, they also demonstrated that the energy
barrier of Li diffusion is around 0.3 eV, which significantly slow
down the charging/discharging process. The same situation is
also explored by Li et al. for MoS2 layer.

14

By carefully looking at the structures of graphene and MoS2,
we are not surprised that the diffusion barrier is slightly high.
When moving on the surface, Li ions should cross the area with
high electron density. Consequently, a moderate energy barrier
is required. To accelerate the ions diffusion, it is necessary to
find a suitable material with strong binding. Very recently, BP-
carbon composite is demonstrated to be an attractive anode
material with a long cycle life and high-rate capability.17 BP-
carbon bonds are stable during lithium insertion/extraction,
maintaining excellent electrical connection between phospho-
rus and carbon.17

In consideration of the potential applications of phosphorene
as anode materials for LIBs, it will be necessary and interesting
to investigate the adsorption and diffusion of Li atoms on
phosphorene. Here, we systematically explored the interaction
between Li atoms and phosphorene by means of density
functional theory (DFT) computations, and phosphorene
monolayer, zigzag, and armchair nanoribbons were taken into
account as the possible anode materials. It was found that Li
atoms can bind to phosphorene via a moderate binging energy
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with significant electrons doping to phosphorene, leading to an
insulator−metal transition. Additionally, the computed migra-
tion barriers of Li atoms diffuse along zigzag direction are about
0.09 eV, much lower than that on graphitic carbon (∼0.3
eV)18−20 and MoS2 monolayer (∼0.21 eV).14 We also found
that Li atoms prefer to diffuse along zigzag direction rather than
diffuse along armchair direction, which can prevent the
crystallization (such as dendrite formation) of Li atoms,
making phosphorene based LIBs safer and longer circle-life
than graphene and MoS2 based LIBs. Because of the large
diffusion energy barrier differences, the diffusion of Li on
phosphorene is highly energetically favorable along the zigzag
direction, while diffusion along the armchair direction is almost
prohibited. In this case, Li atoms from one zigzag channel
cannot cohere with Li atoms from another zigzag channel, thus
preventing the crystallization of Li atoms.

■ COMPUTATIONAL METHODS
Our first-principles calculations were based on DFT with
generalized gradient approximation (GGA)21 for exchange
correlation potential. Perdew−Burke−Ernzerholf (PBE) func-
tional was used for the GGA as implemented in Vienna ab
initio simulation package (VASP).22 A 3 × 3 × 1 supercell was
used to simulate Li adsorption on phosphorene monolayer.
Distance between two adjacent Li atoms was around 10 Å, so
interactions between two Li atoms can be ignored. At the same
time, a vacuum space about 15 Å between phosphorene layers
was used to avoid any interactions. The structures were relaxed
without any symmetry constraints with a cutoff energy of 500
eV. The convergence criteria of energy and force were set to 1
× 10−5 eV and 0.01 eV/Å, respectively. Reciprocal space was
represented by a Monkhorst−Pack special k-point scheme23

with 3 × 3 × 1, 1 × 17 × 1, and 17 × 1 × 1 grid meshes for
structure relaxation for phosphorene monolayer, armchair
phosphorene nanoribbon (APNR) and zigzag phosphorene
nanoribbon (ZPNR), respectively. Self-consistent field (SCF)
computations were performed with k-points of 5 × 5 × 1, 1 ×
19 × 1, and 19 × 1 × 1 for phosphorene monolayer, APNR and
ZPNR, respectively. The accuracy of our procedure was tested
by calculating the lattice constants and energy gap of
phosphorene. Our calculated results of a = 3.30 Å, and b =
4.62 Å in line with previous study.4 The energy gap of
phosphorene monolayer was calculated to be 0.90 eV (Figure
2a) in good agreement with ref 7 (0.91 eV). The climbing
image nudged elastic band (NEB)24,25 was performed to find
saddle points and minimum energy paths (MEPs) between a
given initial state (IS) and final state (FS). The NEB method

was known as an effectively tool for finding MEP and transition
state (TS).26,27

■ RESULTS AND DISCUSSION
Electronic Structure of Pristine Phosphorene and

Nanoribbons. Figure 1 illustrates geometric structures of
phosphorene monolayer and PNRs. For PNRs, we selected 8-
APNR and 8-ZPNR as the representative models. In our case,
all of the nanoribbons were saturated by hydrogen atoms.
Different from that of graphene or silicene, phosphorus atoms
form covalent bonding with three adjacent atoms, and lead to a
puckered honeycomb structure in phosphorene. The fluctua-
tion character of phosphorene caused by sp3 hybridization
produces a higher and lower atomic layer.
As shown in Figure 2, phosphorene is a semiconductor with

direct energy gap. The calculated band gap for phosphorene is
about 0.9 eV, which agrees well with previous results. From the
plotted partial charge density, we found that both the valence
band maximum (VBM) and conduction band minimum
(CBM) are contributed by the pz orbital of phosphorus
atoms. Furthermore, by cutting the monolayer structure into
nanoribbons, we explored that the semiconducting character is
well kept in PNRs. As shown in Figure 2, parts b and c, APNR
and ZPNR have an energy gap of 1.18 and 1.55 eV,
respectively. Similar with that of phosphorene, both the CBM
and VBM are contributed by the pz orbital of phosphorus
atoms. But we also noticed that the existence of edge structures
has greatly modified the partial charge distribution of CBM and
VBM. For 8-ZPNR, both the VBM and CBM are contributed
by the P atoms in the central region of the PNRs (Figure 2c).
However, for 8-APNR, VBM is contributed by the central P
atoms (Figure 2b), while CBM of 8-APNR contains little
contribution from the edge P atoms (Figure 2b).
Now, we studied the possibility of single Li atom adsorption

on phosphorene monolayer and PNRs. To avoid the
interaction of Li atoms, we adopted a 3 × 3 × 1 supercell of
phosphorene. From the geometric structure, there are two
representative sites for Li atoms on phosphorene, namely, the
hollow site (H) above the center of the triangle and the top site
(T) directly above one P atom, which are denoted as H and T
in Figure 3, parts a and b. At the H site, Li atom is coordinated
by three P atoms, while at the T site Li atom is coordinated by
only one P atom. By placing Li atoms at a different site, and
relaxing the structure, we can calculate the binding energy from
the equation Eb = EP + ELi − EP+Li, where Eb is the binding
energy of Li on monolayer phosphorene, EP is the energy of
phosphorene monolayer supercell without Li atom, ELi is the

Figure 1. (a) Top and side view of phosphorene monolayer. Dashed rectangle denotes the primitive cell. (b) Top and side view of edge H-saturated
8-APNR. (c) Top and side view of edge H-saturated 8-ZPNR. The purple and white balls denote phosphorus and hydrogen atoms, respectively.
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energy of isolated Li atom, and EP+Li is the total energy of Li-
adsorbed phosphorene system.
Interestingly, we find that the Li atom cannot be adsorbed at

the T site and will automatically move to the H site. The newly
formed three Li−P bonds are 2.57, 2.57, and 2.48 Å. Since the
three coordinated P atoms did not form an equilateral triangle,
three Li−P bonds are not equal to each other. Similarly, we also
defined the possible adsorptive sites for APNR and ZPNR as
shown in Figure 3, parts c and d. As summarized in Table 1, the
calculated binding energy of Li atom on phosphorene
monolayer is 2.16 eV, much larger than Li adsorbs on
monolayer graphene (1.04 eV)28 and slightly larger than that
of MoS2 (2.12 eV).14 As we know, enhanced Li adsorption
indicates the increased capacity of battery. Logically, we can

reasonably hypothesize that phosphorene has big potential to
be the anode material of LIBs.
For 8-APNR, there are five possible adsorptive sites along

zigzag direction, which are denoted as Ai (i = 1, 2, 3, 4, 5) in
Figure 3c. While for 8-ZPNR, we can find seven possible
adsorptive sites, defined as Zi (i = 1, 2, 3, 4, 5, 6, 7) in Figure
3d. The calculated binding energies (see Table 1) indicate that
Li ion is still strongly bound on PNRs, although the binding
energy is slightly lower. Different with the case of MoS2
nanoribbons, edge parts of PNRs are not preferred by the Li
ion, as explored by the calculated binding energy. As
demonstrated in Figure 2, we have shown that edge atoms
do not have too much contribution to both CBM and VBM.
Therefore, the adsorption of Li ion is weakened by the edge
atoms.
Although pristine phosphorene and PNRs are semiconductor

with an direct energy gap, the adsorption of Li atoms will
significantly modify the electronic structure. As shown in Figure
4, phosphorene monolayer and PNRs undergo semiconductor-
to-metal transitions upon lithiation. By means of differential
charge density analysis (Figure 4, parts d, e and f), we can see
significant electrons transfer from Li atom to phosphorene or
PNRs, leading to the semiconductor-to-metal transition. In fact,
according to Bader charge analysis,29−31 Li possesses 0.88, 0.86,
and 0.82 |e| positive charge for phosphorene monolayer, 8-
APNR and 8-ZPNR, respectively, indicating that there are
certain ionic components in the newly formed Li−P bonds.
Our researches indicate that Li atoms can bind to phosphorene
monolayer and PNRs with moderate binding energies of about
2.0 eV.

Diffusion of a Single Li Atom on PNRs. In this part, we
discussed the diffusion of a single Li atom on phosphorene
monolayer and nanoribbons. First, we explored the diffusion of
Li on phosphorene monolayer between two neighboring H
sites, one along the zigzag direction and the other one along the
armchair direction, as indicated in Figure 5(a). Surprisingly, the
computed energy barrier along zigzag direction is only 0.09 eV,
much lower than that along armchair direction (0.70 eV). It has
been well explored that diffusion barrier determine the
charging/discharging process for LIBs. From the calculated
energy barrier along zigzag direction (0.09 eV), which is the
lowest diffusion barrier in all low-dimensional materials, we
suggest that phosphorene may be the anode materials of LIBs
with the big potential for fast charging/discharging.
The calculated transition state (TS) along zigzag direction is

Li adsorbed on the bridge site, while the TS along armchair
direction is Li adsorbed on the T site (Figure 5b). According to
Arrhenius equation, D ∝ exp(E/kT), in which E is the energy
barrier, k is the Boltzmann constant, and T is the temperature,
we can quantitatively estimate that Li mobility along zigzag
direction can be increased by a factor of 1010 compared with
that along armchair direction at 300 K. It means that the
diffusion of Li on phosphorene monolayer exhibits huge
anisotropic feature. Combining with its electric conductance
and optical responses,2,4,5,9,10 high anisotropy may be the
unique character of phosphorene in compare with other 2D
materials, such as graphene and MoS2.
The representative puckered structure may be the origin of

its high anisotropy. Take a side view of phosphorene (Figure
1b); it looks like a mountain chain with regular valleys and
peaks. Li atom prefers to move along valley rather than climb
over the peak. This naturally raises an interesting question: if
we cut phosphorene along the armchair direction or the zigzag

Figure 2. Calculated band structures and partial charge density of (a)
monolayer phosphorene, (b) edge H-saturated 8-APNR, and (c) edge
H-saturated 8-ZPNR. Γ = (0, 0, 0), X = (0, 0.5, 0), M = (0.5, 0.5, 0)
and Y = (0.5, 0, 0). The purple and white balls denote phosphorus and
hydrogen atoms, respectively.
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direction, could the high anisotropy and low diffusion barrier
still exist?
To investigate the mobility of Li atoms along armchair 8-

APNR, we constructed a supercell two times large of 8-APNR
primitive cell. Another five representative sites marked as A-i (i
= 1, 2, 3, 4, 5) are available along armchair direction. The
energy barriers corresponding to different migration paths are
indicated in Figure 5c. Importantly, we found that energy
barrier along zigzag direction is still very low. It means that Li

atoms prefer to move perpendicularly to the nanoribbon
direction rather than move along the nanoribbon direction.
According to the difference between the energy barriers, Li
mobility along zigzag direction can also be 1010 times larger
than that along armchair direction at 300 K, in line with Li
diffusion on phosphorene monolayer.
Finally, we studied the diffusion of Li atoms on 8-ZPNR. The

diffusion of Li atoms on 8-ZPNR also shows high anisotropic
character according to the computed migration barriers. By

Figure 3. (a) Top and (b) side view of phosphorene monolayer. The dash line circles signed as H (hollow) and T (top) indicate two representative
sites for Li atom to adsorb. (c) A1 to A5 denote the representative sites for Li atom to adsorbed on 8-APNR. (d) Z1 to Z7 denote the representative
sites for Li atom to adsorbed on 8-ZPNR. The purple and white balls denote phosphorus and hydrogen atoms, respectively.

Table 1. Computed Li Binding Energies (Eb) in Electronvolts for All the Examined Li Adsorption Sites on Phosphorene
Monolayer, 8-APNR and 8-ZPNR

site H A1 A2 A3 A4 A5 Z1 Z2 Z3 Z4 Z5 Z6 Z7

Eb 2.16 1.97 2.01 2.03 2.03 1.97 1.92 1.96 1.97 1.97 1.97 1.97 1.41

Figure 4. Calculated band structures of (a) phosphorene monolayer with Li adsorbed on H site, (b) 8-APNR with Li adsorbed on A3 site, and (c) 8-
ZPNR with Li adsorbed on Z4 site. Differential charge density with an isosurface value of 0.01 e/Å3 for (d) phosphorene monolayer, (e) 8-APNR,
and (f) 8-ZPNR. The red and blue regions indicate an increase and decrease in electron density, respectively. The purple, green, and white balls
denote phosphorus, lithium, and hydrogen atoms, respectively.
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means of Arrhenius equation, the estimated difference of Li
mobility between two directions would be 109 at 300 K. And
more importantly, we also found that the diffusion barrier along
zigzag direction is still around 0.1 eV. So we come to the
conclusion that both the low diffusion barrier and the high
anisotropy of Li atoms diffusion are robust no matter if they are
on phosphorene monolayer or PNRs.

■ CONCLUSIONS

To summarize, we performed DFT computations to disclose
the Li adsorption and diffusion on phosphorene monolayer,
APNR and ZPNR. Our results demonstrated that Li atoms can
bind to phosphorene with a binding energy about 2.00 eV. Both
phosphorene monolayer and PNRs undergo a transition from
semiconductor to metal upon Li adsorbed with significant
electrons doping to phosphorene. On the other hand, the
diffusion of Li atoms on phosphorene shows high anisotropic
character and low energy barriers no matter on phosphorene
monolayer or PNRs. Combining with its electric conductance
and optical responses, low diffusion barrier and high anisotropy
may be a particular character of phosphorene upon lithiation.
Importantly, the moderate binding energy (∼2.00 eV) and tiny
migration energy barrier (∼0.10 eV along the zigzag direction)
of Li atoms on phosphorene make it a potential candidate as
anode materials for LIBs.
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