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ABSTRACT: Potassium-ion batteries (KIBs) have attracted great
attention due to their unique advantages including abundant resources,
low redox potential of K, and feasible usage of cheap aluminum current
collector in battery assembly. In the present work, through first-principles
calculations, we find that the recently synthesized two-dimensional T-NiSe,
is a promising anode material of KIBs. It possesses a large capacity (247
mAh/g), small diffusion barrier (0.0S eV), and low average voltage (0.49
V), rendering T-NiSe, a high-performance KIB anode candidate. In
addition, we analyze the carrier mobility of T-NiSe,, and the results
demonstrate that it possesses a superior carrier mobility of 1685 cm®/(V's),
showing the potential for applications in nanoelectronic devices.
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B INTRODUCTION

With the growing requirement for power storage, lithium-ion
batteries (LIBs) are broadly adopted in various fields and their
commercial applications have achieved great success.”
However, the element concentration of lithium is only about
20 ppm in the earth’s crust, making LIBs unsustainable in the
future."”* Hence, it is desirable to find other battery systems
composed of more abundant elements. Among them, sodium-
ion batteries (NIBs) and potassium-ion batteries (KIBs) are
regarded as two promising candidates because of their
similarity to LIBs and the abundance of Na and K (25670
ppm for Na and 28 650 ppm for K).” Compared with sodium,
potassium has unique advantages such as lower standard redox
potential," less complicated interfacial reactions® and higher
ionic conductivity.”* However, the performance of KIBs is still
unsatisfying, partially attributed to the limited choices of
anodes.”

In general, superior anode materials should possess large
capacity, good cycling stability and rate capability, and low
average electrode potential.'”'' The large surface area can
provide plenty of possible adsorption positions for metal
atoms, resulting in high specific capacity.'”"? Thus, anode
materials with large specific surface area are favorable. Cycling
stability is another key factor affecting the performance of KIB
anode materials. Because of the large atomic radius of K ions,
their intercalation in the conventional anode materials such as
graphite usually induces large volume expansion,” leading to a
rapid de§radation in capacity and even collapse of the
structure.”* Therefore, KIB anode materials with small lattice
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changes during the charge/discharge process are highly desired
for high-performance KIBs. In addition, the low energy barrier
and short pathway of ion diffusion contribute to the high rate
capability of anode materials."”> Moreover, anodes with a low
average electrode potential can provide a high output voltage
when constituting full batteries. Based on the above
discussions, two-dimensional (2D) materials are regarded as
promising candidates for KIB anode materials because of the
advantages such as high surface-to-volume ratio, small lattice
changes during potassiation/depotassiation processes, and low
diffusion energy barriers for K ions."*”"

Recently, a single-layer transition-metal diselenide, T-NiSe,,
was experimentally synthesized,”® showing good promise for
applications as supercapacitor,”’ hybrid supercapacitor,” dye-
sensitized solar cell,*® electrocatalyst,24 and anode material for
NIB.”> However, the application of T-NiSe, as a KIB anode
has not yet been reported. In this work, we first study the
structural stability, electronic properties and transport proper-
ties of T-NiSe, to explore its possible application in
nanoelectronic devices. Then, we investigate the performance
of T-NiSe, as an anode for KIBs, including the optimal
adsorption sites of K ions, capacity, diffusion barrier, open-
circuit voltage, and cycling stability. The results demonstrate
that T-NiSe, is a promising high-performance KIB anode
candidate.
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B COMPUTATIONAL METHODS

Our calculations are performed based on density functional theory
with the projector augmented wave method® by using the Vienna Ab
initio Simulation Package.”” In the calculations of structural
optimization, the convergence thresholds of energy and force
component are 107® eV and 107® eV/A, respectively, and the energy
cutoff is 400 eV. A vacuum space of 16 A is placed to eliminate the
influence from periodic images, and the Brillouin zone is characterized
by a 17 X 17 X 1 mesh of k-points using the Monkhorst—Pack
scheme. To take electron exchange—correlation interactions into
account, Perdew—Burke—Ernzerhof (PBE) functional within gener-
alized gradient approximation (GGA)*® is adopted. Electronic band
structure with high accuracy is calculated with Heyd—Scuseria—
Ernzerhof hybrid functional.>”*° The nudged elastic band method®"**
is employed to evaluate the diffusion barriers of potassium ions.

B RESULTS AND DISCUSSION

Geometrical Structure and Stability. There are two
different phases for 2D layered NiSe,, namely, the honeycomb
phase (H-NiSe,) and the centered honeycomb phase (T-
NiSe,).”* To check the thermodynamic stability of these two
structures, we calculate their structural parameters and total
energies. The results are summarized in Table 1, showing good

Table 1. Calculated Lattice Constants (a = b), Interatomic
Distances of Ni—Se (dy;_g.) and Se—Se (d,._g.), and Total
Energy per NiSe, Unit Cell of T-NiSe, and H-NiSe,,
Respectively

a (A) dyizse (A) dse—se (A) total energy (eV)
T-NiSe, 3.54 2.39 321 —13.17
H-NiSe, 3.52 2.41 2.61 —12.70

consistency with previous studies.””** One can see that the
total energy of the T-phase is 0.47 eV/unit cell lower than that
of the H-phase. Moreover, recently the T-phase NiSe, has been
experimentally synthesized by Shao et al. using a single-step
direct selenization method.”® Because of the higher energetic
stability and successful experimental realization, we focus on
the T-phase NiSe, in the following discussions. The geo-
metrical structure of the relaxed T-NiSe, are plotted in Figure
la. It contains two selenium atoms and one nickel atom per
unit cell and belongs to the space group of P3m1 (164).
First, we examine the structural stability of the T-phase
NiSe,, including its dynamical, thermal, and mechanical
stabilities. The phonon band structure of T-NiSe, is obtained
with PHONOPY package,” and the results are plotted in
Figure 1b. No imaginary mode can be observed in the entire
Brillouin zone, confirming the dynamical stability. We then
perform ab initio molecular dynamics (AIMD) simulations at
300 K for 10 000 fs by employing the Nose heat bath scheme™
to examine its thermal stability. To reduce the constraint
resulted from the periodicity, a 4 X 4 X 1 supercell is used. As
plotted in Figure Ic, the total potential energy basically
remains at a fixed value and the geometric structure remains
almost unchanged at the end of the molecular dynamics
simulation. These results verify the thermal stability of T-NiSe,
at 300 K. We further calculate the linear elastic constants by
emplo_)ring the energy—strain modus implemented in AELAS
code’” to analyze the mechanical stability of T-NiSe,. In
accordance with the Born—Huang criteria,”® a mechanically
stable 2D sheet should satisfy the relationships C;;C,, > C;,>
and Cg > 0. Owing to the hexagonal symmetry, C), is equal to
Cy,. So, in this case, the formulas become C;; > ICy,l and Cy >
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Figure 1. (a) Geometric structure of the relaxed T-NiSe, from above
and from the side. The red dashed rectangle shows the orthogonal
supercell of T-NiSe, (b) Phonon dispersion of the structure. (c)
Energy fluctuation at 300 K during the ab initio molecular dynamics
(AIMD) simulation. The top view of geometric configuration after the
AIMD simulation is also plotted. (d) Electronic band structure of T-
NiSe, at the GGA-PBE and HES06 levels.

0. We obtain that C;; = C,, = 69.9 N/m, C,, = 18.8 N/m, and
Ces = 25.6 N/m, confirming the mechanical stability of T-
NiSe,. According to the obtained elastic constants, we calculate
the Young’s modulus and Poisson’s ratio, which are 64.8 N/m
and 0.27, respectively.

Electronic Properties. We then study the electronic
properties of T-NiSe,. As plotted in Figure 1d, T-NiSe, is a
semiconductor with a small indirect band gap (0.19 eV at the
PBE level and 0.54 eV at the HES06 level). Although a metallic
anode is preferred, the material with a small band gap can also
be used as an anode because it may have better electronic
conductivity when metal ions are adsorbed. Many semi-
conducting materials with band gaps larger than that of T-
NiSe, have been reported to be good anode materials, such as
GeS nanosheet (1.61 V)" and phosphorene (0.8 eV).*

To further study the transport properties of T-NiSe,, we
calculate its carrier mobility according to the deformation
potential (DP) theory.”” For 2D materials, the carrier mobility
(u) is estimated with the formula*'~**

4§ = 2eh°C
3kyT Im*I*E,> (1)

where T, kg, and 7 are temperature (taken as 300 K in our
calculations), Boltzmann constant, and reduced Planck
constant, respectively. E, is the deformation potential constant
and m* is the effective mass. C is the elastic modulus calculated
by C = [0°E/05]/S,, in which E and S, are the total energy
and area of the supercell, respectively, and & is the uniaxial
strain. In this work, we adopt an orthogonal supercell to
calculate the carrier mobility of T-NiSe, in x and y directions.
Top view of the orthogonal supercell is plotted in Figure la in
the red dashed lines. The corresponding electronic band
structure of the orthogonal supercell is shown in Figure S1. It
can be seen that the valence band maximum (VBM) and the
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conduction band minimum (CBM) are at the " point and the
path of I'=L, respectively.

The effective mass m™* of electrons and holes can be
calculated from the equation: m* = A*[0*E(k)/0k*]™", in which
k is the value of wave vector and 7 is the reduced Planck
constant. The calculated results reveal that the effective masses
of holes (0.86 m, in x direction and 0.88 m, in y direction) are
about four times as large as those of electrons (0.17 m, in x
direction and 0.25 m, in y direction). Then, the DP constants
E, are calculated. Figure S1 displays the change of band edges
(VBM and CBM) with stretching and compression () in two
directions. The slopes of the fitting straight lines are the
corresponding DP constants, as expressed by E; = dE.4../dd,
which give similar values for holes (—4.10 eV in x direction
and —4.02 eV in y direction) and electrons (—4.36 eV in «x
direction and —5.28 €V in y direction).

Using eq 1, the mobilities of electrons and holes at room
temperature (300 K) are calculated and listed in Table 2. The

Table 2. Summarized Table of Deformation Potential
Constant E,, Elastic Modulus C, Effective Mass m*, and
Mobility s of T-NiSe, at 300 K

carrier type E, (eV) C (N/m) m* (m,) u (em?/(V s))
electron (x) —4.36 69.66 0.17 1685
electron (y) —5.28 69.66 025 552
hole (x) —4.10 69.66 0.86 78.5
hole () —4.02 69.66 0.88 78.0

mobility of electrons is higher than that of holes in both the x
and y directions, which is mainly owing to the larger effective
mass of holes, thus making T-NiSe, an n-type semiconductor.
It is worth noting that the carrier mobility of T-NiSe, can
reach 1685 cm?/(V s) for electrons in the x direction, which is
larger than that of silicene (1200 cm?®/(V s)),* monolayer
MoS, (200 cm?/(V s)),* and many other 2D transition metal
dichalcogenide materials,”” such as MoSe, (180 cm?/(V s)),
WS, (690 cm?/(V s)), and WSe, (270 cm?/(V s)), indicating
the potential applications of T-NiSe, in nanoelectronics. In
addition, in the x direction, the mobility of electrons is more
than 20 times higher than that of holes, implying that the x
direction is more conductive for electron transport. This
property shows that T-NiSe, can also be used as hole/electron
separation materials.

Application as an Anode Material for KIBs. Next, we
explore the possibility of using T-NiSe, as an anode of KIBs.
We first study the adsorption of a single K on T-NiSe,. To
avoid the interactions between potassium atoms, the 3 X 3 X 1
supercell is applied in the calculations. Based on the geometric
symmetry of T-NiSe,, we consider six different initial
adsorption positions, which are plotted in Figure 2ab. For
the sake of convenience, the K atom at x position (x = 1, 2, 3,
4,5, 6) is described as K,. K| is on the top position of Ni atom,
K is on the top position of the upper Se atom, and K is on the
top position of the lower Se atom. K, and K, are, respectively,
located at the bridge sites of the two Ni—Se bonds. Kj is at the
hollow site of the parallelogram consisting of Ni and Se atoms.
To study the adsorption strength of K atoms on these
adsorption sites, we calculate the corresponding adsorption
energy (E,) according to the following expression: E, = E, — E,
— Ey, where E, and E, are the total energies of the T-NiSe,
with and without a K atom, respectively. Ey is the energy of a K
atom in K bulk phase. After structure optimization, we find

b 5

Figure 2. Geometric structure of the six possible adsorption sites (a)
from above and (b) from the side. The K-saturated structure (c) from
above and (d) from the side. Two calculated diffusion pathways of K
ions on the T-NiSe, monolayer are also marked.

that K, K,, K, and K¢ are stable adsorption sites, while K
atoms on K, and K sites move to K; and Kj sites, respectively,
after structure optimization. The corresponding adsorption
energies of K on Kj, K,, K, and Ky sites are —1.44, —1.41,
—1.37, and —1.13 eV, respectively, implying that K, is the
optimal position. The results of the Bader charge analysis*®
reveal that one K atom on K; site transfers 0.85 electrons to T-
NiSe,, indicating that the K atom on K; donates almost all its
outermost s electrons and becomes K ion. Therefore, there are
strong Coulomb repulsions between these K ions, preventing
them from clustering.

The electronic conductivity is critical for the performance of
KIB anodes. Therefore, we calculate the band structure, total
density of states (DOS) and partial density of states (PDOS)
of the K adsorbed T-NiSe, sheet by using a 4 X 4 X 1
supercell. For comparison, we also calculate the total DOS and
PDOS of the pristine T-NiSe, sheet. The results are plotted in
Figure 3. It can be seen that T-NiSe, is semiconducting with
the electronic states near the Fermi level mainly derived from
the 3d electrons of Ni atoms and 4p electrons of Se atoms.
After the adsorption of K atoms, the structure becomes
metallic because of the shift of Fermi level, which results from
the electron transfer from K atoms to the T-NiSe, sheet.

To study the migration of K ions on T-NiSe,, we calculate
the diffusion barriers for different paths. Considering the
symmetry of the structure, two possible diffusion pathways are
selected, and marked as paths I and II in Figure 2c. The energy
barrier graphs of paths I and II are calculated and plotted in
Figure 4a. The results demonstrate that the diffusion barriers
of paths I and II are about 0.05 and 0.25 eV, respectively,
indicating that K ions prefer to diffuse along path I. More
importantly, the diffusion barrier of 0.05 eV is lower than that
of many other 2D KIB anode materials, such as MoN, (0.49
eV),"® GeSe (0.11 eV),"” and TiS, (0.09 eV),” indicating a
high ionic conductivity of T-NiSe,. Besides, we also calculate
the energy barrier profiles of an isolated vacancy on T-NiSe, to
investigate the diffusion at high K concentration. The results,
as shown in Figure S2, indicate that although the diffusion
barrier (0.12 eV) is larger than that of single K-ion, it is
comparable with that of GeSe (0.11 eV)."”

We then investigate the maximum K capacity of T-NiSe, by
gradually increasing the K concentration until the fully K-
adsorbed configuration is obtained. The structure of the fully
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Figure 3. (a) Electronic band structure of K(NiSe,),s and the corresponding total DOS and PDOS. (b) Total DOS and (c) PDOS of T-NiSe,.
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Figure 4. (a) Energy barrier graphs for diffusion paths I and IL. (b) Variation of binding energy with K concentration for K,NiSe, in different
geometric configurations. The lowest energy for each concentration is highlighted in red. (c) Voltage—concentration relationship of T-NiSe,.

K-adsorbed configuration is displayed in Figure 2c,d.
Correspondingly, the theoretical capacity is 247 mAh/g
(K,NiSe,), larger than that of many other 2D structures as
anodes of KIBs, such as Nb,C (136 mAh/g),”’ YN, (229
mAh/g),”" and Ti,C, (192 mAh/g),"” making T-NiSe, an
anode material with high specific capacity.

The open-circuit voltage is also a crucial indicator of anode
materials. For T-NiSe,, the charge/discharge process in half-
cell reaction can be described as

() — 2)K" + (x, — x)e” + K, — NiSe,
< K, — NiSe, (2)

Neglecting the influence of volume, entropy, and pressure, we
can estimate the average voltage of K,—NiSe, in the
concentration of x; < x < x, by the formula

Ex, -nise, ~ Ex_-nise, T (%, — %) Eg

V=
Xy = X

3)
in which Ex _yise, Ex, —Nise,y and Ey are the total energy of
K, —NiSe,, K, —NiSe,, and one K atom in its bulk phase,
respectively. To obtain Eg,_y;s,,, we calculate the energies of 20

different configurations for each intermediate adsorption
concentration (K, NiSe,: x = 0.333, 0.667, 1.000, 1.333, and
1.667) and choose the one with the lowest energy as the
optimal configuration at that concentration. The calculated
results are summarized in Figure 4b and the most stable
configuration for each of the five different concentrations is
shown in Figure S3. One can see that with increasing K
concentration, the absolute value of binding energy decreases
gradually because of the increase of the repulsive interactions
between K ions. Then according to eq 3, we calculate and plot
the corresponding voltage profile of T-NiSe,, as shown in

35664

Figure 4c. During the entire adsorption process, there exist
three prominent voltage platforms, separated by the two drops
at the concentrations of 0.333 and 0.667, respectively. The
voltage is reduced from 1.2 to 0.78 V at the concentration of
0.333; when the concentration reaches 0.667, the voltage drops
to 0.33 V. After that, as the concentration increases, the voltage
slowly decreases to 0.17 V. It is worth noting that the voltage
remains positive in the whole process, which means that the
half-cell reaction can proceed spontaneously until the final
condition (K,NiSe,), resulting in a fully reversible capacity of
247 mAh/g. The average voltage is calculated to be 0.49 V by
averaging the values across the entire area, which is in the ideal
range 0.1—1.0 V for KIB anode materials®>** and smaller than
many other 2D anode materials of KIBs such as MoN, (1.11
V)" and boron-doped graphene (0.82 V),'° providing a higher
output voltage when constituting a full battery.

We also study the cycling stability of T-NiSe, by calculating
the changes of bond lengths to investigate the effect of
potassiation/depotassiation process on the structure.”*>> The
degree of deformation of the structure after adsorption is a key
indicator of the cycling stability because large deformation can
result in loss of the capacity after cycling several times.*®
Before the adsorption of K ions, the Ni—Se bond length is 2.39
A. At dilute (KNigSe;s) and saturated (K,NiSe,) concen-
trations, the geometric configurations remain almost intact and
the Ni—Se bond lengths around the K ions are 2.40 A (vary by
0.4%) and 2.57 A (vary by 7.5%), respectively, implying a great
cycling stability of T-NiSe,.

B CONCLUSIONS

In summary, by performing first-principles calculations, we
have found that the T-NiSe, sheet is a promising anode
material for KIBs. The advantages of T-NiSe, are reflected in
the following aspects: (1) T-NiSe, possesses a small band gap
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of 0.54 eV, favoring fast kinetics of electronic transport; (2) the
diffusion barrier of K atoms on T-NiSe, is 0.05 eV, indicating
that K atoms can migrate fast on the structure; (3) the specific
capacity (247 mAh/g) is larger than that of many other 2D
anode materials for KIBs, and the system exhibits good cycling
stability in the potassiation/depotassiation process; and (4) the
average voltage is 0.49 V, which is in the energy range for ideal
anode materials. Besides, the carrier mobility is found to be as
high as 1685 cm?/(V s), implying the fast transport of
electrons in T-NiSe,. All these features suggest that T-NiSe,
has great potential as an anode material of KIBs.
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