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ABSTRACT: The potassium-ion battery (KIB), as one of the most

promising alternatives to the lithium-ion battery (LIB), has recently received
considerable attention. One of the challenges in KIBs is the design and
synthesis of high-performance anode materials with high capacity, high rate
performance, and good cycling stability. Here, on the basis of first-principles
calculations, we propose a three-dimensional (3D) porous nodal-line
semimetal carbon allotrope, named BDL-14, consisting of benzene rings
incorporated into the diamond lattice, as a potential candidate. With low mass
density (1.41 g/cm?), ordered channels, high carrier velocity (0.83 X 10° m/
s), high specific capacity (478.23 mAh/g), very low energy barriers (0.05—
0.08 eV) for K-ion diffusion, and a small volume expansion (7.03%) during
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charging and discharging processes, BDL-14 can surpass the properties of

anodes currently being considered.

C urrent lithium-ion battery (LIB) technology cannot meet
the ever-growing demand for economical and sustainable
battery technologies for advanced electronic devices and
vehicles, particularly for large-scale stationary storage. This is
primarily because of the limited supply of Li. Consequently,
there is an urgent need to develop new battery systems using
other elements that are more abundant than Li.'~* To this end,
the potassium-ion battery (KIB) system has been considered as
one of the most promising candidates because of several
unique advantages, such as the exceptionally negative potential
of the K'/K redox couple (—2.94 V), the relatively high
abundance of K resources in the Earth’s crust, and the feasible
usage of cheap aluminum (Al) current collector in KIBs
because K does not form alloys with AL">° However, because
the size of K is larger than that of Li, the LIB anode materials
usually do not work for KIBs. Therefore, it is highly desirable
to search for new KIB anode materials with high specific
capacity and cycling stability.

Among various candidates, 3D porous semimetallic carbon
materials are of special interest.””'" Although numerous 3D
porous carbon materials have been extensively studied both
theoretically and experimentally,'”'* the semimetallic ones
with unique electronic band structure appear more intriguing
because they mostly possess high electronic conductivity like
graphene. Due to their intrinsic porosity, ordered channels,
and high electronic conductivity, these materials show great
promise for battery applications. To the best of our knowledge,
no studies have been reported to date for using the 3D
semimetallic carbon allotropes for KIB anodes. In this work,
we propose such a material that is constructed by inserting
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benzene rings into the well-known diamond lattice. We name
this 3D carbon allotrope BDL-14 (Benzene rings incorporated
into a Diamond Lattice having 14 atoms per primitive cell).
The benzene rings would yield high electronic conductivity
because of their aromatic property, while the diamond lattice
would result in high structural stability."> Systematic first-
principles calculations indeed prove this expectation, demon-
strating that BDL-14 possesses intrinsic ordered nanopores for
K-ion storage, high electronic conductivity, well-organized
channels for fast K-ion diffusion, and small volume change
during charging and discharging. All of these extraordinary
features endow BDL-14 with the potential for a high-
performance anode material for KIBs.

Computational Methods. Calculations of the equilibrium
structure, stability, and electronic properties of BDL-14 are
based on density functional theory (DFT) as implemented in
the Vienna Ab initio Simulation Package (VASP)."* The
exchange—correlation functional is treated by using the form of
Perdew—Burke— Enzerhof (PBE) within the generalized
gradient approximation.'® In addltlon, the Heyd—Scuseria—
Ernzerhof (HSE06) hybrid functional'® is used to improve the
accuracy of electronic band structure calculations. The all-
electron projector-augmented wave (PAW) method'” is used
to treat the interactions between ion cores and valence
electrons with a plane-wave energy cutoff of 600 eV. For
geometry optimization, the convergence criteria for the total
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Figure 1. Top and perspective views of (a,b) BDL-14 and (c,d) diamond. (e,f) Primitive cell and corresponding Brillouin zone of BDL-14. The
cyan and violet spheres represent sp*- and sp>-hybridized carbon atoms, respectively.

Table 1. Calculated Equilibrium Structural Parameters Including Lattice Constants a, b, ¢, Bond Lengths d¢_c, the Density p,
the Energy Difference Relative to Graphite (AE), and the Electronic Band Gap E, at the HSE06 Level for BDL-14, Graphite,

Diamond, T6, bct-C,, IGN, bco-C,4, and Hex-C

structure a, b, c (A) de_c (A)
BDL-14 8.94, 2.48, 17.89 1.36—1.49
graphite 2.46, 2.46,7.32 142

diamond 3.57, 3.57, 3.57 1.55

Té6 2.60, 2.60, 6.00 1.34, 1.54
bet-C, 4.38, 4.38, 2.51 1.52, 1.57
IGN 4.33, 4.33, 247 1.41-1.53
bco-Cy4 7.80, 4.90, 3.26 1.38—-1.46
Hex-Cq 8.36, 8.36, 2.46 1.41-1.54

p (g/cm?) AE (eV) E, (eV)
1.41 0.20 semimetallic
2.24 0.00 semimetallic
3.50 0.12 5.36
3.06 0.57 metallic
3.42 0.32 342
2.59 023 semimetallic
2.57 0.39 semimetallic
241 0.25 metallic

energy and force are set to 107 eV and 1073 eV/A,
respectively, while for phonon-related calculations, the
convergence criteria are improved to 107% eV and 107¢ eV/A
for the total energy and force, respectively. Monkhorst—Pack
k-meshes'® with a grid density of 2z X 0.02 A™" are used for
sampling the first Brillouin zone. The thermal stability is
studied using ab initio molecular dynamics (AIMD)
simulations, where the canonical ensemble (NVT) is employed
and temperature control is achieved with the Nosé thermo-
stat.'” Phonon spectra are calculated by using the finite
displacement method as implemented in the Phonopy code.”
The surface spectrum is calculated based on the iterative
Green’s function method”' as implemented in the Wannier
Tools package.”” The nudged elastic band (NEB) method™ is
applied to obtain the diffusion energy barrier profiles of
potassium ions. The semiempirical long-range dispersion
correction (the PBE-D2 functional)®* is used to take into
account the effect of van der Waals interactions on the
adsorption and migration of K ions.

Geometric Structure and Stability. The optimized structure of
the proposed carbon allotrope is shown in Figure la,b, which is
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constructed by incorporating benzene rings into the diamond
lattice, having 14 carbon atoms in its primitive cell, as shown in
Figure le. The lattice symmetry of BDL-14 is Imma (D3}), and
the calculated equilibrium lattice parameters of its unit cell are
a=894A b=248 A, and ¢ = 17.89 A. In this structure, there
are five nonequivalent crystallographic sites occupying 8i;
(0.13, 0.75, 0.20), 8i, (0.19, 025, 0.22), 4e, (0.0, 0.25,
0.02), 4e, (0.0, 0.25, 0.10), and 4e, (0.0, 0.75, 0.15) Wyckoff
positions, respectively. Its Brillouin zone with high symmetry
points is plotted in Figure 1f, which is very complicated. From
Figure 1a,b, we note that there are large one-dimensional (1D)
channels along the y direction, showing the porous nature of
BDL-14, which is desirable for the accommodation and
diffusion of K ijons. In addition, compared to graphite and
diamond, BDL-14 has a much lower density (1.41 g/cm?)
because of its intrinsic porosity. For comparison, the
equilibrium densities of some other 3D carbon allotropes are
also calculated and summarized in Table 1. One can see that
BDL-14 has the lowest equilibrium density among those 3D
carbon allotropes.

DOI: 10.1021/acs.jpclett.9b02484
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Figure 2. (a) Phonon band structure and (b) total potential energy fluctuation during AIMD simulations of BDL-14 at 300 K. The inset shows the
atomic configuration of the 2 X 4 X 1 supercell at the end of AIMD simulations.
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Figure 3. Stress—strain curves for tensile loading along the (a) x, (b) y, and (c) z directions for BDL-14, HZGM-42, C-honeycomb-28, and C-

honeycomb-52.

To investigate the energetic stability of BDL-14, we perform
total energy calculations and compare them with some other
3D carbon crystals including graphite, diamond, and the
recently reported 3D carbon allotropes, such as T6,°7*% bet-
C,,”” IGN,” bco-C,4,°" and Hex-Cy5.” The calculated energy
differences (AE) with respect to graphite are presented in
Table 1, which shows that, although BDL-14 is energetically
metastable compared to graphite and diamond, it is more
stable than most of the other 3D metastable carbon phases. We
further study the bonding feature of this structure to illustrate
the origin of its high energetic stability. The calculated bond
lengths between the sp>hybridized C atoms are in the range of
1.36—1.48 A, while the bond length between the sp*-
hybridized C atoms is 1.49 A. The bond angles of the sp’-
hybridized carbon atoms are in the range of 117.1—123.8°, and
those of the sp®-hybridized carbon atoms are in the range of
109.2—112.4°. As compared to the bond length and bond
angle of the sp>- and sp*>-hybridized carbon atoms in graphite
(1.42 A, 120°) and diamond (1.53 A, 109.5°), the
corresponding values of BDL-14 are very close to those ideal
values, thus leading to its relatively high energetic stability.

The dynamical stability of BDL-14 is examined by
calculating its phonon band structure. As shown in Figure
2a, all vibrational modes in the entire Brillouin zone are real,
confirming the dynamical stability of this structure. To study
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the thermal stability at room temperature, we perform AIMD
simulations at 300 K with a large supercell of 2 X 4 X 1 (see
Figure 2b). We find that the skeleton of this structure remains
almost intact after heating for 8 ps with a time step of 1 fs, and
the total potential energy fluctuates around a constant
magnitude during the entire simulation, confirming that
BDL-14 is thermally stable at room temperature. In addition,
we calculate the elastic constants to verify its mechanical
stability (see Table S1). The linear elastic constants of a
mechanically stable 3D orthorhombic crystal structure have to
satisfy the Born—Huang criteria: C; > 0 (i=1,2,3,4,5,6),
[Cii+ Cpp+ Cy3 +2(Crp + Ci3 + Cp3)] > 0, Cyy + Cyy — 2Cy, >
0, Ciy + C33 =2C13> 0, Gy + G35 = 2C13 > 0, Cpy + C33 —
2C,; > 0. The elastic constants of BDL-14 obey all of the
criteria listed above, confirming that this new structure is
mechanically stable. It is encouraging to note that benzene
molecules can serve as precursors for growing a variety of
carbon structures,”* and many 3D porous carbon materials
have been experimentally synthesized by assembling carbon
nanostructures.'>** In particular, the theoretically predicted T-
carbon constructed by geometrical expansion of the diamond
lattice with C, tetrahedra®® was successfully synthesized by
compressing multiwall carbon nanotubes.’” These advances in
synthesizing new carbon materials make it very promising for

DOI: 10.1021/acs.jpclett.9b02484
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Figure 4. Band structure without (a) and with SOC (c) of BDL-14. (b) 3D (k,, k,, energy) band structure and nodal lines of BDL-14 in the '—X—
Z k plane. The color bar indicates the energy gap between the conduction band and valence band at each k point. (d) Projected surface states and
surface Brillouin zone for the (001) surface of BDL-14. Low, medium, and high densities of states are represented by blue, white, and red colors,

respectively.

the synthesis of the energetically more stable BDL-14 in the
future.

Mechanical Properties. On the basis of the calculated elastic
constants of BDL-14, we can derive its Young’s moduli along
different axial directions. Here, we should point out that, for
convenience of comparison, in the calculations related to the
mechanical properties we exchange the spatial axis y with z of
this structure to make its 1D channels extend along the z
direction. The Young’s moduli of BDL-14 along the x, y, and z
directions are calculated to be 15.30, 45.50, and 625.00 GPa,
respectively, showing a highly anisotropic mechanical strength
with the Young’s modulus along the z direction much larger
than that along the x and y directions, which stems from its
unique atomic configuration. Compared with some recently
reported 3D porous carbon allotropes with a high Young’s
modulus along the z direction, such as HZGM-42 (612.10
GPa),” C-honeycomb-28 (571.9 GPa),*® and C-honeycomb-
52 (353.90),** BDL-14 possesses the largest Young’s modulus,
suggesting its stronger specific strength along the z direction.

The mechanical properties are further investigated by
calculating its stress—strain curves along different axial
directions. The results are displayed in Figure 3. The
deformation with a small strain increment of 0.01 is adopted
to achieve the quasi-static displacement-controlled deforma-
tion. One can see that the fracture strain of BDL-14 under the
uniaxial load condition is 0.46, 0.24, and 0.21 along the x, y,
and z directions, respectively, suggesting that the proposed
structure is able to maintain its structural stability within a
wide strain range. We also find that BDL-14 has an ideal tensile
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strength (the maximum stress required for breaking the crystal
structure)39 of 34.1, 53.3, and 72.7 GPa along the %, y, and z
directions, respectively. The ideal tensile strength of BDL-14
along the z direction is higher than that of HZGM-42 (71.9
GPa), C-honeycomb-28 (70.3 GPa), and C-honeycomb-52
(40.1 GPa), confirming its superior load-bearing capacity along
this direction. The direction-dependent large Young’s modulus
and ideal tensile strength of this structure can be explained by
the formation of graphene nanoribbons along the z direction,
which inherit the high in-plane strength of graphene.
Electronic Properties. To study the electronic properties of
BDL-14, we first calculate its band structure using the PBE
functional without considering the spin—orbit coupling
(SOC). As shown in Figure 4a, along the I'-X and X,—Z
paths of the Brillouin zone, the valence and conduction bands
of BDL-14 meet at a single point at the Fermi level, forming a
Dirac point similar to that of graphene. This suggests that
BDL-14 is semimetallic. The band symmetry analysis shows
that the crossing bands belong to two different irreducible
representations, labeled B, and A, in Figure 4a, respectively,
confirming the unavoidable band crossing in BDL-14. To
validate the results calculated at the PBE functional level, we
recalculate the band structure by using the more accurate
hybrid functional HSE06.'® The results in Figure S1 show that
the band structure shows semimetallic characteristic at the
HSEO06 level as well, indicating that the semimetallicity is an
intrinsic property of this structure. By thoroughly scanning the
whole Brillouin zone of BDL-14 (see Figure S2), we find that
the crossing points of the valence and conduction bands only

DOI: 10.1021/acs.jpclett.9b02484
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Figure S. (a,b) Top and side views of possible K absorption sites in BDL-14. (c,d) Two possible migration paths of K ions and (e) corresponding

diffusion energy barrier profiles.

exist in the '—=X—Z k plane (highlighted in Figure 1f). A
further analysis of the 3D valence and conduction bands of this
k plane (Figure 4b) shows that the crossing points form
continuous nodal lines, demonstrating that BDL-14 is a nodal-
line semimetal. A detailed analysis of the partial density of
states (DOS) projected onto the sp* and sp*-hybridized
carbon atoms and the band-decomposed charge density near
the Fermi energy (Figure S3) demonstrate that the valence and
conduction bands primarily originate from the sp*-hybridized
carbon atoms.

We next investigate the electronic structures of BDL-14 by
taking into account SOC. The calculated results are plotted in
Figure 4c, showing that a small gap less than 1 meV opens up
at the crossing point when considering SOC. This can be
understood from the band symmetry analysis. In the presence
of SOC, the double point group symmetry should be
considered. Thus, the valence and conduction bands belong
to the same irreducible representation I's, which means that
the two states can interact with each other, resulting in band
opening. By calculating the parity of the wave function of the
occupied states at the time-reversal invariant momenta
(TRIM), we obtain the Z, index of BDL-14 as (0:111),
showing that BDL-14 is a 3D weak topological insulator (TI).
To confirm the result, we calculate the (001) surface states of
BDL-14 with a 30 layer thick slab model. The emerging gapless
surface states as presented in Figure 4d agree well with the
result of Z, index calculation. Although BDL-14 is strictly a
weak T1I, we can still treat it as a nodal-line semimetal because
of the tiny SOC gap (smaller than 1 meV).
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In addition, we note that the valence and conduction bands
of BDL-14 along the I'=X direction have linear dispersion
similar to that of graphene, implying a possible high carrier
velocity along this direction. We then estimate the correspond-
ing carrier velocity using the following formula

deg
dk

vp=nh
(1)

where 7 is the Planck constant, &f is the energy, and ¥ is the
wave vector. To verify the reliability of the method used, we
first calculate the carrier velocity of graphene, yielding a result
of 0.87 X 10° m/s, very close to the value of 0.86 X 10° m/s
reported by Bu et al."’ Following the same procedure, the
maximum carrier velocity of BDL-14 is calculated to be 0.83 X
10° m/s, which is comparable to that of graphene, showing a
good potential of BDL-14 for applications in high-speed
electronic devices. More importantly, the relatively high carrier
velocity endows BDL-14 with rapid electron transfer capability,
which is crucial to improve the rate performance of the anodes.
Therefore, the nodal-line semimetal BDL-14 with the porous
geometry, 1D channels, and high carrier velocity has the
potential as a high-performance anode material for KIBs.
Application as an Anode Material for KIBs. We first examine
the adsorption and diffusion of a single K ion in BDL-14 to
evaluate the performance of this material as an anode at low K
concentration. A 1 X 4 X 1 supercell is used to avoid the
interaction between the neighboring K ions. On the basis of
the geometric configuration and symmetry of BDL-14, we find
three possible initial adsorption sites marked as K;, K, and

DOI: 10.1021/acs.jpclett.9b02484
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Figure 6. (a) Top and (b) side views of the full K-intercalated configuration of BDL-14. (c) Calculated voltage profile of BDL-14 in the half-cell.

Ky as shown in Figure Sa,b. The K adsorption energy (E,) is
calculated using the following equation
E = (EKx—BDL-M — Eppp14 — %Eg)/x

@)

where Ey _pp;, 14 and Eppy 14 are the total energy of K-inserted

and pristine BDL-14, respectively. Ey is the energy of one K
atom in the bulk metallic phase. After full structural relaxation,
Ky is optimized to Kj, and K; and Ky are found to be stable
adsorption sites with adsorption energies of —1.64 and —1.33
eV, respectively, indicating strong ionic bonding between K
and BDL 14. On the basis of Bader charge population
analysis,*" we find that the K atom adsorbed on the K; and
Ky sites transfers 0.89 and 0.91 electrons to BDL-14,
respectively, indicating that K atoms donate almost all of
their valence electrons to BDL-14 and become K ions.

To study the diffusion behavior of K ions in BDL-14, we
select two possible diffusion pathways (path I and path II)
along the 1D channels, as shown in Figure 5¢,d, because K ions
in BDL-14 are restricted to the 1D channels. Path I
corresponds to the K ion adsorbed on the K site migrating
to its neighboring K; site along the channel, and path II shows
that the K ion adsorbed on the Ky site migrates to its
neighboring Ky; site along the channel. The calculated
diffusion energy barrier profiles are presented in Figure Se.
For both paths I and II, the diffusion barriers are extremely
low, namely, 0.081 and 0.045 eV, respectively, which are much
lower than that of the K ion in §raphite calculated using the
same method (0.11-1.58 eV*’). This suggests that the
mobility of K ions in BDL-14 can be very fast. The ultralow
diffusion barriers of K ions in BDL-14 can be attributed to the
flat energy landscape along the ordered 1D channel and the
large channel size, which is reminiscent of the low diffusion
barrier of Li ions in IGN with the 1D ordered channels for Li
ion diffusion.”

Next, we study the theoretical capacity of BDL-14. We
gradually increase the K concentration until the full K-
intercalated configuration (see Figure 6a,b) is reached. In this
configuration, both stable adsorption sites K; and Ky are
uniformly distributed, and only half of them are occupied. The
average adsorption energy of K in BDL-14 is calculated to be
—0.39 eV, suggesting that K atoms can be stably adsorbed and
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clustering of K ions will not occur even at such a high
concentration. Thus, the theoretical specific capacity of BDL-
14 is calculated to be 478.23 mAh/g (KC,4;), which is much
larger than that of most reported KIB anodes such as graphite
(279 mAh/g) and TiO, polymorphs (97—308 mAh/g).*~*

We further evaluate the performance of BDL-14 as a KIB
anode by calculating its open-circuit voltage (OCV) in the
half-cell reaction, described as

(%,

- sz

— x)K" + (x, — x))e” + K,-BDL-14

—BDL-14 (3)

Neglecting the effects of volume, pressure, and entropy, the
average voltage of K,—BDL-14 in the concentration range of
x,< X < x, can be obtained from the equaltion46

EKXI—BDL-H - EKXZ—BDL—H + (%, — x)Eg

~
~

|4

(4)

Ex__ppr1s and Eg are the total energies of

(%, — %)

Where Ele—BDL—M’
K, —BDL-14, K, —BDL-14, and one K atom in the K bulk
phase, respectively. To obtain Ex _pp; _ 4 at a certain K

concentration (K,C,¢: x = 0.167, 0.333, 0.500, 0.667, 0.833),
we calculate the total energy of 10 different inequivalent
adsorption configurations for each concentration and select the
one with the lowest adsorption energy (see Figure S4) as
Ex__ppr - 14- The voltage profile obtained based on eq 4 is

displayed in Figure 6¢, which shows three prominent voltage
regions (0 < x < 0.17, 0.17 < x < 0.33, and 0.33 < x < 0.67)
corresponding to the weak, increased, and strong repulsive
interactions between the K ions at low, medium, and high K
concentrations, respectively. One can see that when the K
concentration increases to 0.667 the voltage profile decreases
to —0.362 V, suggesting that the reversible capacity of BDL-14
in the half-cell is 318.67 mAh/g (KC,), which is higher than
the theoretical specific capacity of graphite (279 mAh/g). The
average voltage of BDL-14 in the half-cell can be estimated by
numerically averaging the profile in the region 0 < x < 0.67,
which is calculated to be 0.59 V. However, in a full-cell, the
repulsive interactions between K ions at high K concentrations

DOI: 10.1021/acs.jpclett.9b02484
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can be overcome by applied voltage during charging, leading to
a maximum K capacity (478.23 mAh/g: KC, ;) with a lower
average voltage of 0.22 V.

Cycling stability, which is mainly determined by the volume
change of an anode during the potassium adsorption/
desorption processes, is another important factor that should
be considered to assess the performance of the KIB anode
materials. Comparing the structure of the K-intercalated BDL-
14 at different K concentrations with that of the pristine BDL-
14, we find no bond-breaking and irreversible reactions
occurring during the K insertion/deinsertion processes.
Moreover, the volume expansion of BDL-14 is calculated to
be 7.03%. This is a considerable improvement over the 61%
volume change of graphite used as the KIB anode.” The small
volume expansion of BDL-14 can be attributed to its intrinsic
nanopores, which provide a relatively large space to
accommodate the K-ions. The small volume change for K-
ion insertion and the large fracture strain indicate that BDL-14
can exhibit good cycling stability when used as the KIB anode
material.

In summary, on the basis of first-principles calculations
together with molecular dynamics simulation and topological
analysis, we have identified a new 3D porous carbon BDL-14
as a high-performance KIB anode material with the following
features: (i) BDL-14 is not only dynamically, thermally, and
mechanically stable but also energetically more favorable than
most of the previously reported 3D carbon allotropes; (ii)
BDL-14 is a nodal-line semimetal with a high carrier velocity
(0.83 x 10° m/s), and good electrical conductivity; (iii) the
intrinsic porosity of BDL-14 provides sufficient adsorption
sites for K ions, resulting in a large specific capacity of 478.23
mAh/g; (iv) the diffusion energy barriers of the K-ion along
the 1D channels in BDL-14 are extremely low (0.05—0.08 eV),
enabling fast K-ion transport dynamics; (v) the volume change
of BDL-14 is as low as 7.03%, indicating good cycling stability
during charging and discharging. These attributes demonstrate
the potential of BDL-14 as a high-performance KIB anode.
Moreover, because of the smaller size of Li- and Na-ions, we
can optimistically expect that BDL-14 is also promising for Li-
ion and Na-ion batteries. We hope that our work will stimulate
further theoretical and experimental efforts in developing new
3D topological quantum materials, going beyond the conven-
tional materials for new battery technology.
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