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Based on first-principles calculations, we propose a new 3D topological nodal-net carbon allotrope
consisting of graphene nanoribbons. This structure possesses orthorhombic symmetry with 46 carbon
atoms in its primitive cell, termed oC46, which is energetically, thermally, and dynamically stable. More
interestingly, a Dirac nodal net composed of three types of nodal lines is found in its first Brillouin zone,
where the nodal lines are protected by the coexistence of time-reversal, spatial inversion, and mirror/
glide-plane symmetries. These features can be characterized by effective k-p models. In addition, oC46
is found to be a promising anode material for sodium-ion batteries with a high reversible capacity of
303 mA h g% a low diffusion energy barrier (0.05 eV) for Na ions, an appropriate average voltage of
0.43 V, and a small volume change of 2.0% during charging/discharging operation. The main reasons for
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1. Introduction

Sodium-ion batteries (SIBs) have attracted increasing attention
in recent years due to the high abundance in the continental
crust and environmentally friendly nature of sodium. However,
the anodes for lithium-ion batteries (LIBs) usually exhibit poor
performance when used for SIBs, showing low energy density,
large volume expansion, and low coulombic efficiencies." For
example, graphite, as the successfully commercialized LIB
anode material, exhibits a fairly low capacity of 35 mA h g *
when acting as an anode for SIBs.> The main reason is due to the
larger atomic radius of sodium atoms as compared to lithium.
Therefore, considerable effort has been devoted to the design
and synthesis of new anode materials for SIBs. For instance, it
was found that titanium oxides and titanium phosphates have
impressive rate capability and long cycle life, while their electric
conductivity is quite low.> Alloy-based anodes can achieve high
capacity and low volume expansion, but usually have fairly high
diffusion barriers for sodium ions.* In addition, conversion-
based anode materials, which adsorb sodium ions through
conversion reaction, exhibit considerable voltage hysteresis and
large volume changes.*® Compared to these anode materials,
carbon materials have advantages because the flexible bonding
and orbital hybridization of carbon atoms not only can result in
various allotropes with porous geometric structures for the
storage and transport of sodium ions, but also offer delocalized
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electrons for introducing metallicity or semimetallicity that can
improve their electronic conductivity. Thus, it is highly desir-
able to explore high-performance carbon anode materials for
SIBs.

Topological semimetallic porous carbon materials are of
particular interest, due to their intrinsic high conductivity
protected by their topology. For the electronic properties, the
crossing feature of the conduction and valence bands near the
Fermi level can excite Dirac fermions, and then improve the
electronic conductivity of such systems.® So far, the reported
topological carbon semimetals include Dirac semimetals,”®
Weyl semimetals,”™ nodal-line semimetals,’**® nodal-link
semimetals,”” nodal-knot semimetals,” nodal-chain semi-
metals,”?** nodal-net semimetals,” and nodal-surface semi-
metals,* while a nodal line semimetal is found to carry a non-
trivial Berry phase w along the loop which encircles the nodal
line. The symmetry-based topological protection mechanisms
of nodal lines are either via the coexistence of time-reversal
symmetry T and spatial inversion symmetry P, or by mirror/
glide-plane symmetry.** In experiments, it has been found
that some extremely high-mobility charge carriers exist in
nodal-line semimetals due to the Dirac-like dispersion, and the
density of the nodal-line fermions is much higher than that of
the Dirac fermions in topological semimetals with discrete
nodes.*® Therefore, nodal-net semimetals with multiple nodal
lines should more easily excite high-mobility carriers. This
stimulates studies on topological semimetallic carbon mate-
rials for SIB anodes. It has been found that nodal-line*® and
nodal-surface*® semimetals are promising anode materials for
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SIBs. However, no study has been reported on designing nodal-
net semimetals for battery applications despite the fact that
more nodal-line fermions can be excited for further enhancing
the carrier mobility in such materials.

In this work, we design a new stable 3D porous carbon
allotrope, named o0C46, and show its interesting electronic
features, ie., there are three types of nodal lines protected by
the coexistence of spatial inversion, time-reversal, and mirror/
glide-plane symmetries, exhibiting drumhead surface states
formed by connecting nodal lines of the same type. We further
demonstrate that 0C46 can be used as an anode material for
SIBs with good performance.

2. Computational methods

First-principles calculations within the framework of density
functional theory are performed by using the Vienna ab initio
simulation package (VASP).”” The projector augmented wave
(PAW) method®® is employed to treat the interactions between
the ion cores and valence electrons. A plane-wave basis set with
an energy cutoff of 600 eV is used to expand the valence electron
wavefunctions. The exchange-correlation potential between
electrons is treated by using the Perdew-Burke-Ernzerhof
functional (PBE)* within the generalized gradient approxima-
tion (GGA).** The Heyd-Scuseria-Ernzerhof hybrid functional
(HSE06)* is further used for high-accuracy electronic structure
calculations. The first Brillouin zone is represented by a 3 x 3 X
7 k-points mesh within the Monkhorst-Pack scheme.** The
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convergence thresholds for the total energy and force are set to
107" eV and 1072 eV A™*, respectively, for geometry optimiza-
tion, which are respectively raised to 10 ® eV and 10 ° eV A™*
for phonon calculations that are carried out by using the finite
displacement method® implemented in the PHONOPY
package.** The elastic constants are calculated by using the
energy-strain method implemented in the AELAS package.** Ab
initio molecular dynamics (AIMD) simulations are carried out to
verify the thermal stability of the designed system with the
canonical ensemble, where the temperature is controlled by
using the Nosé thermostat.’® The topological properties and
surface states are studied by using the WANNIERTOOLS
package® based on the maximally localized Wannier func-
tions.*® The climbing-image nudged elastic band (CI-NEB)
method® is used to calculate the diffusion barriers of Na ions.

3. Results and discussion
3.1. Geometry, stability, and mechanical properties

We construct a 3D porous carbon allotrope by using zigzag
graphene nanoribbons with the width of a double-benzene-ring
and connecting seven such nanoribbons with the sp*-hybrid-
ized carbon chains as linkers (see Fig. 1(a)), forming a primitive
cell, as shown in Fig. 1(b). After full optimization, the structure
possesses an orthorhombic symmetry in the nonsymmorphic
space group Cmcm (no. 63) and contains 46 atoms per primitive
cell, as shown in Fig. 1(c) (dashed frame), thus termed 0C46. In
addition, Fig. 4(d) shows a perspective view of a 2 x 2 x 7
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Fig. 1 (a) Building block of the zigzag graphene nanoribbon and sp*-hybridized carbon chain linker. (b) Assembling process of the building
blocks and the linkers. (c) Optimized geometry of oC46. The dashed frame and solid rectangles represent the primitive and unit cells,
respectively. (d) Perspective view of a 2 x 2 x 7 supercell of the 0oC46's primitive cell. The orange and blue spheres represent the three-fold

coordinated and four-fold coordinated carbon atoms, respectively.
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Fig. 2 (a) Calculated energy—volume curve of oC46, compared with diamond, graphite, and previous reported semimetallic carbon allotropes.
(b) Phonon spectrum of oC46 along the high symmetry g-point path in its first Brillouin zone. (c) Total potential energy fluctuation during AIMD
simulation at 300 and 1200 K, respectively. The inset in (c) shows the atomic configuration of oC46 (1 x 1 x 7 supercell of its primitive cell) at the

end of the simulation at 1200 K.

supercell of the 0C46's primitive cell, exhibiting the regularly
porous structure of 0C46.

To study the energetic stability of 0C46, the change of the
average binding energy per atom with the volume is calculated.
We firstly do geometry relaxation for the primitive cell to obtain
the optimized structure with convergence thresholds of 108 eV
and 10~ ° eV A~ for the total energy and force, respectively. Then,
we change the volume of the optimized structure by setting
different universal scaling factors for the lattice constants from
0.85 to 1.15 by an increment of 0.01. For each volume-changed
structure, we do optimization to get the total energy with fixed
lattice constants, based on which the energy and volume per
atom are obtained. For comparison, calculations are also carried
out for some 3D semimetallic carbon allotropes, including
HZGM-42,* bco-Cq6,"* 50-C1,,** bet-Cyp,*® 0C24,* tC,,4,%¢ and for
diamond and graphite. The results are plotted in Fig. 2(a). One
can see that except for graphite, diamond, and HZGM-42, 0C46
possesses the lowest energy. The calculated bond lengths
between the three-fold coordinated carbon atoms are in the
range of 1.35-1.46 A, which are comparable to that of the sp*
hybridized carbon atoms of graphite (1.42 A), and the corre-
sponding bond angles are in the range of 117.1-121.4°, close to
that of graphite (120°). The bond length between the four-fold
coordinated carbon atoms is 1.53 A, the same as the sp’-
hybridized carbon atoms in diamond, and the bond angle is
108.1°, close to that of diamond (109.5°). Thus, the reason for the
high energetic stability of 0C46 could be the suitable values of
bond lengths and bond angles. To verify the dynamical stability
of 0C46, the phonon spectrum is calculated by using the finite
displacement method.*® As shown in Fig. 2(b), no imaginary
frequency mode appears in the entire Brillouin zone, confirming
that 0C46 is dynamically stable. The thermal stability of 0C46 is
examined by performing the AIMD simulation from 300 K to
1200 K for 10 ps with a timestep of 1 fs, as shown in Fig. 2(c). A
large 1 x 1 x 7 supercell of the 0C46's primitive cell is used to
reduce the constraint associated with the periodic boundary
condition. We find that the total potential energies fluctuate
slightly around an average value during the entire simulation,

This journal is © The Royal Society of Chemistry 2022

and the skeleton of 0C46 remains almost intact at the end of
simulation within the heating bath at 1200 K, confirming that
0C46 is thermally stable even at the high temperature of 1200 K.
Finally, the mechanical stability of 0C46 is verified by Born-
Huang criteria for an orthorhombic lattice: Cy; > 0, Cp, > 0, C33 >
0, Ca4> 0, Cs55> 0, Cs6> 0, [Cy1 + Cap + C33 + 2(C12 + C13 + Ca3)] > 0,
(Ci1 + Cap — 2C13) > 0, (Cy1 + C33 — 2C13) > 0, and (Cp, + C35 —
2C,3) > 0.* The independent elastic constants of oC46 are
calculated by using the energy-strain method implemented in
the AELAS package,** which are C;; = 198.1 GPa, C;, = 21.8 GPa,
Cis = 29.0 GPa, C,, = 128.6 GPa, C,; = 26.6 GPa, Cs; =
618.6 GPa, C,, = 137.4 GPa, C55 = 116.5 GPa, and C¢, = 5.1 GPa.
The elastic constants fully satisfy the criteria listed above, con-
firming that 0C46 is mechanically stable.

Next, to obtain the maximum tensile strength, we use the
quasi-static displacement-controlled deformation in three
orthogonal directions with a strain increment of 0.01. The
results are shown in Fig. 3. For 0C46, the maximum stress along
the [100], [010]-, and [001]-directions is 16.9, 26.3, and
69.2 GPa, corresponding to the maximum tensile strain of 14%,
15%, and 20%, respectively. As a comparison, the mechanical
properties of an interpenetrating-silicene-network SIB anode
material, named ISN, with a nodal-line characteristic of its
electronic band structure,* are also calculated and plotted in
Fig. 3, which shows that the maximum stress of 0C46 is higher
than that of ISN in all three directions, indicating that the
mechanical properties of 0C46 are good enough for the appli-
cation of SIB anodes.

3.2. Electronic properties

We next discuss the electronic properties of 0oC46. In the
absence of spin-orbit coupling (SOC), 0C46 is a semimetal as
deduced by its electronic band structure calculated at the GGA-
PBE level, as shown in Fig. 4(a). Note that the valence and
conduction bands exhibit linear dispersion near the Fermi level
along the Z-T, X;-A;, and T-Y paths. To validate the semi-
metallic feature, we recalculate the band structure at the HSE06
(ref. 31) level. The results are also plotted in Fig. 4(a), which
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Fig. 3 Variation of the stress with axial tensile strain in oC46 and ISN.
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level (yellow lines) and the HSEO6 level (blue lines) for oC46. (b) First Brillouin zone of 0C46, the nodal lines are marked in orange. |, II, and Ill are
the three mirror/glide-invariant planes containing three pairs of nodal lines, respectively. (c) 3D band structures of the VB and CB for the three
mirror/glide-invariant planes. The color contour represents the band gap, and the gold lines label the traces of nodal lines. (d) Band-crossing/

splitting distribution of the (001)-projected first Brillouin zone.

shows that the band crossing points are secure at the HSE06
level as well. In addition, the partial density of states (PDOS),
shown in Fig. 4(a), indicates that the semimetallic feature near
the Fermi level mainly originates from the three-fold coordi-
nated carbon atoms. It is worth noting that the conduction
band (CB) and valence band (VB) along the high-symmetry
paths Z-I', X;-A;, and T-Y belong to the different irreducible

J. Mater. Chem. A

representations as labeled in Fig. 4(a), which results from band
inversions, while along the S-R path, the same irreducible
representations for the CB and VB lead to prohibiting hybrid-
ization of them and then avoiding band crossing. The multiple
band-crossing points in the high symmetry k-path indicate that
the trace of the Dirac points could potentially be a nodal line,
nodal net,** or nodal surface.?>*

This journal is © The Royal Society of Chemistry 2022
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To identify the nodal manifold of 0C46, we thoroughly scan
the entire first Brillouin zone and find three pairs of nodal lines
lying in three mirror/glide-invariant planes, i.e. plane-I: k; — k,
=0, plane-II: k; + k, = 0, and plane-III: k; — k, = 1 (here we use
the fractional coordinates of the first Brillouin zone), and the
intersected nodal lines form the nodal net, as shown in Fig. 4(b)
(orange lines). Moreover, the 3D band structures and band gap
contours of 0C46 in the mirror/glide-invariant planes (plane-I,
11, and III) are plotted in Fig. 4(c). For each plane, the CB and
VB cross along the nodal lines, confirming the validity of the
nodal-net feature. On the other hand, the band crossing can
also be examined by a symmetry-based method as follows. We
firstly lay down several evenly spaced points in the (001)-pro-
jected first Brillouin zone as the hexagonal area shown in
Fig. 4(d). Each point (x, y) corresponds to a path from (x, y, 0) to
(x, y, 0.5) in the first Brillouin zone. Then, we calculate the
irreducible representation for each path to identify the band
crossing/splitting, i.e. if the CB and VB belong to the same
irreducible representation near the crossing point along that
path, then the band is split. If they belong to two different
irreducible representations, the symmetry-protected band
crossing will emerge. Thus, it is an effective way to confirm the
morphology of the nodal manifold. After careful calculations,
the first Brillouin zone can be divided into two parts, i.e. orange
lines and gray blocks, as shown in Fig. 4(d), where the orange

(a)

[ Type-I nodal lines
Type-II nodal lines
@ Type-III nodal lines
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lines represent the band crossing occurring at each point on
these lines, while the gray blocks relate to the band splitting. To
probe the anisotropy of carrier mobility, we evaluate the effec-
tive mass of carriers, which depends on the flatness of the band.
From Fig. 4(c), one can see that the bands near the Fermi level
are linearly dispersed in one direction and nearly flat in the
orthogonal direction, showing the anisotropy of the effective
mass, indicating that the carrier mobility of 0C46 is anisotropic,
while along the [001] direction, only massless Dirac fermions
could be excited by the linear dispersion of the nodal lines.
Thus, the electric anisotropy would not affect the carrier
mobility along the direction of the nanopores.

To understand the origin of the topological band, the Berry
phases around two loops in the first Brillouin zone of 0C46 are
calculated, as the blue and orange circles shown in Fig. 5(a).
Since the spatial inversion, time-reversal symmetries, and spin-
rotational symmetry (SU(2)) are preserved in oC46, the Berry
phase along the loop, which interlocks with a nodal line, should
be quantized to £#. This phenomenon could be observed by
quantum oscillation experiments.*® Any perturbation that
maintains time-reversal, spatial inversion, and spin-rotational
symmetries will not destroy the band crossing feature, making
it robust. As for the net point encircled by the blue loop in
Fig. 5(a), the Berry phase is 27 since there are two nodal lines
surrounded by the loop. The 27 Berry phase is equivalent to

Fig. 5 (a) Calculated nodal lines in the first BZ. The blue and orange loops are two paths along which the Berry phases are calculated. The
intersections of the blue plane and yellow surfaces in (b), (c), and (d) are three types of nodal lines derived from three two-band effective k-p
Hamiltonians around the I (0, O, 0), 4 (0, 0, 0.45), and H (—0.5, 0.5, 0.45) points, respectively. The yellow, gray, and pink spheres represent the k-

points on the nodal lines calculated by DFT.

This journal is © The Royal Society of Chemistry 2022
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0 due to the Z, feature of the Berry phase in this nodal-net
system. In addition, for each k-point on the nodal net, the
irreducible representations of VB and CB are distinguished by
distinct mirror/glide-plane symmetry eigenvalues, namely, the
nodal net is protected by mirror/glide-plane symmetries.>* The
protections of nodal lines by both non-trivial Berry phase and
mirror/glide-plane symmetry are so-called two mechanisms.*”

To get a systematic understanding of the nodal net's origin,
we construct the following two-band effective k- p model around
the I' point:

3
i=0

H (k) = dik)o; (1)

Here o;5 (i = x, ), 2) are the Pauli matrices. The little co-group at
the I' point is Dy, including three generators, i.e. mirror-plane
symmetry M, glide-plane symmetry {My|c/2}, and inversion P.
In addition, the time-reversal symmetry T is also preserved at
the I' point. For a nonmagnetic material without considering
SOC, spin could be treated as a dumb index, and thus the time-
reversal operator is the complex conjugation operator, i.e. T=K.
The inversion symmetry operator is chosen as P = ¢, due to the
opposite parities of the two inverted bands at the I" point. Thus,
the coexistence of spatial inversion and time-reversal symme-
tries (PT-symmetry) requires that:

di(k) =0 (2)
dy(k) = —dx(—k) 3)
dy(k) = d3(—k) (4)

Moreover, as shown in Fig. 4(b), two opposite nodal lines lie
in the glide plane (plane-II). According to the eigenvalues of the
glide-plane symmetry, we chooseMy; = o, leading to:

dy(ky, ka, k3) = —do(—k», —ky, k3) (5)
dy(ky, ko, k3) = dy(—ka, —ki, k3) (6)

Similarly, we take M; = I, where I is the identity, which results
in:

di(ky, ka, k3) = dfka, ki, ks), (i = 2, 3) 7)

Thus, we have d,(k) = ai(ky + ks), ds(k) = ¢o + c1(ks® + k%) +
coks® + cskiky, where the as (i = 1), ¢s (=01, 2, 3)are
constants. The band crossing appears when d,(k) = 0 and d;(k)
= 0. For d,(k) = 0, it is the plane-II, i.e. k; + k, = 0. As for d3(k) =
0, it forms an ellipsoid in the Brillouin zone, satisfying all
symmetries at the I' point, and then the two surfaces intersect
with each other, forming the type-II nodal lines in plane-II, as
shown in Fig. 5(b). Here, we take the fractional coordinates for
k-points, which is dimensionless, and the parameters are
chosen to be ¢, = —0.002 eV, ¢; = 0.394 eV, ¢, = 0.013 eV, and c;
= 0.787 eV. It shows that the nodal lines derived by the two-
band k-p model are fitted well with the DFT results, confirm-
ing the correctness of our model. In addition, it is easy to prove
that the broken glide-plane symmetry will remove the nodal
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lines out of the plane k; + k, = 0. When the time-reversal
symmetry or inversion symmetry is further broken, the d;(k)
term will be non-zero. According to the generalized von Neu-
mann-Wigner theorem,*”® the nodal lines will disappear,
namely, the type-II nodal lines can be expressed by a two-band
model near the I' point and are protected by the coexistence of
PT-symmetry and glide-plane symmetry.

Next, we construct a two-band k-p model around the 4 (0, 0,
0.45) point:

H(k) = Zg,-(k)m (8)

In this case, the three components (k;, k,, k3) of the
momentum k are relative to the 4 point. At the 4 point, the
inversion symmetry is absent, and the little co-group is C,.
There are only two generators, i.e. mirror-plane symmetry M;,
glide-plane symmetry {My|c/2}. In this case, the time-reversal
symmetry is also T = K Thus, g;(k) and gs(k) are even func-
tions, while g,(k) is an odd function to k. Moreover, we take M; =
04, SO that

gilky, ko, k3) = —gi(ka, ki, k3) 9)
golky, ko, k3) = —golks, ki, k3) (10)
g3(ky, ka, k3) = ga(ka, ki, k3) (11)

Furthermore, we take My = I, leading to:
gilky, ko, k3) = gi(—ka, —ki, k3), (i=1,2,3) (12)

Thus, we have gy(k) = ay(k; — k2)ks, 22(k) = as(ky — k), and
23(k) = ¢4+ c5(ks® + k%) + ceks® + c;k1 ks, where the a;s (i = 2, 3), ¢;s
(f=4, 5, 6, 7) are constants. The solution of g{k) =0, (i =1, 2, 3)
forming two surfaces, i.e. the plane-I: k; — k, = 0 and a hyper-
boloid: ¢, + c5(ky> + k%) + ceks + c5k1k, = 0. The type-I nodal lines
in the plane-I are the intersections of them, which is consistent
with the DFT results, as shown in Fig. 5(c). The model param-
eters are chosen to be ¢, = —0.0025 eV, ¢5 = 0.394 €V, ¢; =
0.013 eV, and ¢; = 0.787 eV. Based on the above analysis, only
the combination of time-reversal symmetry 7'and mirror-plane
symmetry M; can eliminate the k; term in g,(k), leading to the
intersections (nodal lines) occurring in plane-1. Thus, the type-I
nodal lines in the mirror plane are protected by the coexistence
of T and M;. As for type-III nodal lines, we can use a two-band
k-p model around the H (—0.5, 0.5, 0.45) point, where the
little co-group is also C,, with two generators, i.e. My and {My|c/
2}. Here, according to the eigenvalues of the two generators, we
take M; = o, and My = I. Thus, the derivation of this model
around H is similar to that of /. As shown in Fig. 5(d), the nodal
lines are also intersections of the plane-III: k; — k, = 1 and
a hyperboloid: cg + co(ky® + k3) + c1oks> + c11kiky = 0, where ¢g =
—0.002 eV, ¢ = —0.297 eV, ¢;o = 0.5 eV, and ¢;; = 0.59 eV.
Therefore, the type-III nodal lines are protected by the coexis-
tence of time-reversal symmetry 7 and mirror-plane symmetry
M;. Compared with the recently reported Weyl-like semimetal

This journal is © The Royal Society of Chemistry 2022
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IGN with two nodal loops residing in a mirror invariant plane in
the first Brillouin zone,** 0oC46 has three pairs of nodal lines
constrained on three intersected mirror/glide planes, which
would provide Dirac fermions in the orthogonal directions and
improve its electronic transport properties. In addition, as
compared to the semimetals with multi-directional Dirac
fermions, such as bct-C4 (nodal-net semimetal)® and tCs,
(nodal-surface semimetal),”® 0C46 has nodal lines protected
only by orthogonal mirror/glide planes, indicating that the
breaking of one mirror/glide symmetry will not affect the nodal
lines in the orthogonal planes, exhibiting the robustness of the
topological quantum state in 0C46.

Based on a tight-binding model generated by the Wannier
functions,**® the surface states projected onto the (100) and
(010) surfaces of the unit cell, and the corresponding bulk states
are calculated by using the iterative Greens function method™
with a ten-layer-thick slab. The surface states and the corre-
sponding bulk states are plotted in Fig. 6(a-d), and the pro-
jected surface Brillouin zone for the (100) and (010) surfaces is
shown in Fig. 6(e). There is more than one surface flat band
between the two band-crossing points due to the superposition
effect of multiple nodal lines.** In addition, since no symmetry
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Fig. 6 (aand c) Surface states, and (b and d) corresponding bulk states
for the (100) and (010) surfaces, respectively. (e) Bulk Brillouin zone
and projected surface Brillouin zone for the (100) and (010) surfaces of
the 0oC46's unit cell, respectively.
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protection mechanism is valid on the surface, the flatness of the
surface states disappears and the dubbed drumhead surface
states are never topologically protected.> Nevertheless, when
used as an anode material, the large density of surface states
endows 0C46 with high electron conductivity on the surface,
which is crucial for improving the rate capability of a battery. In
addition, we study the evolution of the nodal net in the presence
of SOC, and the results reveal that the band gap of the nodal net
induced by SOC is in the order of 1 meV, which is negligibly
weak and maintains the nodal-net semimetallicity of 0C46.

3.3. Applications as an anode material for SIBs

Considering the robust nodal-net feature and regular porosity
of 0C46, this structure can be used for the storage and transport
of electrons and sodium ions. To this end, we study its appli-
cations as an anode material for SIBs. We first study the
adsorption of a single Na ion. To avoid interactions between Na
ions, we adopta 1 x 1 x 4 supercell of the 0C46's primitive cell.
After geometry optimization, we find five stable hollow sites for
single-Na adsorption, namely H1-H5, shown in Fig. 7(a and b).
The H1, H2, and H5 reside in the large pore, while H3 and H4
are in the small pore. The adsorption energies of them are
calculated by using the formula:

Ep = (Enaocas — Eocas — XEna)/x (13)

Here, Ena,ocs6) Eocss, and En, are the energies of x-Na-
adsorbed 0C46, pristine 0C46, and one sodium atom in its
bulk phase, respectively. The calculated adsorption energies are
—0.74, —0.40, —0.81, —0.86, and —0.67 €V for the Na ion on H1-
HS5 sites, respectively. To analyze the charge transfer during Na
adsorption, Bader charge analysis®* for these five sites is per-
formed. The results show that 0.87, 0.89, 0.88, 0.87, and 0.88
electrons are transferred to the substrate for H1-H5, respec-
tively, demonstrating good binding between sodium ions and
the 0C46 substrate. Furthermore, the strong coulombic repul-
sion between the Na ions can prevent them from clustering.

Next, the energy barriers for Na-ion diffusion are examined to
evaluate the rate capability, We select five symmetry-
nonequivalent migration paths along the conducting channels
according to the geometry structure of 0C46 and its adsorption
sites, as shown in Fig. 7(d). The corresponding diffusion energy
barriers are calculated by using the CI-NEB method,* as pre-
sented in Fig. 7(e). For all of the five paths, the energy barriers are
in the range of 0.05-0.16 eV, comparable to that of tC,, (0.05 eV).>

We then study the maximum Na capacity of 0C46 by grad-
ually increasing the Na concentration until the fully Na-
intercalated configuration is reached as shown in Fig. 7(c).
This configuration is estimated by considering not only the
stable adsorption sites, but also the symmetry and distance
between the Na ions to avoid clustering among them. In this
configuration, 30 Na ions are regularly distributed at H1, H3,
and H4 sites in the supercell, leading to the chemical compo-
sition of Na;,Cyg4.

Next, we evaluate the open-circuit voltage (OCV) by using the
following formula:
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Ve ENa,,-oc46 — Ena, —ocas — (%2 — X1) Ena (14)
(%2 — x1)e

Here Ena,,—oca6, Ena,,—ocass and Ey, are the total energies of
Xx,-Na-, x;-Na-intercalated 0C46, and one Na atom in its bulk
phase, respectively. To obtain Ena ocas at a certain Na concen-
tration (Na,Ce13: 7 = 0.167, 0.333, 0.500, 0.667, 0.833), the
optimized structures for these concentrations need to be
determined. Thus, we generate 20 symmetry-nonequivalent
adsorption configurations at each Na concentration by
comparing the electrostatic Ewald energy of them as imple-
mented in the pymatgen package.>>** To probe the charging and
discharging processes of 0C46, we calculate the formation
energy in the ground-state hull by using the formula:** E¢,mation
= E, — (1 — ¢)E, — CEj, here ¢ is the concentration of Na ions
(ranging from 0 to 1), and E,, E,, and E, are the energies of Na-
intercalated oC46 at the Na concentration of ¢, 0, and 1,
respectively. The ground-state hull diagram of Na ions in 0C46
is plotted in Fig. 7(f). The convexity of the hull indicates that the
most stable intermediate state obtained by our calculations is
the thermodynamic ground state for each Na concentration.”
Moreover, the voltage profile of 0C46 is presented in Fig. 7(g),
which can be divided into two regions: positive region (0 < n <
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0.833) and negative region (0.833 < n < 1). By averaging the
voltage in the positive region, the average voltage is 0.43 V,
which is lower than that of tC,, (0.54 V)** and ISN (1.35 V).>* The
low OCYV is favorable for the anode since it can increase the full
cell voltage of the battery. On the other hand, according to the
voltage profile, the reversible capacity is 303 mA h g¢~*, which is
still larger than those of tC,; (233 mA h g ') and ISN
(160 mA h g~"),% and large enough for SIB anode applications.

Cycling stability is another key parameter influencing the
performance of the battery, which is determined by the volume

change of the anode in the Na-adsorption/desorption process.

Ona — Q

% x 100% (here Qy, and Q,
0

are the volumes of the fully (NazoCig4) and none (C;g4) Na-

intercalated oC46 configurations, respectively), the calculated
volume expansion of 0C46 is 2.0%, smaller than that of ISN
(2.8%),* confirming the good cycling stability of 0C46.

For clarity, we list four key parameters of 0C46 as an anode
for SIBs, and compare them with the recently predicted semi-
metallic SIB anode materials, i.e. ISN (nodal-line semimetal)*
and tC,, (nodal-surface)*® in Table 1. It shows that oC46
possesses a high reversible capacity, low diffusion energy
barriers, a low OCV, and a small volume change, indicating that
0C46 is a promising candidate for SIB anode materials.

Using the formula AQ =

This journal is © The Royal Society of Chemistry 2022
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Table 1 Performance comparison of oC46 with two semimetallic anode materials for SIBs

Materials Reversible capacity (mAh g™ ") Diffusion barrier (eV) OCV (V) Volume change (%)
0C46 nodal-net 303 0.05 0.43 2.0
ISN (ref. 25) nodal-line 160 0.01 1.35 2.8
tC,,4 (ref. 26) nodal-surface 233 0.05 0.54 0.9

4. Conclusions

In summary, based on the state-of-the-art theoretical calcula-
tions, we report the first study on designing topological nodal-net
semimetallic anode materials for SIBs. The structural stability of
0C46 is confirmed with phonon spectrum calculation, AIMD
simulation, and Born-Huang criteria. oC46 is energetically more
favorable over many other 3D semimetallic carbon allotropes. A
detailed analysis of its electronic properties reveals that 0C46
possesses a nodal net composed of three pairs of nodal lines in
its first Brillouin zone, protected by the coexistence of time-
reversal, spatial inversion, and mirror/glide-plane symmetries,
which can be derived from three effective k- p models. Moreover,
0C46 exhibits multiple drumhead surface bands, which would
enhance the surface electronic conductivity. In addition, we show
that 0C46 is a promising anode material for SIBs with a high
reversible capacity of 303 mA h g™, much larger than that of
graphite (35 mA h g~'), low diffusion energy barriers (0.05-0.16
eV), a relatively low average voltage of 0.43 V, and a negligible
volume change (2.0%) as well. This work expands the application
of topological quantum materials for Na-ion batteries to nodal-
nets with new features.
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