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Metallic carbon has been extensively studied for its potential novel applications in catalysis, superconductivity,
and electronic devices. Currently, the design of metallic carbon is mainly by educated intuition which could miss
some more stable allotropes. Here we carry out a global structure search on the potential energy surface, and
identify a new three-dimensional (3D) metallic carbon phase, termed Hex-C;g, which is energetically more
favorable than most of the previously identified 3D metallic carbon allotropes. Using state-of-the-art theoretical
calculations, we show that Hex-C;g not only possesses a high thermodynamic stability, large heat capacity, high
Debye stiffness, anisotropic elasticity, and super hardness, but also is a promising anode material for lithium ion
batteries (LIBs). As compared to graphite commercially used in LIBs, Hex-C;g exhibits a lower Li diffusion
energy barrier and a higher Li capacity because of its intrinsic metallicity and regular porosity. In addition, the
simulated x-ray diffraction of Hex-C;g matches well with a previously unidentified low-angle diffraction peak in
experimental XRD spectra of detonation soot, implying the possibility of its existence in the specimen. This
study expands the family of metallic carbon, and may open a new frontier in design of high performance anode

materials for LIBs as well.

1. Introduction

With versatile flexibilities of bonding in sp-, sp>- and sp>-hybridiza-
tions, carbon exhibits an amazing ability to form a tremendous number
of allotropes with many unique physical and chemical properties [1,2].
Among the rich carbon phases, metallic carbon has attracted increasing
interest in recent years because of its fascinating properties. It was
found that metallic carbon displays a superior catalytic effect [3]
attributed to its high density of states (DOS) at the Fermi level. For
instance, metallic carbon nanotubes have been used as electrodes for
electrocatalysis [4], and metallic carbon nanotube networks can
dramatically increase the electrocatalytic activities of an enzyme-based
electrode [4]. It was reported that metallic carbon can be magnetic
when the Stoner-like criterion is satisfied [5]. In addition, it has been
demonstrated, both theoretically and experimentally, that metallic
carbon can exhibit strong phonon-plasmon coupling [6], negative
differential resistance [7], and superconductivity [8,9]. Therefore,
besides the conventional semiconducting or insulating carbon struc-
tures, metallic carbon has significantly broadened the application of
carbon materials.

Since the pioneering work of Hoffmann and his colleagues [10,11],
further exploration of three-dimensional (3D) metallic carbon allo-
tropes has received considerable attention either for fundamental
research or practical applications. All 3D metallic carbon structures
studied thus far can be classified into three groups based on the nature
of their bonding: all-sp® structures [10,12,13], sp>-sp® hybrid struc-
tures [11,14-17], and all distorted sp3 structures [18-20]. Recently
two new 3D metallic carbon structures, H;g carbon [17] and Tri-Co
carbon [20], have been predicted. The former has a hexagonal
primitive cell containing 18 carbon atoms with an sp®-sp® hybrid
bonding network, while the latter is a trigonal system composed solely
of distorted sp® hybridized carbon atoms. They have lower binding
energy than some previously studied 3D metallic structures such as T6
carbon [17,20]. However, these two structures are constructed by
physical and chemical intuition. Thus, some low-energy allotropes can
be easily missed because of the complex potential energy surface. Here,
based on the particle swarm optimization method combined with first
principles calculations, we find a new 3D metallic carbon allotrope,
Hex-Cg, which is thermodynamically more stable than both Hig
carbon and Tri-Cy carbon, and many other previously identified
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metallic carbon phases. We also demonstrate that Hex-C;g exhibits
interesting thermodynamic, mechanical, and electronic properties, in
particular, its potential as an anode material for Li-ion batteries.

2. Computational methods

We employ the efficient particle swarm optimization (CALYPSO)
code [21,22] to search for low-energy 3D metallic carbon structures at
ambient pressure. This efficient structure prediction method is spe-
cially designed to search for stable or metastable structures with only
the knowledge of chemical composition at given external pressures.
The successful applications and the details of the method are described
elsewhere [23,24], The unit cell we used contains eighteen carbon
atoms compatible with the size of the recently reported Tri-Co carbon
and H;g carbon allotropes. Lattice parameters and atomic positions of
the searched structures are further relaxed using density functional
theory (DFT) within the generalized gradient approximations (GGA)
[25] and the projector augmented wave (PAW) method [26], as
implemented in the Vienna Ab initio Simulation Package (VASP)
[27]. The electronic exchange-correlation interaction is incorporated
using Perdew-Burke-Ernzerhof (PBE) functional [25]. The effect of van
der Waals (vdW) interaction is taken into account using the semi-
empirical long-range dispersion correction by Grimme (PBE-D2 meth-
od) [28]. The Heyd-Scuseria-Ernzerhof (HSE06) hybrid functional
[29,30] are also used for the high accuracy of electronic structure
calculations. The plane-wave cutoff energy for wave function is set to
500 eV. For structure optimization, the convergence thresholds are set
to 107*eV and 1072 eV/A for total energy and force component,
respectively. Monkhorst-Pack k-mesh of 7x7x21 for Hex-Cig is
adopted to represent the first Brillouin zone. Ab initio molecular
dynamics (AIMD) simulations at different temperatures are performed
using the canonical ensemble (NVT) with the Nosé thermostat [31] to
examine thermal stability. Phonon spectrum calculation is carried out
using the linear response method within density functional perturba-
tion theory [32] as implemented in the Phonopy code [33].

3. Results and discussion
3.1. Structure and stability

By CALYPSO search, the recently reported H;g carbon with P6/
mmm (D)) symmetry [17] is reproduced, and an energetically more
stable hexagonal structure with space group P6s/mcm (D},) is dis-
covered, which contains 18 atoms per unit cell, thus named Hex-Cyg.
As show in Fig. 1, there are two chemically nonequivalent carbon atoms
in the primitive cell: one is the sp®-hybridized carbon atoms at the 6 g
(0.000, 0.555, 0.250) site, denoted as C1, colored in yellow, and the
other is the sp>-hybridized carbon atoms occupied the 12j (0.255,
0.429, 0.250) site, denoted as C2, colored in dark red. This structure
can be considered as a 3D assembly of the sp and sp? carbon chains, as
shown in Fig. 1c. The optimized lattice constants of Hex-Cyg are a = b
=8.36 A, and ¢ =2.46 A. This unique configuration of Hex-C,5 forms a
porous structure with a density of 2.41 g/cm?® (see Table 1) which is
comparable to that of graphite (2.24 g/cm®). The nanopores could
accommodate other species such as atoms or molecules for further
functionalization [34].

To study the effect of the van der Waals (vdW) interaction on the
geometry of Hex-Cig, we recalculate the lattice parameters and its
relative energy with respect to graphite by using the PBE functional
with semiempirical vdW correction [28]. For comparison, the calcula-
tions for diamond and graphite are also carried out. The calculated
results are given in Table S1 as Supplementary information, which
shows that the lattice parameters and relative energies calculated with
and without the semiempirical vdW correction are almost same,
suggesting that the effect of vdW interaction on the geometry of Hex-
Cyg is subtle and negligible. Therefore, the following computations of
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the thermodynamic and mechanical properties of Hex-C;g are carried
out using the standard PBE functional.

To further investigate the energetic stability of Hex-C;g, we
calculate its total energy as a function of the volume. For comparison,
calculations are also carried out for graphite, diamond, bct-C4 [35], and
the recently predicted metallic carbon phases, including T6 [15], Hig
[17], K¢ [19] and Tri-Co [20] carbons. The results are given in Fig. 2a
and Table 1, which shows that except for graphite and diamond, Hex-
Cis has the lowest energy. In particular, it is energetically more
favorable than the recently identified 3D metallic carbon allotropes
(the T6, Hyg, Kg and Tri-Cy carbon phases). To understand the origin of
the high energetic stability of this new phase, we investigate its bonding
feature. The calculated bond length of the sp>-sp? bond in the sp-
hybridized zigzag chains is 1.41 A, which is very close to that of
graphene (1.42 A). For the sp3-sp® bond in the sp>-hybridized chains,
the calculated bond length is 1.54 A, very close to that of diamond
(1.53 A). The average bond angle of the sp>-hybridized carbon atoms is
120.5°, while average bond angle of the sp>-hybridized carbon atoms is
110.5°. These are respectively quite close to the ideal bonding angles of
120° and 109.5° in graphene and diamond, thus leading to the high
energetic stability of Hex-Cyg.

To examine the stability of Hex-Cyg, we first calculate its phonon
band structure. As shown in Fig. 2b, the absence of imaginary modes in
the whole Brillouin zone confirms that Hex-C;g is dynamically stable.
We then perform AIMD simulation at 300 K to verify the thermal
stability of Hex-Cig at room temperature. We use a 2x2x4 large
supercell to minimize the constraint of periodic boundary condition.
The simulated results are plotted in Fig. 3, which clearly shows that the
skeleton of this structure remains almost intact after heating for 8 ps
(ps) with a time step of 1 femtosecond (fs), and the average value of the
total potential energy remains almost constant during the whole
simulation, confirming that Hex-C;g is thermally stable at room
temperature. We further increase the heat bath temperature to
600 K, and then to 1200 K, respectively. As shown in the snapshots
of Fig. 3, the atomic configuration at the end of the MD simulation at
1200 K has no obvious distortions, and the potential energy fluctuates
around its average value. Hence, the structure is confirmed to be
thermally stable even at high temperatures (1200 K). We recall that the
two previously proposed 3D metallic carbon structures, T6 [15] carbon
and K¢ [19] carbon, become unstable when heated to above 500 K [17],
suggesting that Hex-C;g can withstand much higher temperatures
compared to the other metallic carbon structures. The favorable
thermal stability of Hex-C;g implies that this new carbon allotrope is
separated by high energy barriers from other local minima on the
potential energy surface (PES).

To verify the mechanical stability, we calculate the elastic constants
of Hex-Cyg The calculated results are listed in Table 2. In general, for a
hexagonal lattice, only C;1, Cs33, C44, Cio, and Cj3 are independent.
Also, the linear elastic constants of a mechanically stable 3D hexagonal
lattice have to obey the Born-Huang criteria: C44 >0, C11> Cio, (C1
+2C12)Cs3 > 2C;52 [36]. We find that the calculated constants of Hex-
C,g satisfy all of the criteria, hence the Hex-C;g is mechanically stable.

3.2. Thermodynamic properties

Based on the calculated phonon spectrum, a series of thermody-
namic properties can be derived. Here we concentrate on the constant
volume lattice heat capacity (denoted as lattice capacity for conve-
nience of discussion without ambiguity) and Debye temperature of
Hex-Cyg. The calculated phonon heat capacity with respect to tem-
perature is plotted in Fig. 4a. The heat capacity can also be expressed as
a function of phonon DOS [37]. The Debye temperature ® p=hvp/kp is
determined by fitting the calculated Cy~T curve using Debye model. The
fitted Debye temperature ©p, (7) is given in Fig. 4b, which shows that
the ©p (7) is as high as 1600 K at room temperature. Since the
vibrational frequency is proportional to the square root of the stiffness
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Fig. 1. (a) Top view and (b) side view of the optimized structure of Hex-C;g. (¢) A schematic illustration of a possible synthesis strategy for Hex-Cyg by using C-H chains via

dehydrogenation and assembly.

Table 1 -2440
Crystal system, space group, calculated equilibrium density p (in g/cm®), and cohesive
energy Econ (in eV/atom) of Hex-Cis and some other carbon allotropes including -y 22460 -
diamond, graphite, bet-Cy4, T6, Hig, Ke, and Tri-Co carbon phases. > ‘J"\zr%‘
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within the harmonic approximation, ®p can be used as a measurement 0 2000 . 4000 6000 8000
of the “stiffness” of solids [37]. Therefore, from Fig. 4b we see that Hex- Time (fS)

C1g displays a large Debye stiffness because of its high Debye
temperature.

As phonons are subjected to the Bose-Einstein distribution, the
weighted phonon DOS (g(v)W(hv/kgT)) describes the contribution of
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Fig. 3. Total potential energy fluctuation during AIMD simulation at 300 K and 1200 K.
The inset shows the atomic configurations (2x2x4 supercell) at the end of AIMD
simulations at 1200 K.
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Fig. 2. (a) Volume dependence of total energy per atom for Hex-C,g, diamond, graphite, bet C4, T6, Hyg, Kq, and Tri-Co carbons. (b) Phonon band structure of Hex-Cyg. The inset shows

the first Brillouin zone and the high symmetry k point path.
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Table 2
Calculated elastic constants (Cj in GPa), Young's moduli (Y., in GPa), bulk moduli (B
in GPa), shear modulus (G in GPa) and hardness (H, in GPa) of diamond and Hex-C;g.

Diamond Hex-Cyg
Ci1 1024.1 (1085.5%) 523.5
Cs3 - 1132.8
Cas 563.1 (582.1%) 244.1
Cio 119.3 (113.49) 124.2
Cis - 56.7
Y, 999.2 (1064.0%) 492.4
Y, - 492.4
Y, - 1122.9
B 420.9 (437.4%) 282.9
G 518.7 (541.6%) 254.6
H, 93.4°/92.1¢ 42.2"/80.8¢

2 Ref. [16].
P Chen's model.
¢ Gao's model.

vibrational modes with a certain frequency to the heat capacity. The
frequency and temperature dependence of the weighted phonon DOS is
plotted in Fig. 4c. We find that the distribution of weighted phonon
DOS tends to concentrate around the low-frequency region with
decreasing temperature, indicating that the heat capacity at low
temperature is mainly contributed by the low-frequency states. As
shown in Fig. 4d, at low temperature around 50 K the weighted phonon
DOS only distributes in the low-frequency region around 200 ecm™,
confirming that the heat capacity at low temperature is contributed by
low-frequency phonons. Since the heat capacity defined by the Debye
model is proportional to the cross section of Frequency-Phonon DOS at
a given temperature, a larger amount of heat is required to increase the
temperature by one Kelvin when the cross section is larger. Because
Hex-C;g has more vibrational states than graphite [37] over the entire
frequency region, Hex-C;g exhibits larger heat capacity. For compar-
ison, the weighted phonon DOS of T6, Hig, and Tri-Co is also
calculated, respectively, following the above procedure.. The 3D plots
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of the weighted phonon DOS as a function of frequency and tempera-
ture, and the cross sections of the weighted phonon DOS at 50, 150,
300, 600, and 900 K for the T6, H;g, and Tri-Cy carbon phases are
respectively plotted in Fig. S2. We find that Hex-C;g possesses a larger
heat capacity than T6, Hig, and Tri-Cy in low temperature region (T <
150 K), because its cross sections of Frequency-Phonon DOS are larger
than those of the three metallic carbon allotropes in this temperature
region. This is attributed to the larger phonon DOS of Hex-Cig as
compared to that of T6, Hyg, and Tri-Cy in the low-frequency region,
which makes decisive contribution to the heat capacity at low tem-
perature.

3.3. Mechanical properties

Because of its unique configuration, the mechanical properties of
Hex-C,g are highly anisotropic. Along the extended direction of the sp>-
hybridized zigzag chains (z-direction), Hex-C,g exhibits ultra-high
stiffness with elastic constant (Cs3) and the Young's modulus of Hex-
Cyg even larger than the corresponding values of diamond, while in the
radial direction (x- and y-direction), the elastic constants of Hex-C;g
(Cy1 and Cs») are about half the value of diamond. The bulk modulus
(B) and shear modulus (G) of Hex-Cyg are also calculated with the
Voigt-Reuss-Hill approximation [38] (see Table 2).

We also evaluate the Vickers hardness (H,) of Hex-C;g using two
different empirical models developed by Chen et al. [39]. and Gao et al.
[40], respectively. In Chen's model, the hardness of polycrystalline
materials is correlated with the product of the squared Pugh's modulus
ratio and the shear modulus (H,=2(k’G)%*%> — 3 where k= G/B is
Pugh's modulus ratio) [39]. The H, value of Hex-C;g calculated using
Chen's model is 42.2 GPa. Gao's model, however, correlates Vickers
hardness with the electron density of valence electrons per A2 the
ionicity of the chemical bond in the crystal on the Philips scale, and the
bond length [40]. Based on the formula for Gao's model, the H, value of
Hex-Cyg is calculated to be 80.8 GPa, which is comparable to that of
diamond evaluated using the same model (see Table 2). Recently, the
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Fig. 4. (a) Heat capacity, and (b) Debye temperature of the Hex-C;g with respect to temperature; (c) 3D plot of the weighted phonon DOS as a function of frequency and temperature;

(d) cross sections of the weighted phonon DOS at 50, 150, 300, 600, and 900 K.
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Fig. 5. (a) Electronic band structures calculated using the DFT-GGA/PBE (blue dashed
lines) and the HSE06 hybrid functional (red solid lines), and projected DOS for C1 and
C2 atom at DFT-GGA/PBE level of Hex-Cyg. (b) Two ELF slices parallel to the (1010)
crystal surface of Hex-Cyg.

hardness value of anisotropic compounds evaluated using Gao's model
was found to be overestimated [41,42]. Therefore the hardness of Hex-
Cyg is deduced to be approximately between 42.2 GPa to 80.8 GPa.
According to the generally accepted definition that superhard materials
are those with the H, value exceeding 40 GPa [43], Hex-C;g is a
superhard material.

3.4. Electronic properties

The electronic properties of Hex-Cyg are studied by calculating its
electronic band structure. As shown in Fig. 5a, for the band structure
calculated by using the DFT-GGA/PBE functional, the Fermi level
crosses the highest occupied band in the high symmetry K point path of
(0, 0, 0)—-A(0, 0, 0.5), indicating that Hex-C;g is metallic. To further
confirm the metallicty of Hex-C;g, the band structure is recalculated
using the HSE06 functional, which is known to provide more accurate
band structures as the electron Coulomb screening is more accurately
treated in the exchange-correlation energy of electrons in solids
[29,30]. The result is also presented in Fig. 5a. One can see that there
is a systematic up/down shift for the conduction/valence band, as
compared to the PBE band structure. However, the metallic fracture
remains unchanged at the HSEO06 level, suggesting the metallicty of
Hex-Cyg is an intrinsic property. The effect of the vdW interaction on
the band structure is further checked, and found to be neglected as the
band structure remains almost unchanged when the vdW interaction is
included (see Fig. 2S for details). Most of the strong covalent carbon
allotropes with superhardness are insulators or semiconductors, such
as diamond, lonsdaleite [44], M-carbon [45] and Z-carbon [46].
Compared with these carbon allotropes, Hex-Cig is a superhard
material with conductivity, making it a promising candidate for
applications in petroleum drilling tools, cutting tools, and special
wear-resistant parts [16].

To understand the origin of the metallicity, we calculate the DOS
projected onto the two nonequivalent carbon atoms, C1 and C2 as
shown in Fig. 5a, which clearly indicates that the dominant contribu-
tion to the DOS around the Fermi level comes from the 2p, orbitals of
C2, the contribution from the C2 2p, orbitals is small, and that from C1
is negligible. The highly dispersive bands (with band width larger than
4 eV) around the Fermi level along the I'-A path imply possible
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existence of delocalized valance electrons in this compound. We further
calculate the electron localization function (ELF) of Hex-C;g to identify
its character of electron delocalization. ELF, first introduced by Becke
and Edgecombe as a “simple measure of electron localization in atomic
and molecular systems [47],” has been widely used in describing
electron delocalization in molecules and solids [48-50]. ELF is a
uniquely defined dimensionless quantity, and only takes values in the
range between 0 and 1, where 1 refers to the fully localized electrons,
and 0.5 corresponds to fully delocalized electrons, while 0 represents
very low charge density [47]. As shown in Fig. 5b, by calculating the
ELF slices parallel to the (1010) crystal surface of Hex-C;g, 1D extended
channels with ELF values of 0.5 (highlighted by the red rectangle) are
found along the extended direction of the sp®-hybridized zigzag chains
([0001]). Since the value ELF=0.5 in inhomogeneous systems indicates
regions where the electrons are fully delocalized, the 1D extended
channels can be confirmed as conducting channels. Thus, we conclude
that there are 1D conducting channels along the [0001] direction in the
structure of Hex-C;5 formed by delocalized electrons of the sp-
hybridized carbon atoms.

The extended direction of the 1D metallic channels in the real space
([0001] direction) corresponds to the direction from the T point to the
A point in the reciprocal space. Thus, the velocity of carriers moving in
the 1D conducting channels can be calculated from the formula
Uy = hij (&; is the energy and % is the wavevector).

Based on the band structure obtained at the PBE level, the highest
carrier velocity from the I' point to the A point is calculated to be
1.25x10°ms™!, which is even larger than that of graphene
(0.86x10° m s™1) calculated using the same formula. Our results for
graphene is in good agreement with the value of 0.86x10°ms~!
obtained by Bu et al. [16], confirming the validity of our calculations.
In comparison, around the Fermi level, the electronic bands along the
A-H and L-H direction in the Brillouin zone are nearly flat. Hence, in
the plane normal to the 1D conducting channels, carriers move rather
slowly. So Hex-C;g with 1D conducting channels exhibits highly
anisotropic transport properties. The highly anisotropic transport
properties of Hex-C;g with 1D conducting channels may have potential
applications in microelectronic devices [51].

3.5. Application as an anode material for LIBs

Besides the above mentioned possible applications of metallic
carbon in catalysis, magnetism, superconducting and microelectronic
devices, another promising field is as an anode material for LIBs, since
the regular porousity and intrinsic metallicity of metallic carbon
provide the basis for storing and transporting Li ions with good
conductivity. However, this has not yet been explored. Here we study
Hex-C;g as a model. We systematically explore the potential of Hex-Cyg
as a Li-ion battery anode material by studying the Li binding and
diffusion behavior as well as the theoretical capacity.

We first investigate the binding of a single Li atom into the 3D Hex-
C1s phase. To avoid the interaction between the Li atoms, we adopt a
1x1x6 supercell. The effect of the vdW interaction on the geometry of
the Li adsorbed Hex-Cig, and the thermodynamics and kinetic of Li
atoms in the structure of Hex-C;g is taken into account by using
semiempirical long-range dispersion correction (the PBE-D2 func-
tional) [28]. Three possible initial adsorption sites for Li atom are
examined with high geometric symmetry, marked as Lij, Liy, and Lipy
in Fig. 6a, where Li; is for the triangle hollow site, Liy is for the
hexagonal hollow site, and Liyy is for the edge site of the “groove”
formed by an 8-membered carbon rings. To check the binding strength
of Li on these sites, we calculate the Li binding energy (E,;,), defined as
Eb = (ELix-Hex—Clg_EHex-Cls_qui)/Xy where ELix-Hex—Clg/ EHex-Clg is the total
energy of the system per formula unit with /without Li, and p,, is the
energy of one Li atom in Li bulk phase [52]. As shown in Fig. 6b, the
calculated binding energies for the configurations with Li atom on Lij,
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Fig. 6. (a) Top and side views of the possible Li absorption sites. (b) Binding energies of the three configurations in (a). (¢) Considered migration paths of Li diffusion and the

corresponding diffusion energy barrier profiles.

Liy;, and Liyg are —0.415, —1.244, and -1.104 eV, respectively, namely,
the adsorption configuration with Li on Liy; is more stable lying 0.829
and 0.140 eV lower in energy than that of Li; and Liyy, respectively,
implying that Li atom prefers the hexagonal hollow site, where each Li
atom transfers 0.89 electrons to the neighboring C atoms according to
the Bader charge analysis [53]. While for the configurations with Li on
Li; and Liyy, the transferred charges are found to be 0.79 and 0.90
electrons, respectively, suggesting that the Li atoms in the three
adsorption configurations donate most of their valance electrons and
become Li ions, leading to a strong Coulomb repulsion interaction
between the adsorbed Li ions thus preventing them from clustering.

We next calculate the energy barrier for Li ion diffusion.
Considering the symmetry of Hex-C;g, we select two representative
diffusive pathways: path I is along the [0001] in the hexagonal hollow
channel, while path II is along the triangle hollow channel, as shown in
Fig. 6¢. Based on nudged elastic band (NEB) calculations, the
corresponding energy barriers are found to be 0.142 and 0.018 eV,
respectively, both of them are much lower than that in graphite
(0.218-0.400) eV [54-56], indicating a high-rate capability of Hex-
C,g for LIBs.

We then determine the maximum Li capacity. The top and side
views of the fully Li-intercalated configuration of Hex-C;g are displayed
in Fig. S3 in Supplementary information. The corresponding average
binding energy E,, is calculated to be —0.417 eV, the binding is stronger
than that of Ti3C2(OH), monolayer (TizCo(OH),Ligs: 0.14 eV) [57],
and is comparable to that of TizCo(F)> monolayer (TizCoFoLi: 0.56 €V)
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[57] calculated at the same level. The theoretical specific capacity of
Hex-Cyg is 496 mAh/g, which is 1.3 times as large as that of graphite.

To further confirm the maximum Li concentration of Hex-C,g, we
examine 100 configurations at different intermediate Li concentrations
(0.250, 0.375, 0.500, 0.625, and 0.750). As shown in Fig. S4, the
binding energies of these structures are all negative, indicating that Li
ions can be adsorbed stably without clustering. Based on the calculated
results, five stable configurations at the intermediate concentrations
are found (see Fig. S5 for details). The absolute values of their binding
energies are all larger than that of the fully Li-intercalated configura-
tion and decrease gradually with increasing the Li concentration,
because of the enhanced repulsive interaction between the Li ions
and the reduced interaction between the Hex-C;g host structure and
the Li ions. The existence of the stable intermediate configurations
confirms the maximum Li concentration of Hex-C;g (LiCy4 5).

These results suggest that compared to the currently used anode
material in LIB, the new metallic carbon allotrope exhibits additional
benefits. More importantly, the favorable transport direction for charge
carriers and Li ions in real space coincidently are exactly the same,
enabling high-flux directional (electrical and ion) transport when this
material is implemented as an electrode in LIB. These findings should
encourage more research effort on porous metallic carbon in the future.

3.6. Possible existence of Hex-Cjg in detonation soot

To establish the experimental connection with Hex-Cig, the x-ray
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Fig. 7. Simulated XRD patterns for (a) Hex-C;g, graphite, diamond, Hys, Tri-Co, and T6
carbons. (b) Experimental XRD pattern for the detonation soot of TNT (sample Alaska
B [58]). Red, pink, black, and blue arrows indicate the peaks that match the simulated
characteristic peaks of Hex-C;g, Hyg, graphite, and diamond, respectively. The X-ray
wavelength we adopted for simulation is 1.54059 A.

diffraction (XRD) spectra of Hex-C,g are simulated and compared with
the experimental data from detonation soot (sample Alaska B [58]),
along with those of graphite, diamond, Hyg, Tri-Co and T6 carbons in
Fig. 7. In the experimental XRD spectra, clear evidence of several
crystalline carbon allotropes together with a good deal of amorphous
carbon can be found. As shown in Fig. 7, the two strongest experi-
mental XRD peaks around 26.5° and 43.9° are associated with the
graphite (002) and diamond (111) diffractions, respectively. The (101)
peak of T6 carbon and H;g carbon match with the experimental XRD
peak located at 37.4°. As reported by Zhao et al., the experimental XRD
peak near 37.4° would be predominantly associated with Hyg carbon
rather than T6 carbon since H;g carbon is thermodynamically more
stable than T6 carbon [17]. However, the low-angle peak of the
experimental XRD spectra at 13.4° which was also observed in other
detonation soot [58] does not match any previously known carbon
phase. The existence of this distinct low-angle peak in different
detonation XRD spectra suggest that a new crystalline carbon phase
may have been produced. Our simulated XRD results show that the
main (100) peak of Hex-C;g matches well with this previously
unexplained peak at 13.4°. Meanwhile, the (110) and (210) peaks of
Hex-C;g match the experimental XRD peaks located at 21.3° and 31.9°,
respectively, indicating the presence of Hex-C;g in the recovered
specimen produced by detonation experiments [58,59].
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4. Conclusions

In summary, using particle swarm optimization techniques, we
predicted a new 3D metallic carbon allotrope, Hex-Cg, composed of
sp>- and sp®-hybridized carbon atoms. By performing state-of-the-art
theoretical calculations, we demonstrated that the Hex-C;g phase is not
only dynamically, thermally and mechanically stable, but also energe-
tically more favorable than most of the previously identified 3D
metallic carbon allotropes. Because of its unique atomic configuration,
Hex-Cg exhibits exceptional properties including a large phonon heat
capacity, high Debye stiffness, anisotropic elasticity, and superhard-
ness. More importantly, for the first time, we have studied the potential
applications of metallic carbon in LIBs. We found that Hex-C;g is a
promising anode material for LIBs with a low Li diffusion energy
barrier and high Li capacity. It is worth noting that battery science and
technology are of current interest. The specific capacity of the
commercially used graphite anode for LIB is limited to 372 mAh/g.
Extensive efforts have been devoted to improving the performance but
not much progress has been made during the past 25 years. Our study
provides new insight into finding new materials for high performance
LIBs.
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