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ABSTRACT: Carbon-based materials play a significant role in the
development of the next-generation lithium-ion battery technologies.
However, the commercial use of anodes has been obstructed by their
volume expansion and poor rate performance during the lithiation/
delithiation process. Here, by means of first-principles calculations, we
identify two hitherto unreported sp>—sp*-hybridized carbon allotropes,
D)y and D,, carbon, with space groups Pmma and Pmm?2, respectively.
Interestingly, D,, carbon is predicted to be metallic with high electron
density near the Fermi level. We then demonstrate that this metallic D,
carbon is a possible anode material in lithium-ion batteries: it is found
that the energy barrier along the two inequivalent migration paths in Dy,
carbon is 0.38 (2.28) eV, which is lower than that of the recently

Li diffusion pathways along the Path 1 (@) and Path 2 (Q)

reported bco-Cy4 structure with energy barriers of 0.53 (2.32) eV. Moreover, benefiting from the existence of sp*-hybridized
network in Dy, carbon, during the process of charging/discharging, Li diffusion routes are robust against the mechanical
deformation. Therefore, as compared to graphite, this D, anode show many advantages in lithium-ion battery applications, such
as lower Li diffusion barrier, moderate theoretical capacity (319 mA h g™'), lower average open circuit (0.53—0.20 V), and

enhanced safety features (only 3.6% volume expansion with full Li insertion).

B INTRODUCTION

With the growing demand for advanced electronic devices and
energy sources, the performance of present lithium-ion
batteries (LIBs) needs to be significantly improved."” Except
the electrolyte and cathode, as one of the most important parts
in LIBs, various anodes have been extensively identified for
better performance, such as lithium (Li) metal,’ silicon,” tin
and tin-based intermetallics, and so on.” However, these
anodes suffer from dramatic volume expansion when alloying
with Li (ie, 400% volume expansion during lithiation of
silicon),® which will cause pulverization and fracture of the
anodes and seriously deteriorate the cycle performance.”
Therefore, the most generally used anode for commercial
LIBs is graphite because of its abundant material supply, long
cycle life, and relatively low cost.” Unfortunately, during the
lithiation process, graphite anode also has been shown to have
significant safety issue: the overpotential will lead to Li metal
plating on the electrode, which is highly detrimental to the
performance of the battery.”” Although volume expansion of
anodes can be alleviated by dispersing nanosized particles,'"’
on account of the large surface area, the volumetric energy
density will be greatly reduced and a lot of solid electrolyte
interphase will be formed during electrochemical cycling.
Therefore, the discovery of a novel bulk material with small

-4 ACS Publications  © 2019 American Chemical Society

volume expansion and good electronic conductivity is a good
choice for LIB anode materials.

To this aim, many approaches have been taken to
developing high-performance carbon-based anode materials
because of its advantages of low-cost, environmentally friendly,
and lightweight properties.'” In addition to graphite, various
elusive carbon allotropic modifications have been reported,
such as bct-Cg'® (atn topology), bet-Cyg,'* and T-carbon'
(dia-a). Among all these allotropes, metallic carbon has
attracted great attention in recent years for its desirable
physical properties and a wide number of applications in
superconductivity, catalysis, and electronic devices.'”'” Over
the past decades, around 40 hypothetical metallic allotropes
have been reported according to SACADA database,'” starting
from fcc carbon' (fcu) reported back in 1958. Various other
metallic allotropes have been proposed, including ThSi,-type’
(ths), hexagonal H-6"" (bto), K carbon,”* H,g carbon,™ O-
and T-type carbon,”* Cg carbon,” and K, carbon***’ (srs);
however, the K, structure is dynamically unstable.”® Therefore,
more efforts are required to design the potential metallic
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carbon allotropes with high thermodynamic stability for
experimental preparation.

For LIBs, porous carbon is a potential candidate material
because of their porous structure with a plurality of storage
sites for Li ions.””*" Recently, theoretical computations
demonstrated by Liu et al.>' have predicted that bco-Cy4 a
porous topological semimetal carbon consisting of full sp’-
hybridized carbon atoms, could be a promising anode material
for LIBs. However, the diffusion barrier of Li in bco-C,¢ (0.53
eV) is still higher than that of graphite (0.22—0.4 eV), and the
volume expansion of fully lithiated bco-C 4 is 13.4%, which is
also higher than that of graphite (10%).”" Thus, motivated by
these considerations, we wonder if we can design a sp>—sp’-
hybridized carbon allotrope with enhanced safety as well as the
metallic feature to avoid the problems discussed above.

In this work, by introducing an interlayer sp>-hybrid carbon
atoms in our recently reported all sp’>-bonded D-carbon
structure,”” we report the design of a new three-dimensional
orthorhombic carbon phase in Pmma (Pmm2) symmetry with
10 (14) atoms in one primitive cell, thus termed D, (D,,)
carbon hereafter. These two hitherto unreported structures are
dynamically and thermally stable and with a mass density of
2.51-2.76 g cm™>. D, carbon is a semiconductor with an
indirect gap of 1.82 eV, whereas D, carbon possesses metallic
properties. Because of the novel metallic property of the D,
structure, we mainly focused our attention on the D,, carbon
to investigate its potential application. Considering the porous
teature of Dy, the Li storage and migration capabilities are
discussed. The calculated diffusion barrier is lower than that of
graphite, indicating a higher Li-ion diffusion rate. Importantly,
because of the existence of sp’-bonded networks, the total
volume expansion of D, is only 3.6%, which is obviously lower
than that of graphite (10%) and bco-Cs (13.4%).°"
Therefore, D, promises a higher Li-ion diffusion rate as well
as better safety than graphite and bco-C;s anodes. Once
synthesized, the D, structure would be a promising candidate
in the applications of carbon-based energy storage and
electronics.

B COMPUTATIONAL DETAILS

All calculations are performed by utilizing the density-
functional theory (DFT) within the general gradient
approximation” as implemented in the Vienna Ab initio
Simulation Package (VASP).** The electronic exchange—
correlation interaction is incorporated by using Perdew—
Burke—Ernzerhof (PBE) functional.”> The Heyd—Scuseria—
Ernzerhof hybrid functional (HSE06) is also used for the
high accurate band structure calculations. The cutoff energy for
wave function is set to 650 eV.***’ The convergence
thresholds are set to 107° ¢V and 1072 eV/A for total energy
and force, respectively. A 9 X 3 X 6 (5§ X S X 6) Monkhorst—
Pack k-point mesh is used to represent the reciprocal space of
the Dy (D).

Phonon calculations are performed by using the Phonopy
package.”® The diffusion barrier for Li atom is calculated on
the basis of the climbing-image nudge elastic band (CI-NEB)
method” as implemented in the VASP code. The convergence
criterion of force is set to be 0.02 eV/A. Ab initio molecular
dynamics (AIMD) simulations were performed in an NVT
ensemble using the Nosé—Hoover method,* as implemented
in the VASP code within the PBE functional. The time step is
set to 1 fs, and the total simulation time is 10 ps. The natural
tiling analysis*' was carried out by means of ToposPro** and

Systre™ software. Recently, the natural tiling approach was
successfully introduced in the field of carbon allotropes for
searching for structural similarity."* Also, the natural tiling
analysis can be applied for the searching of possible migration
channels in solids.” More details on computational methods
can be found in the Supporting Information.

B RESULTS AND DISCUSSION

As shown in Figure 1, the D, primitive cell can be described as
a new allotrope constructed from 2 X 1 X 1 D-carbon®? cell

Figure 1. (a) Perspective view of the Dy, carbon structure. (b—d)
Top and side views of the crystal structure of D, carbon. The
different C—C bond lengths (A) are also displayed. The unit cell is
characterized by the dash line. Silvery sticks indicate the carbon
bonds.

that is inserted by foreign two spz-hybridized carbon atoms;
D)y carbon allotrope is constructed from a D-carbon by
inserting the sp>-bonded carbon atoms between adjacent sp*-
bonded carbon atoms (see Figure S1). The natural tiling of Dy,
allotrope consists of two types of tiles: 6* corresponding to the
adamantane-like cage of the diamond structure and 4%.6*16%
which did not occur in any known-to-us carbon phase (Figure
S2). The tiles formed the framework in 1:1 ratio. As shown in
Figure 2a—d, the structure of Dy, is more complicated from the
topological point of view than that of D;, (Figure S2). The
framework assembled from six tiles: [5%.6%], [6*], [6%8%],
[4%.6%.10%], [4%.5*10%], and [4%.8%.10%] in ratio 1:2:1:2:1:1.
The first four tiles have been found in previously proposed
carbon allotropes while the last two are novel.

The structural parameters, including the equilibrium density,
equilibrium volume, and bulk modulus, are listed in Tables S1
and S2. For D;, carbon, we find that the shortest bonds
identified with sp*-hybridized bonds show clear features of the
C=C bonds, and the bond lengths between sp*-hybridized
atoms (1.60 A) are close to those in diamond (1.54 A),
showing features of stretched C—C o bonds. For D, carbon,
the length of the distorted C—C o bond (1.66 A, see colored
pentagon-shaped region in Figure 1c) is distinctly longer than
that of diamond but shorter than that of the previously
reported longest C—C o bond in the reconstructed diamond
surface (1.788 A).*®

Total energy calculations are implemented to investigate the
energetic stability of D;, and Dy structures. Figure 3a shows
the total energy versus volume curves for Dy, and Dy,
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Figure 2. (a—d) Tiles, chains, and natural tilings for D,, carbon
allotrope.

Previously reported bcc C8,46 T-carbon,”” diamond, and
graphite are also shown for comparison. Our results agree
well with previously reported first-principles calculations that
suggest the validity of the method in this work. For D, it is
energetically more favorable than bcc Cqy and T-carbon. The
D,, carbon is also metastable compared with diamond and
graphite, but still more stable than T-carbon®” and comparable
with bee Cq structure.*

The dynamical stability of D), and D,, was confirmed by
computing the corresponding phonon dispersion curves, as
presented in Figures S3 and 3b, respectively. There is no
imaginary phonon mode in the phonon dispersions at the
whole Brillouin zone, indicating the dynamical stability of the
structures. Moreover, to verify their thermal stability, addi-
tional AIMD simulations have been carried out at 300 and 500

K for the large supercell of D,y and Dy,, containing 120 and
168 carbon atoms, respectively (see Figures 3c and S3). For
D, structure, its structural integrity was well kept during the
AIMD at 800 K (see Figure S4). Thus, because of the high
thermal stability, the synthesis of these new allotropes is
feasible.

The mechanical stability of the newly proposed carbon
allotropes is also examined by calculating their zero-pressure
elastic constants. For a stable orthorhombic structure, C;;, C;5,
Cis Gy Cs3 Cyy Css, and Cgq are independent, and their
elastic constants C; should satisfy the well-known Born
criteria®’

CI11 > 0’ C'11C22 > C122)
Cyy > 0, Cos > 0, Cgs > 0,

2
C11C22C33 + 2C12C13C23 - C11C23

2 2
= CpuCi" = GC™ >0 (1)

As listed in Table S2, the calculated elastic constants of D,
and D, allotropes satisfy this criterion, suggesting that their
structures are mechanically stable. To further establish the
experimental connection of D;, and D,, allotropes, we
calculated the X-ray diffraction (XRD) patterns to compare
with experimental data in detonation soot samples (Figure
S5).”! Different from graphite (diamond) where the peaks at
22° (44°) are observed, for Dy, the peaks at 11°, 23°, 25°, and
42° are clearly visible. Our calculated XRD patterns show that
the diffraction peaks of D, satisfactorily match the previously
unexplained peak at 23° and 29°, even though the peak at 23°
is broad. For the strongest peak at 17° of the Dy, structure, it
does not match any previously known carbon phases, and this
characteristic peak can be used to identify the D, structure in
experiments.

Figure S6 shows the orbitally resolved band structure of Dy,
and Dy, respectively. The D, carbon is a semiconductor
featuring an indirect band gap calculated to be 0.85 eV by the
PBE functional and 1.82 eV by the HSE06 hybrid functional
(see Figure S7). The conduction band minimum (CBM) and
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Figure 3. (a) Calculated energy vs volume per atom for Dy, and D, structures compared to graphite, diamond, bcc Cg*® and T-carbon.”” (b)
Calculated phonon dispersion curves of D, structure at zero pressure. (c) Fluctuations of total energy of the D, supercell as a function of the
molecular dynamic simulation step with 10 ps at 300 and 500 K. Snapshots of the D,, carbon at the end of 10 ps AIMD simulations are also

presented.
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valence band maximum (VBM) are located at the Z—U and Y
point, respectively. Therefore, different from diamond and
graphite which are insulator and metallic, the D, carbon is
semiconducting with a moderate band gap. The results show
that the CBM and VBM of D, are mainly contributed by C,

states, and there is an obvious orbital hybridization between
C,, and C,_ states below the Fermi level. Interestingly, the D,

shows a metallic feature, as the electron density near the Fermi
level. To investigate the origin of this metallic feature, we
computed the partial density of states (DOS) onto the sp*- and
sp>-hybridized carbon atoms, as shown in Figure S8, which
indicate that the main contribution to the DOS near the Fermi
level derives from the p, orbitals of sp>-hybridized carbon
atoms, and the contribution from the p, orbitals of sp’-
hybridized is small.

As above-mentioned, semiconducting D;, with a high
dispersion band structure at CBM suggests a high electron
mobility. While for D, its intrinsic metallic behavior arises
from the hybridization of C,, states (see Figure S8). Therefore,
is the D, carbon a promising anode for LIBs? To answer this
question, we then carried out a comprehensively theoretical
investigation on the Li-ion intercalation and diffusion process
in Dy, by means of first-principles calculations. In the covalent
carbon system, van der Waals (vdW) interactions are weak and
negligible.31 Therefore, all results presented in the main text
are based on standard PBE functional, unless otherwise stated.

First, we investigated the process of insertion of Li atom(s)
into Dy,. As was shown above, the structure of D,, contains six
different type of cages according to the natural tiling analysis
(Figure 2a). Thus from topological point of view, there are six
possible inequivalent Li positions in the structure that
correspond to the centers of cages. The binding energy for
each of these positions was computed by the DFT method by
using the following equation:

EDMLix - ED14 - x’uLi
x (2)

where Ep, ;; and Ep | are the total energies of Li, inserted Dy,

E, =

and pristine D, carbon, respectively. x is the number of
inserted Li atoms; piy; is the chemical potential of Li which is
taken as the energy of bulk Li (—1.89 eV per atom, according
to our calculations). For the fully Li-intercalated phase, the
binding energy Ey, is calculated as —0.37 eV, demonstrating
that Li atoms can be stably intercalated in D, at sufficiently
high Li concentrations.

To gain a more comprehensive perspective on the
performance of Dy, as the anode material, we first search the
most stable Li occupying sites (see Figure S9). The insertion of
Li atom inside [5%.6”] cage leads to significant structural
deformation because of the small size of the cage (see Table
1). For large cages ([6*] and [62.8%]), they can adsorb Li
without significant volume change theoretically. However, a
stable intercalation structure is still difficult to form because of
the positive binding energy. Though the cage [4%.6%.10%] has a
large enough volume for Li nevertheless during structural
optimization, Li moves to the larger neighbor cage [4%.8%.10%]
that is more energetically favorable. As expected, two biggest
cages [42.5%.10%] and [4°.8.10%] are the most suitable for Li
intercalation with the values of binding energies equal to
—0.495 and —0.660 eV, respectively. These two Li positions
form two-dimensional Li-conductivity layers consisting of two
types of diffusion paths along a and ¢ directions, as it shown in

Table 1. Binding Energy for Six Unequivalent Positions of
Li in the D,, Structure”

Li position [cage type] cage volume, (A%) E, (eV)
no. 1 [5%.6%] 4.159 -
no. 2 [6%] 5.543 4.693
no. 3 [62.8%] 8.316 1.610
no. 4 [4%.6%10%] 16.186 -
no. 5 [4%.5%107] 20.985 —0.495
no. 6 [4%.8%10%] 24.018 —0.660

a«  »

means that the relaxation of the structure with the given Li
position leads to the structural deformation or significant Li
displacement. See the text for more details.

Figure 4a. The first path goes through the 10-membered ring
(see Figure 4b) and have much less activation energy (0.38

Energy (eV)

Path Distance (%)

Figure 4. (a) Schematics of the Li diffusion pathways along the path 1
and path 2. (b) Diffusion energy barrier profiles of the two diffusion
paths.

eV) than the second one (2.28 eV) passing through the 8-
membered ring. We also find that the vdW functional (DFT-
D2%%) give almost the same results (see Figure S10), indicating
that vdW interactions in D, carbon are indeed weak. Such a
small diffusion barrier is comparable to that of graphite
(0.218—0.40 V)" and significantly lower than that of bco-C 4
(0.53 eV)*' and the commercially used TiO, anode [~0.6
eV]>). Thus, D,, has predominantly one-dimensional ionic
conductivity along the a direction.

Average open circuit voltage (OCV) is another important
part which is widely used for evaluating the performance of the
LIBs. As it can be seen in Figure Sa, the voltage profile displays
a quick drop from 0.53 V when x > 0.375; then, the voltage
profile decreases slowly to 0.26 V with the Li concentration
increasing until x > 0.875. The voltage averaged over 0 < x < 1
is 0.36 V for Li, which is between those of the commercial
anode materials, that is, ~0.2 V for graphite54 and 1.5-1.8 V
for TiO,.>* The low average OCV of D, means that once
connected to the cathode, the LIBs can supply a higher
operating voltage with larger energy capacity.”’ The potential
range of 0.1—1 V is highly desired for an anode material.
Therefore, the D, structure can be utilized for high-
performance battery applications. Each Li atom loses 0.84lel
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based on Bader charge analysis, indicating the ionic feature of
the bonding between inserted Li and carbon atoms.

A crucial parameter in evaluating the performance of LIBs,
theoretical capacity, can be estimated from the theoretical
calculating value, as shown in the Supporting Information.
According to our calculations, the theoretical specific capacity
of Dy, is 319 mA h g™/, corresponding to the C,Li, which is
slightly lower than that of graphite, (C¢Li, 372 mA h g™') but
is still about 1.6 times laréger than that of the commercial TiO,
anode (200 mA h gfl).5 Meanwhile, the DOSs of the D,,Li,
during the lithiation process are also investigated because the
insertion of Li atoms will lead to the Fermi level shift.”” As
shown in Figure S11, at dilute Li concentrations, the DOS near
the Fermi level (¢;) of Dy, retains its shape, while ¢; is shifted
to a higher energy. In the energy window around the €; Li-
inserted D, appears to behave similarly to the electronic
dopant (i.e., rigid-band shift). Nevertheless, the effect of Li-
inserted Dy, is not a pure electronic doping because the
potential from the Li-atoms also changes the features of the
valence states. Although the metallic feature of D,,Li, was
maintained during the whole lithiation process, the semi-
conducting feature is observed because the adequate Li atoms
transfer electrons to the unoccupied C-z states. Therefore,
from the electronic conductivity point of view, the
corresponding capacity will be reduced to 299 mA h g™".

During the Li-ion charging/discharging processes, the
volume changes will cause the pulverization of electrode
crystals, resulting in a poor cycling performance.”® Therefore,
we consider the cycling stability of D, determined by the
volume changes with Li insertion. We calculated the volume
changes of fully lithiated D, compared with the pristine D ,.
The calculated results demonstrate that there is no bond
breaking or switching occurs, and the total volume expansion is
only 3.6%, which is obviously lower than that of graphite
(10%) and beo-Cig (13.4%) 7" because of the existence of sp’-
bonded networks. Therefore, although D), is a metastable

phase compared to graphite, D,, offers a more secured
performance for rechargeable batteries because of the small
volume expansion during the Li-ion intercalation process.
Moreover, different from graphite and bco-C4 the volume
changes of D, are mainly in the b direction (1.8%). To further
assess the cyclic stability, the stress—strain relations of D, are
calculated within uniaxial tensile strain. As shown in Figure 5b,
the stresses increase with the increasing strains. Below 13%,
there is no abrupt decrease in the stress, indicating that the
structure integrity of the D, anode can be maintained even
under large strain.

Bl CONCLUSIONS

In summary, we designed two hitherto unknown carbon
allotropes, D,y and Dy,, composed of mixed sp’—sp® bonding
networks. The newly proposed allotropes in this work are
energetically more favorable than many previously proposed
allotropes. State-of-the-art theoretical calculations demonstrate
that these phases are dynamically, mechanically, and thermally
stable. Electronic band structure calculations reveal that Dy is
a semiconductor with a moderate band gap (1.82 eV); whereas
Dy, is predicted to be metallic with a high electron density
around the Fermi level. With these remarkable advantages, D,
carbon shows a great potential for the use of the all-carbon
material as an anode in LIBs. Our results provide not only a
perspective for the novel structure of mixed sp>—sp® carbon
allotropes but also promote future research to probe new stable
allotropic modification of carbon with extraordinary electronic
properties for high-performance applications.
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