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Abstract: As a typical alkaline earth metal carbide, lithium
carbide (Li,C,) has the highest theoretical specific capacity
(1400 mAhg™) among all the reported lithium-containing
cathode materials for lithium ion batteries. Herein, the
feasibility of using Li,C, as a cathode material was studied.
The results show that at least half of the lithium can be
extracted from Li,C, and the reversible specific capacity
reaches 700 mAhg™'. The C=C bond tends to rotate to form
C4 (C=C--C=C) chains during lithium extraction, as indicated
with the first-principles molecular dynamics (FPMD) simu-
lation. The low electronic and ionic conductivity are believed to
be responsible for the potential gap between charge and
discharge, as is supported with density functional theory (DFT)
calculations and Arrhenius fitting results. These findings
illustrate the feasibility to use the alkali and alkaline earth
metal carbides as high-capacity electrode materials for secon-
dary batteries.

Lithium ion batteries (LIBs) are finding more and more
important applications in electric vehicles and electricity
storage stations after the great success in various portable
electronic devices and tools. The conventional cathode
materials that have only half the available capacity (mostly
below 200 mAhg™') of the graphitic anodes (over
350 mAhg™') are becoming the bottleneck to the increase
of energy density of the LIBs. Among all the reported lithium
transition metal oxide cathode materials, the manganese-
based lithium-rich layer-structured oxides, xLi,MnO;--
(1-x)LiMO, (M =Ni, Co, Mn), are expected to deliver
a specific capacity over 250 mAhg '. However, quick decay
of the capacity and discharge voltage,"? severe O, evolu-
tion,”! and poor rate performance!® hinder their commerci-
alization. Similar to the lithium-rich cathode materials, the
layered  LiNi;,_, ,Co,Mn,O, (viable capacity below
200 mAhg ') cannot be applied in energy storage systems
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before their safety and cycling issues are properly addressed,
especially when charged to high potentials (above 4.55 V vs.
Li*/Li).

Except for the inorganic cathode materials such as oxides,
phosphides, and silicates, electroactive organics or polymers
such as Li,CeOsF! Li,CgH,0,,® and the Prussian blue
catalogs”! have also been studied as promising candidates of
electrode materials. In contrast to the inorganic electrode
materials that store or convert energy by valence changes of
the transition-metal or the anions (such as O*"), the organic
electrode materials store Li ions by changing the charge state
of the electroactive organic groups or moieties, for example,
C=0. The advantages of the organic electrode lie in their
higher theoretical capacity, safety, sustainability, environ-
mental friendliness and potentially low cost. However, their
cycling and rate performances are usually poor owing to the
dissolution in the electrolyte and the low electric conductivity
of the organic electrode materials.”**

A number of Li-C binary carbides have been reported.
For example, LiC, LiC,,, and LiC,4 are well known products
of lithium intercalation into graphite.””’ Li,C; and Li, Gl
were also reported and known as poly-lithium organic
compounds. However, all these carbides are thermodynami-
cally metastable; they are decomposed to Li,C, at enhanced
temperatures.['1?

Lithium carbide (Li,C,) was firstly prepared by Moissan
et al.™¥ in an electric furnace in 1896, with coal and Li,COj; as
the precursor. Its structure was determined to be orthorhom-
bic in 1965.Y Based on refinement to the powder X-ray
diffraction (XRD) patterns, the distance between two nearest
C atoms was determined to be 120 pm,' in good agreement
with the bond length of the C=C triple bond.™” Figure 1a
shows the unit cell of Li,C, (space group Immm), with all of
the C atoms in the same plane while all of the Li atoms are in
another plane (Figure 1a).
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Figure 1. The unit cell (a), total and local density of states (DOS; b)
and the spin-up band structure (c) of orthorhombic Li,C,.
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Li,C, is no stranger to the field of LIBs, although no one
has ever attempted to use it as an electrode material. Schmitz
et al.l'¥ claimed its presence in the solid electrolyte interphase
(SEI) layer on a lithium-plated copper electrode, although it
has not been experimentally observed. Recently, we found
that Li,C, can be obtained as a reduction product of Li,CO;
that is electrochemically converted from CoCOs. It can react
with the metallic cobalt to form Li,COj; and finally CoCOj; as
the cell is recharged to 3.0 V versus Li*/Li.l'"’! However, the
properties of Li,C, as a cathode material have never been
studied. Nor is Li,C, alone in the carbide family. There are
a number of alkali metal carbides (Na,C, (PDF No. 76-1713),
K,C, (No0.76-1714)) and alkaline earth metal carbides (BeC,
(N0.33-0191), MgC, (N0.03-0748), CaC, (N0.82-0627)). These
carbides are characteristic of their C=C units. The partial
breaking/recovering or distortion of the C=C group makes
them potential electrode materials in Li-, Na-, and Mg-ion
batteries. They store Li-, Na-, and Mg-ions by changing the
charge state of their C=C groups.

Herein, we report the electrochemical performances of
orthorhombic lithium carbide (Li,C,) and its structural
evolution during cycling as a cathode material of lithium-
ion batteries.

The electronic structure of Li,C, was studied by density
functional theory (DFT). Figure 1b shows the local density of
states (LDOS) of the atoms in Li,C,. The sharp DOS peaks at
around —12 eV are actually the contribution of C2s-2p (sp1)
hybridization, while the states near the Fermi level are
dominantly that of C2p. As the spin-up and spin-down of the
total DOS are completely symmetric, Li,C, is a zero-magnet-
ism material. Furthermore, the electronic structure (Fig-
ure 1c¢) shows that the band gap of Li,C, is 3.2 eV, with the
bottom of the conduction band at the I'-point and the top of
the valence band at the W-point. As a result, the electronic
conductivity of Li,C, is expected to be low, and therefore it is
essential to improve its electrical conductivity before any
potential commercial application.

The average delithiation potential of Li,C, is calculated to
be 42V when 0.5Li/fu. (fu. for Li,C, formula unit) is
removed from the unit cell according to Equation (1). This
indicates that Li,C, might be used as a high-potential cathode
material.

ELiH [ ELiH c (x2 —xp)Ey;
(= xp)e

Vmax(xl <x< XZ) =

1)

Figure 2a shows the XRD patterns of as-prepared Li,C,
powder before and after exposure to air (25°C and 50 % RH)
for 24 h. It is clear that the crystallinity of the as-prepared
Li,C, is low. The dominant phase of the material is ortho-
rhombic Li,C, (PDF No. 74-0268), though some impurity
peaks (arrows marked) can be observed. The impurity phase
is recognized to be metallic lithium (No. 01-1264), as a result
of lithium excess in the precursor of Li,C,. A wide peak
appears around 20° (20) after air exposure, indicating that
part of the Li,C, is decomposed to amorphous carbon.
Therefore, Li,C, is rather stable but cannot be stored in humid
air for long. Figure 2b shows the Raman spectrum of the as-
prepared sample. The central position of the Raman spectrum
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Figure 2. XRD patterns of the as-prepared and air-exposed Li,C, (a)
and Raman spectrum for the as-prepared Li,C, (b).

for symmetrical stretching vibration of the C=C bond appears
at 1873 cm™!, consistent with the results reported by Nylén
et al.l'®

Figure 3a shows the charge/discharge profiles of a Li,C,
cell between 2.0 and 4.6 V versus Li"/Li. In the first cycle, the
main charge process starts at approximately 4.3 V and ends at
4.6 'V, consistent with the DFT predictions. The main dis-
charge process is between 2.0 and 2.1 V. The discharge
capacity of the cell reaches 700 mAhg ! above 2.0 V. As the
capacity of carbon black is only approximately 53 mAhg™!
under the same cycling conditions (Supporting Information,
Figure S1), the actual capacity contribution of Li,C, is
679 mAhg ', much higher than any other known inorganic
cathode materials for lithium ion batteries. The possibility
that electrolyte decomposition contributes significantly to the
capacity of the cell can be excluded (Figure 3a) because the
specific capacity of the (CB + PTFE) electrode is very low in
comparison with that of the (Li,C,+ CB + PTFE) electrode
(53mAhg ' vs. 700mAhg ') under the same cycling con-
dition. The charge and discharge profiles become much
steeper in the subsequent cycles than in the first cycle, and the
capacity decreases to 300 and 180 mA hg ! after two and five
cycles, respectively. The capacity is stabilized at approxi-
mately 140 mAhg ' after 10 cycles (Figure 3b). This means
that the C2 (C=C) structure acts as the electron donor and
acceptor in the Li,C, material. These results suggest that some
simple compounds can be used as high-capacity cathode
materials of lithium ion batteries.

A potential gap of around 2.5 V appears in the potential
profile of the first cycle of Li,C,. The ohmic resistance, charge
transfer resistance, and diffusion resistance of the cell are
three dynamic factors for the overpotential (AV). The
relationship between AV and the current i can provide
a clue to find out the main reasons for the dynamic over-
potential."** AV is the difference between the potential at
a certain current { and the equilibrium potential at that
current. Figure 3 ¢ shows that the equilibrium potential (25 %
of the lithium is extracted) is 3.67 V according to the GITT
profile. Figure 3d further shows that AV is linearly dependent
on Ig(i). This means that charge transfer is the rate-controlling
step during lithium extraction,'”?" consistent with the large
band gap (3.2eV) and low electronic conductivity of Li,C,
obtained with DFT calculations (Figure 1b). This is very
similar to the situation of the lithium-air batteries, in which
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Figure 3. Charge/discharge curves (a) and cycle performance (b) of Li,C,, the GITT profile of Li,C, during initial charge (c), linear fitting to the
dependence of AV vs. Ig(j) (d), and evolution of the FTIR spectrum of Li,C, at various charge/discharge states (e).

the insulating nature and the difficulty of oxidation of Li,O,
and Li,CO; leads to the large anodic overpotential !>

To evaluate lithium diffusion in Li,C,, first-principles
molecular dynamics (FPMD) simulations were performed at
temperatures ranging from 500 to 2000 K within a 3x3x2
supercell (Li;,C,) of the unit cell. The simulation time scale is
30 ps with a step length of 2 fs. It was observed that the
ordering of the C=C (bond length 1.257 A; denoted as C2)
dimers is very sensitive to the temperature. At a lower
temperature (< 1200 K), the structure is ordered and the C2
dimers vibrate around their equilibrium positions. However,
rotation and even migration are obviously observed for the
C2 dimers as the simulation temperature increases to 1200 K.
Therefore, a phase transition is expected to occur above
1200 K. In reality, a phase transition is observed at 800 K,!
even though FPMD predicts that it will not occur below
1200 K, probably owing to the limited FPMD time in our
simulation.

The diffusion coefficients (D) of the lithium ions were
calculated by fitting the slope of mean square displacements
(MSD) according to Equation (2). These diffusion coeffi-

2> 2)

cients below 1200 K are used to acquire the activation energy
(E,) for lithium ions based on the Arrhenius equation.
According to this, the activation energy for lithium ion
diffusion in Li,C, is calculated to be 0.50 eV (Figure 4a). This
is a rather high energy barrier for ion diffusion. The
divergence of the diffusion coefficients is probably due to
the limited simulation time scale and the sensitivity of the
structure to the temperature.

The low lithium diffusion coeffecient of Li,C, is likely
another reason for its poor charge transfer and large over-
potential. However, the low electric conductivity may not

v

or(t)

i

1. 1
Dy N}L%<Z

www.angewandte.de

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

prevent Li,C, from becoming a promising high capacity
cathode material for lithium ion batteries. A similar case is
LiFePO, which was discovered in 1997,7*%! but failed to be
commercially applied until 1999 when Armand and co-
workers®! proposed to coat it with carbon, as well as to
reduce its particle size.

Further analysis of the lithium trajectories from the
FPMD simulations (at 1000 K) indicated that lithium diffu-
sion in Li,C, is three-dimensional, including five typical hops
(Figure 4b). Paths 1 and 2 are hops perpendicular to the plane
of C2 dimers, while paths 3, 4, and 5 are for migrations parallel
to the plane of C2 dimers. Lithium migration along Path 1
requires the lowest energy. Two kinds of migration trajecto-
ries are detected along Path 1 during the FPMD simulations.
One is a linear pathway (denoted as A), while the other is
a curved pathway (denoted as B; Figure S2). However, the
difference of the hopping energy barriers for these two
trajectories (0.290 vs. 0.295eV; Figure 4c¢) is negligible,
according to the CI-NEB calculations. A longer diffusion
length and a higher energy barrier (0.670 eV) are required for
the other type of lithium hops (path 2; Figure 4d). The energy
barriers for the migrations parallel to the plane of C2 dimers
(paths 3, 4, and 5) are 0.456, 0.583, and 1.150 eV, respectively
(Figure 4e to g). Clearly, the activation energy of 0.50 eV
obtained from the Arrhenius fitting (Figure 4 a) represents an
average effect of various types of the lithium hops.

Structures of Lis;Cs, and Lis,Cs, were constructed by
removing one and two lithium atoms from the 3x3x3
supercell (Lis,Cs,) of the primitive cell, respectively. These
structures were relaxed to their equilibrium states on the basis
of the first principles calculations. The simulations show that
the C=C dimers in Li,C, (0 < x <2) can easily rotate; chains
with four C atoms (C4, C=C---C=C) are detected in many
cases. For the former case (1/54 lithium ions removed),
simulation at 700 K for 12 ps demonstrates the presence of C4
chains near the lithium vacancy (Figure 4 h). For the latter
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Figure 4. Arrhenius plot of Li diffusion in Li,C, (a); the five possible hops between two neighboring Li sites (denoted with arrows) for the FPMD
simulation (b), and the migration energy barrier of each calculated by CI-NEB method (c—g). The insets are the corresponding migration
pathways. The relaxed structure of h) Lis;Cs4 after FPMD simulation at 700 K), and i) Lis,Cs, after FPMD simulation at 300 K. The simulation time
scale is 12 ps. The inset in (i) displays a C4 chain composed of two C2 bonds at both ends and one bond that connects these C2 bonds (denoted

as “end” and “mid”, respectively).

structure (2/54 lithium ions removed), the energy of the
system gradually decreases with the increasing distance
between the two vacancies (Figure S3). That is, the two
vacancies tend to get farther away from each other so that
they cannot interfere with each other.

The ground state was adopted for the FPMD simulation of
Lis,Cs,. Simulation at 300 K for 12 ps shows the existence of
C4 chains as well (Figure 4i). With increasing temperature,
the C4 chain can be formed in a shorter time, 2 ps at 500 and
700 K (Figure S4). The C4 chains are formed mainly in two
ways. One way is a direct formation by the rotation and
approaching of two adjacent C=C dimers near the lithium
vacancy. The other route is by, first, the migration of the
nearby lithium ions towards the lithium vacancy, and then the
formation of the C4 chain near the vacancy generated by the
migrated lithium ions.

These results suggest that the C4 chain tends to be formed
in delithiated Li,C, (0 < x < 2). Table S2 shows that when 2/54
Li ions are removed, the length of each “end” bond of a C4
chain (inset of Figure 4i) decreases from 1.257 A in pristine
Li,C, to 1.255 A. That is, the end bond appears to remain a C=
C triple bond; lithium removal does not damage the structure
of Li,C, significantly. However, the length of the middle bond
is approximately 1.37 A, somewhere between that of a single
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bond and a double bond.'! These indicate that the con-
nection of the two C=C bonds is strong and hard to be
opened. Therefore, the charge profile of the second cycle is
much different from that of the first cycle, and the capacity
decreases quickly with cycling (Figure 3a). However the
stabilized capacity of 140 mAhg™' (Figure 3b) indicates that
the structure does not collapse completely until half of the
lithium in Li,C, is extracted. As a result, Li,C, is still
a promising cathode material.

The structures with C4 chains display lower energy (ca.
1.13-4.74 V) than that of the pristine Li,C, (Figure S5). This
will result in lower delithiation potentials than that expected
for pristine Li,C, (4.2 V), as discussed above. Furthermore,
the presence of the C4 chain also affects the electronic
structure of Li,C,. The delithiated Li,C, would become
metallic if the C4 chain was not formed. However, because
the C4 chain thermodynamically prefers to be formed (Fig-
ure S5), its formation makes the Fermi level rise and opens
a gap between the valence and conduction bands (Figure S6).
Moreover, the band gap is narrower than that of the perfect
Li,C, before delithiation.

The evolution of the C=C bond during lithium insertion
and extraction was characterized with FTIR spectroscopy
(Figure 3¢). Theoretically, the symmetrical stretching of the
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C=C bond is Raman active but infrared inactive in a perfect
Li,C, crystal.!'® However, if lithium defects (such as vacancy)
appear, or the C4 chains form after lithium extraction, then
the C=C stretching can become infrared active. The central
position of the Raman peak for symmetrical stretching
vibration of the C=C bond appears at 1873 cm ' (Figure 2b)
though no infrared absorption peaks can be observed around
it for the as-prepared material (Figure 3¢). An infrared peak
appears at 1871 cm™' when 12.5% lithium is extracted from
Li,C,, consistent with the above analysis. As more (50%)
lithium ions are extracted, the peak position shifts to
1868 cm™'. When the lithium ions are re-inserted into
Li,_,C,, the absorption peak goes back to 1871 cm™' in the
FTIR spectrum. These spectroscopic results are in agreement
with the slight changes of the length of the C=C bond in a C4
chain (1.257 vs. 1.255 A). Therefore, the structural variation
of Li,G, is negligible in lattice parameters and the delithia-
tion-induced C4 structure is very stable.

In conclusion, Li,C, was synthesized by a solid state
reaction and used as a high-capacity cathode material for
lithium ion batteries. Electrochemical performance evalua-
tion indicates that at least half of the lithium in Li,C, can be
reversibly extracted and inserted. A reversible capacity of
700 mAhg' can be obtained in the initial cycle, and the
capacity is stabilized at 140 mAhg'. In this material, the C2
acts as both the electron donor and electron acceptor. The
potential gap between charge/discharge was found to be
a dynamic and thermodynamic overpotential. First-principles
based DFT and FPMD calculations indicate that low elec-
tronic conductivity and lithium diffusion in Li,C, is respon-
sible for the dynamic overpotential. Calculations further show
that delithiation leads to the rotation and migration of the C=
C bonds, and the formation of the C4 chains (C=C--C=C).
Generation of a strong middle bond that connects the two C=
C bonds damages the symmetry of Li,C, and leads to the
activation of C=C stretching in the FTIR spectrum. However,
the negligible position shifting of the C=C stretching in the
FTIR spectrum during charge/discharge demonstrates the
structural stability of Li,C, during delithiation and re-
lithiation. Therefore, although the electrochemical perfor-
mance of Li,C, does not meet the requirement of current high
energy-density lithium ion batteries, its performance can be
improved by surface modification (coated with conducting
species), reduction of the particle size, and elemental
substitution. Besides applications as a cathode material,
Li,C, can also be used as cathode additives for lithium ion
batteries using silicon anodes. Considering the large family of
the alkali and alkaline earth metal carbides, and the cost-
effective and environmentally friendly features of the car-
bides, our findings also provide insight into the development
of high-performance electrode materials for sodium ion
batteries and secondary magnesium batteries.
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