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ABSTRACT: Using ﬁrst-principles calculations based on density
functional theory, we show that recently synthesized graphitic carbon
nitride (g-C4N3 and g-C3N4) can be functionalized with Li atoms for
use as materials not only for high-capacity hydrogen storage but also
for lithium-ion batteries. The unique properties are due to the high
density of Li ions ﬁrmly adsorbed over nitrogen triangular holes. The
gravimetric and volumetric densities of hydrogen in Li2C3N4 and
Li2C4N3 are greater than 10 wt % and 100 g/L, respectively, both
exceeding the target set by the U.S. Department of Energy. Similarly,
single-layer Li2C3N4 is a good candidate for a lithium-ion anode
material with a speciﬁc capacity almost twice that of graphite, and
bulk LiC4N3 can be used as a cathode material with a speciﬁc energy
twice that of LiCoO2. The materials have the added advantage that
they are stable against clustering of Li and are nontoxic.

W

electron double numerical basis set with polarized function
(DNP basis set) were employed for the spin-unrestricted DFT
computations.11 The real-space global cutoﬀ radius was set to
5.1 Å. After geometry optimization, forces on all atoms were
less than 0.0002 Ha/Å. The results were veriﬁed using the
Vienna Ab initio Simulation Package (VASP 5.2)13−15 code
with the GGA/PBE and PBE-D2 functionals of Grimme12 for
the exchange and correlation potential. Charges on atoms were
calculated using Hirshfeld charge analysis.
A. Hydrogen Storage. For a successful hydrogen
economy, it is essential to be able to store hydrogen eﬃciently
and in large quantities. According to the U.S. DOE, the
gravimetric and volumetric densities of hydrogen should be
larger than 5.5 wt % and 81 g/L, respectively, and the materials
should be operable at near-ambient thermodynamic conditions.
To meet the gravimetric density requirement, these materials
should be lighter than aluminum. Unfortunately, for elements
lighter than aluminum, hydrogen binds either strongly with
covalent or ionic bonds or weakly through van der Waals
interaction. Consequently, the hydrogen desorption temperature is high for the former and low for the latter. For ideal
desorption, the adsorption energy of H2 should be between 0.2
and 0.6 eV per molecule.16 Two mechanisms have been
proposed that can accomplish this goal. The mechanism due to
Kubas involves the interaction between a transition-metal atom
and a hydrogen molecule, where the latter donates electrons to
the unﬁlled d orbitals of the transition-metal atom, which then
back-donates the electrons to the antibonding orbital of the
hydrogen molecule.17−19 The other mechanism, proposed by

ith dwindling supplies of fossil fuels and their adverse
eﬀects on the environment, there is currently considerable emphasis on developing clean renewable energies and
ﬁnding materials for their eﬃcient storage. In the transportation
sector of the economy, hydrogen and batteries are among the
important solutions.1,2 Hydrogen storage materials for onboard applications have stringent requirements: They should be
able to store hydrogen reversibly with large gravimetric and
volumetric densities and operate at near-ambient thermodynamic conditions.2−5 To date, no materials meet these industry
requirements. Lithium-ion batteries are currently used as highenergy-density storage materials, but they suﬀer from high
costs, safety concerns, and poor speciﬁc capacities. In addition,
their cathode materials contain transition-metal atoms that are
toxic and pose environmental risks.
In this article, we show that the graphitic carbon nitride
materials g-C3N46 and g-C 4N 3,7,8 which were recently
synthesized by using cross-linking nitride-containing anions in
ionic liquid, when suitably doped with Li, can address these
challenges. The calculated gravimetric and volumetric densities
of hydrogen in Li2C3N4 and Li2C4N3 are higher than 10 wt %
and 100 g/L, respectively, and exceed the target set by the U.S.
Department of Energy (DOE). In Li-ion batteries, single-layer
Li2C3N4 can serve as an anode material with a speciﬁc capacity
almost twice that of graphite and bulk LiC4N3 can serve as a
cathode material with a speciﬁc energy twice that of LiCoO2.
Equally important, these lithium-decorated graphitic carbon
nitride materials are nontoxic and do not pose any environmental risk.
The above results are based on density functional theory
(DFT) calculations performed using the DMol3 package.9,10
The generalized gradient approximation (GGA) in the
Perdew−Burke−Ernzerhof (PBE) form together with an all© 2013 American Chemical Society
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Niu et al.,20 makes use of the polarization mechanism where a
metal cation can bind a large number of H2 molecules because
of the electric ﬁeld it produces. In both cases, hydrogen binds
to the metal atom in quasimolecular form, with binding
energies intermediate between those of physisorption and
chemisorption. However, to maintain the stability of materials,
it is important that these metal atoms not cluster. One way of
achieving this goal is to ﬁnd metal atoms that either bind to the
substrate more strongly than they do to each other or are an
integral part of the material. Although several predicted metaldoped nanostructured materials can store hydrogen with high
gravimetric densities,21−32 synthesizing these materials in bulk
quantities remains a challenge. Ideally, what is needed is to
decorate a bulk material that already exists with metal ions and
to ensure that these ions do not cluster during multiple
hydrogen adsorption/desorption cycles.26 We show in this
article that lithium-doped graphitic carbon nitrides (g-C4N3 and
g-C3N4)6−8 are such materials. Their applications in hydrogen
storage34 and reversible lithium intercalation33,35 have already
been experimentally studied. The polymorph of C3N4 used here
is based on triazine, which is not as stable as that based on
heptazine.6 However, triazine-based C3N4 has been synthesized.33 The reason for our studying the triazine-based C3N4 for
energy storage is discussed later.
The structures of single layers of g-C3N4 and g-C4N3 are
shown in panels a and b, respectively, of Figure 1. To determine

one electron from every Li atom. Because these binding
energies are all larger than the cohesive energy of bulk lithium,
namely, 1.6 eV, lithium atoms do not cluster, and Li2C3N4 and
Li2C4N3 are both stable. Vibrational calculations were
performed on those systems, and no imaginary frequencies
were found.
We next studied the interaction of hydrogen molecules with
the Li atoms by ﬁrst placing one H2 molecule over a Li atom in
every supercell of the Li2C3N4 and Li2C4N3 systems, as shown
in the left panel of Figure 2. After optimization, the hydrogen

Figure 2. Geometric structures of (a) g-Li2C3N4 and (b) g-Li2C4N3
decorated with one and six hydrogen molecules in every supercell.
Gray, white, blue, and purple spheres denote carbon, hydrogen,
nitrogen, and lithium atoms, respectively.

atoms were all found to bind in quasimolecular form with a H−
H distance of 0.76 Å. The distances between the hydrogen
molecule and the Li atom in Li2C3N4 and Li2C4N3 systems
were 2.50 and 2.18 Å, respectively. Up to three H2 molecules
could be adsorbed on every Li atom in these two systems (i.e.,
six hydrogen molecules in every supercell), as displayed in the
right panel of Figure 2. The average distances between
hydrogen molecules and the Li atoms were found to be 2.86
and 2.43 Å, respectively. We computed the adsorption energy
of H2 using diﬀerent methods: (1) GGA/PBE implemented in
DMol3, (2) LDA implemented in DMol3, (3) GGA/PBE
implemented in VASP 5.2, and (4) the PBE-D2 method of
Grimme implemented in VASP 5.2. As shown in Table 1, the
adsorption energies calculated using the PBE functional in
VASP and DMol3 are small but comparable. Because H2
molecules are bound in quasimolecular form, it is important
to include dispersive forces in the energy calculation. Because

Figure 1. Geometric structures of (a) g-C3N4, g-LiC3N4, and gLi2C3N4, and (b) g-C4N3, g-LiC4N3, and g-Li2C4N3. Gray, blue, and
purple spheres denote carbon, nitrogen, and lithium atoms,
respectively.

their preferred locations, Li atoms were placed over both the
triangular N holes and the hexagonal rings, and the resulting
structures were optimized. When the supercell of each g-C3N4
and g-C4N3 is decorated with one lithium atom, the lithium
atom prefers to reside over the triangular N holes with binding
energies of 2.2 and 4.3 eV per atom, respectively. The binding
energies of Li atoms placed over the hexagonal rings of g-C3N4
and g-C4N3 are much smaller, namely, 0.35 and 2.1 eV,
respectively. When two Li atoms are placed on the two sides in
every supercell of g-C3N4 and g-C4N3, the Li atoms again prefer
to reside over the triangular N holes with respective binding
energies of 2.4 and 3.4 eV. The charges on the Li atoms in
these two systems are 0.25e and 0.27e, respectively, and the
average distances between the Li atoms and CN plane are 1.21
and 1.15 Å, respectively. This explains why the binding energy
in Li2C3N4 is smaller than that in Li2C4N3. Because g-C4N3 can
be thought of as N-doped g-C3N4, it is more inclined to accept

Table 1. Calculated Adsorption Energy (eV) of Hydrogen
Molecules Adsorbed on Li2C3N4 and Li2C4N3 Using
Diﬀerent Codes and DFT Functionals
method
host
Li2C3N4
Li2C3N4
Li2C4N3
Li2C4N3
6056

(1H2)
(6H2)
(1H2)
(6H2)

PBE-DMol

LDA-DMol

PBE-VASP

PBE-D2-VASP

0.046
0.076
0.070
0.034

0.25
0.30
0.33
0.30

0.068
0.064
0.096
0.083

0.14
0.22
0.16
0.22
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these are lacking at the DFT-PBE level of theory, we repeated
the calculations using the PBE-D2 level of theory implemented
in the VASP code. The resulting binding energies are a factor of
2 larger than those obtained using the PBE functional. We note
that, because LDA overestimates binding, it can often
compensate for the dispersive forces that are otherwise absent
in DFT. The results, computed using LDA in DMol code, are
included in Table 1. These values are larger than those
computed at both the PBE and PBE-D2 levels. The actual
adsorption energies are likely to be between the values obtained
using the PBE-D2 and LDA methods. With every Li atom
binding to three H2 molecules, the hydrogen gravimetric
densities of Li2C3N4 and Li2C4N3 are 10.2 and 10.3 wt %,
respectively. In addition to exceeding the U.S. DOE target for
gravimetric density, these materials also exceed the U.S. DOE
target for volumetric density (>81 g/L). We determined the
volumetric densities of Li2C3N4 and Li2C4N3 by stacking them
layer by layer with interlayer distances set at 10 Å. The resulting
volumetric density of hydrogen in both systems is 100.2 g/L,
which is signiﬁcantly greater than the U.S. DOE target of 81 g/
L. The Li-decorated g-C3N4 and g-C4N3 materials have the
advantages that the host substrates have already been
synthesized in bulk quantities and the Li atoms anchored to
the substrate have no tendency to cluster.
B. Lithium-Ion Battery. In a Li-ion battery, two electrodes
(anode and cathode) are hosts of lithium and are separated by
an electrolyte. Lithium atoms diﬀuse in or out of the electrodes
during the charging and discharging processes. The open-circuit
voltage (OCV), which is the equilibrium voltage diﬀerence
between the two electrodes, depends on the lithium chemical
potential diﬀerence between the anode and cathode. To achieve
a high OCV, a large chemical potential diﬀerence is desirable.
At present, the most widely used anode and cathode materials
in lithium-ion batteries are layered LiC6 and LiCoO2.The high
cost, toxicity, and chemical instability of the cathode materials
at deep charge prevent their use for wider applications. In
addition, only half of the theoretical capacity can be
utilized.36−38 Because Li-decorated carbon nitride materials
contain a high density of lithium ions, they can be ideal
candidates for lithium-ion battery cathode and anode materials.
For example, a high reversible capacity of 1200 mA·h/g and
stable cycling performance were recently obtained.39 In another
recent report, Sakaushi et al.40 demonstrated that covalent
triazine-based frameworks can be successfully used as anode
and cathode materials for ambipolar supercapacitors with a high
speciﬁc energy of 1084 W·h/kg.40
We found that Li2C3N4 and Li2C4N3 have speciﬁc capacities
of 524 and 534 mA·h/g, respectively, which are almost twice
that of LiC6 (372 mA·h/g). Because the binding energy of Li
atoms in Li2C3N4 is 2.4 eV, it is suitable for an anode material.
Li2C3N4 and LiC3N4 can also be rolled into nanotubes (NTs),
similarly to graphene in carbon nanotubes (CNTs), as shown
in Figure 3a,b. Here, the binding energies of Li atoms are 2.8
and 2.0 eV for Li2C3N4 and LiC3N4, respectively, and these
nanotubes can be made into three-dimensional bundles and
applied as anodes.
Li2C3N4 is not suitable for an anode material because the
binding energy of Li is large. However, if Li2C3N4 were applied
as a cathode material, the maximum speciﬁc energy could reach
0.961 kW·h/kg, which is almost twice that of LiCoO2 (0.518
kW·h/kg). However, the OCV here is only 1.6 V, which is
much smaller than that of LiCoO2 (around 3.5 V). To enhance
the OCV, we considered intercalating lithium ions into the

Figure 3. Geometric structures of (a) Li2C3N4 (4,4) nanotube (NT),
(b) LiC3N4 (4,4) NT, (c) bulk LiC3N4, and (d) bulk LiC4N3.

layers of g-C3N4 and g-C4N3, as shown in Figure 3c,d. In bulk
LiC3N4 and LiC4N3, every lithium ion is placed between two
holes of two adjoining layers, and the speciﬁc capacities are
reduced by 50% compared to those of Li2C3N4 and Li2C4N3, as
they contain half the number of lithium ions. However, the
cohesive energies of lithium are 3.6 and 5.2 eV, respectively, so
their OCVs are enhanced to 1.8 and 3.4 eV, respectively. As a
result, when bulk LiC4N3 is used as a cathode material, the
OCV can be doubled, and its maximum speciﬁc energy is even
higher (0.974 kW·h/kg). This potential organic cathode
material compared to that currently used in lithium-ion
batteries is also environmentally friendly because it does not
contain any toxic transition metals.
Because the heptazine-based units are more stable than the
triazine-based ones for C3N4, it is likely that the former might
be mixed with the latter when synthesized experimentally.
Therefore, we investigate the potential of Li-doped heptazinebased C3N4 for energy storage. As shown in Figure 4a, for every

Figure 4. Geometric structures of (a) heptazine-based LiC6N8, (b)
heptazine-based LiC6N8 with four hydrogen molecules per supercell,
(c) heptazine-based Li2C6N8, and (d) heptazine-based Li2C6N8 with
ﬁve hydrogen molecules per supercell.

C6N8 unit in a supercell, when one Li atom is adsorbed, the
binding energy of the Li atom is 3.3 eV/atom, and the
optimized system remains planar. The ability to adsorb
hydrogen molecules is aﬀected by the planar structure, as
lithium atoms have more space to adsorb hydrogen molecules
when they are out of the plane. As shown in Figure 4b, every
heptazine-based LiC6N8 can adsorb four H2 molecules,
resulting in a hydrogen gravimetric density of 4.0 wt %.
When two Li atoms are adsorbed in every C6N8 unit in a
supercell, the average binding energy of Li atom is reduced to
3.1 eV/atom. As shown in Figure 4c, the optimized system
becomes distorted, with one Li atom residing on the CN plane
6057
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and the other being out of the plane. In Figure 4d, every
heptazine-based Li2C6N8 can adsorb ﬁve H2 molecules, two by
the Li atom in the plane and three by the one out of the plane,
resulting in a hydrogen gravimetric density of 4.8 wt %. This is
much less than that adsorbed by triazine-based Li2C3N4. For
C4N3, the only polymorph that has been synthesized, to our
knowledge, is triazine-based.7 In a recent experimental study of
the lithiation of g-C3N4,41 it was reported that the addition of Li
to heptazine-based C3N4 results in an irreversible reaction
leading to the formation of LiCHNR and LiNCR2
species. Carbon nitride suitable for the anode needs a high
density of pyridinic C−N−C terminal bonds and a low density
of quaternary C3N species to boost the electronic conductivity
and reversible cycling of Li ions. In comparison, C4N3 does not
have such quaternary C3N species. In addition, because C4N3 is
essentially p-doped and is inclined to obtain one additional
electron for every unit cell, LiC4N3 is even more stable than
C4N3. Therefore, for applications in hydrogen storage and
lithium batteries, C4N3 is more desirable than C3N4.
In summary, using total energy calculations, we demonstrated that lithium-decorated g-C4N3 and g-C4N3 are good
candidates for high-capacity energy storage; they can be used as
hydrogen storage materials and lithium-ion battery anode and
cathode materials. These desirable properties are due to their
high densities of nitrogen triangular holes where lithium ions
are adsorbed. The adsorption energies of hydrogen molecules
on Li atoms are ideally suited for eﬃcient hydrogen sorption,
and the predicted weight percentage of H2 (>10 wt %) and
volumetric density (>100 g/L) exceed the target values set by
the U.S. Department of Energy. Single-layer Li2C3N4 with a
speciﬁc capacity almost twice that of graphite is a good
candidate for a lithium-ion anode material, and bulk LiC4N3
with a speciﬁc energy twice that of LiCoO2 can be used as a
cathode material. These materials have the added advantages
that they are nontoxic and pose no environmental risk. We
hope that our predictions will stimulate experimental studies to
explore the potential of these materials for eﬃcient energy
storage.
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