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Cathodes of Li- and Na-ion batteries usually have capacities <200 mAh/g, significantly less than
the anodes. Two-dimensional materials can overcome this limitation but suffer from low voltages.
In this context, we investigate NbS2 functionalized by O, F, and Cl as a cathode material by firstprinciples calculations, considering both the conversion and intercalation mechanisms. NbS2O2
shows a higher voltage than NbS2 for both Li and Na, but the voltage decreases drastically for
increasing ion coverage. Even higher voltages and favorable dependences on the ion coverage
are achieved by F and Cl functionalization. We obtain NbS2F2 and NbS2Cl2 energy densities of
1223 mW h/g and 823 mW h/g for lithiation and 1086 mW h/g and 835 mW h/g for sodiation, respectively. These values are higher than those for most state-of-the-art cathode materials (600 mW h/g).
In addition, low diffusion barriers enable high cycling rates. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4985694]
Nowadays, batteries, fuel cells, and supercapacitors are
attracting much attention as energy storage and conversion
devices, motivated by a rapidly increasing global energy
consumption. Rechargeable Li-ion batteries, using Li ions
for the charge transfer, are replacing lead-acid, Ni-Cd, and
nickel-metal-hydride batteries because of environmental
concerns due to the toxic metals. A high energy density, the
absence of memory effects, and a long cycle life enable Liion batteries to be widely used in portable electronic devices
such as cell phones, laptops, and cameras.1,2 However, scarcity and associated high costs of Li limit its field of applications. Na-ion batteries have been considered as promising
alternatives in large scale devices, such as electric vehicles
and power grids, since their properties are similar and Na
has the advantage of natural abundance.3
The anode and cathode materials used in commercial
Li-ion batteries are graphite and transition metal oxides,
respectively, with the operation being based on the intercalation mechanism.4 Since graphite has a low theoretical capacity of 372 mA h/g,5 various alternatives with capacities >600
mA h/g have been proposed, including SnO2,6 graphene,7
and silicene.8 Phosphorene has been put forward as a high
capacity anode material for Na-ion batteries.9,10 The operational voltages of most cathode materials for Li-ion batteries
range from 3 V to 4 V with an energy density (product of
voltage and capacity) of some 600 mW h/g, rarely reaching
900 mW h/g.11 Similar limitations of the energy density
apply to Na-ion batteries.12 Since the typical cathode capacity is <200 mA h/g, i.e., significantly lower than that of the
anode, and the voltage is bound by the stability limit of the
electrolyte (usually 4.6 V),11,12 it is effective to improve the
energy density by enhancing the capacity.
Two-dimensional materials have been predicted to provide high Li and Na capacities as anodes due to their large
surface areas.13,14 In addition, low diffusion barriers (flat
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potential surfaces) enable high cycling rates.15,16 However,
weak interactions with ions lead to low and decreasing
voltages in the intercalation reactions, which limits their application as cathodes.17,18 Electrodes employing conversion
mechanisms usually yield higher voltages.4 On the other
hand, it is known from MXenes that functionalization can be
used to tailor the surface properties of two-dimensional materials, in particular the interaction with ions.19,20 Monolayer
transition metal dichalcogenides, which can be exfoliated
from bulk crystals,21 are semiconducting when they are based
on Mo and W, whereas NbS2 is a metallic member of the family and therefore interesting from the battery point of view.
Indeed, bulk NbS2 has been considered as an anode in Na-ion
batteries, providing a voltage below 1 V.22 We study in the
present work the potential of monolayer NbS2 functionalized
by O, F, and Cl (chosen because of the high electronegativities23) as a cathode material for Li- and Na-ion batteries, considering both the conversion and intercalation mechanisms.
Lithiation and sodiation of monolayer NbS2 are investigated using 2  2 in-plane supercells with a vacuum layer of
15 Å thickness in the out-of-plane direction to enable the
application of three-dimensional periodic boundary conditions. Total energy calculations are carried out in the framework of the density functional theory and the projector
augmented wave method, as implemented in the Vienna
Ab-initio Simulation Package.24 The exchange correlation
potential is modeled in the generalized gradient approximation of Perdew, Burke, and Ernzerhof.25 In addition, the
long-range van der Waals interaction is taken into account
by means of the DFT-D3 approach.26 The cut-off energy of
the plane wave basis is set to 500 eV and the energy criterion
of the iterative solution of the Kohn-Sham equations to
10–6 eV. All structures are relaxed until the residual forces
on the atoms have declined to less than 0.01 eV/Å. Brillouin
zone integrations are performed on a 6  6  1 k-mesh. All
the technical parameters have been tested carefully for convergence. The nudged elastic band method27 with 9 images
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between the initial and final states is employed to evaluate
the diffusion paths and barriers.
The in-plane lattice constant of H-phase16 NbS2 is calculated to be 3.33 Å, in good agreement with the experimental
value of 3.31 Å.22 O, F, and Cl functionalization modifies it
to 3.28 Å, 3.45 Å, and 3.48 Å, being stable with negative formation energies of –0.86 eV, –1.39 eV, and –0.03 eV, respectively. We note that these values are modified by less than
0.01 eV when the vdWB86b functional is used instead of the
DFT-D3 approach. Formation energies, DH, here and in the
following are defined as differences between the total energy
of a combined system and the sum of the total energies of its
parts. Since the absolute value is very small for Cl functionalization, we have confirmed the stability by ab-initio molecular dynamics simulations for 4 ps at 300 K. This result is
also supported by the fact that NbS2Cl2 has been prepared
experimentally in Ref. 28. In addition, ab-initio molecular
dynamics simulations exclude the reaction of Li/Na with
NbS2 and structural collapse during lithiation and sodiation.
Comparison to the T-phase16 shows for all functionalizations
and coverages considered in this study that the H-phase is
favorable. The S-O (1.48 Å), S-F (1.69 Å), and S-Cl (2.13 Å)
bond lengths are influenced by both the charge transfer and
the ionic radius.
Figure 1 shows the structures of NbS2O2 decorated with
Li/Na on top of the (a) Nb and (b) hollow sites. These two
configurations turn out to be energetically almost degenerate
for low Li/Na coverage, while decoration on top of the O/F/
Cl site results in significantly higher total energy. For high
Li/Na coverage, on the other hand, decoration on top of the
Nb site is found to be favorable. We note that decoration on
top of the bridge site always results in relaxation toward configuration (a). The perpendicular distance between Li/Na and
O relaxes to 0.75/1.11 Å, mostly determined by the ionic
radius of Li/Na, and negative formation energy associated
with the decoration (–4.23/–3.95 eV) reflects stability. For
bare NbS2, this formation energy amounts to –2.03/–1.80 eV.
Since the Coulomb interaction determines the stability, we
summarize the charge transfers obtained from Bader atomic
charges in Table I. Mainly, S and O are affected by charge
transfer due to the presence of Li/Na. This effect is also

FIG. 1. Side and top views of NbS2O2 decorated with Li/Na on top of the
(a) Nb and (b) hollow sites. Nb, S, O, and Li/Na atoms are shown in light
brown, green, blue, and black color, respectively.
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TABLE I. Charge transfers affecting Nb, S, O, and Li/Na in NbS2:Li/Na
and NbS2O2:Li/Na (obtained from Bader charges). Positive and negative
values represent the charge depletion and accumulation, respectively.

NbS2
NbS2:Li
NbS2:Na
NbS2O2
NbS2O2:Li
NbS2O2:Na

Nb

S

O

Li/Na

þ1.58
þ1.51
þ1.55
þ1.22
þ1.24
þ1.24

0.79
0.98
0.96
þ0.35
þ0.20
þ0.18

…
…
…
0.96
1.09
1.04

…
þ0.86
þ0.82
…
þ0.88
þ0.86

visible in Fig. 2 just above the Fermi energy by a reduction
in the S 3p and O 2p densities of states. Both before and after
Li/Na decoration, the system is metallic, with Nb 4d (dominating), S 3p, and O 2p contributions at the Fermi energy.
In order to evaluate whether NbS2O2 can provide the
high voltage required by a cathode material, the voltage29
V¼

E½x2   E½x1   ðx2  x1 Þ  E½Li=Na
;
x2  x1

(1)

with respect to bulk Li/Na (where E is the total energy and x
the Li/Na coverage) is addressed in Fig. 3 for different reaction mechanisms. The conversion reaction
NbS2 O2 þ 2z  Li ¼ NbS2 O2z þ z  Li2 O;

(2)

yields almost flat voltages of 2.8 V and 1.9 V for lithiation
and sodiation, respectively. The voltages obtained for the
intercalation reaction
NbS2 O2 þ z  Li ¼ NbS2 O2 Liz ;

(3)

initially are much higher, 4.2 V and 3.9 V, but decrease fast
due to the repulsion between the Li/Na ions, reaching values
of 1.8 V and 1.1 V at a coverage of 2 ions per NbS2O2 unit

FIG. 2. Partial densities of states of NbS2O2 and NbS2O2:Li/Na. The energy
zero is the Fermi energy.
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FIG. 3. Voltage for NbS2O2 as a function of the Li/Na coverage.

cell. Turning to the combination of the two mechanisms,
we assume that Li/Na is located near O, as we have shown
before that the formation energy is much less negative for
NbS2 than for NbS2O2. When the coverage is not more than
1, then the removal of intercalated Li/Na and O is endothermic, reflecting stability, while conversion becomes exothermic for higher coverage. However, the voltage obtained for
the combined reactions is lower than that obtained for pure
conversion, see Fig. 3, because O needs to overcome the
interaction with other ions. The required value of about 3 V
is achieved only for low coverage.
In order to improve the voltage, we replace different
amounts of O with F or Cl. F has a higher electronegativity
than O, and Cl can be easily removed from NbS2 (formation
energy close to zero, see above). Figure 4 shows the voltages for NbS2(O1xFx)2 and NbS2(O1xClx)2 for 0  x  1.
Conversion of F is always more exothermic than intercalation, which leads to the complete removal of F before intercalation begins. A similar behavior is found for Cl, except
for x ¼ 0.25 where Cl is converted after two Li/Na ions have
been intercalated near O atoms. The lithiation and sodiation
voltages of NbS2F2 range from 4.4 V to 5.2 V and from 3.9 V

FIG. 4. Voltages for NbS2(O1xFx)2 and NbS2(O1xClx)2 as functions of the
Li/Na coverage.
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to 4.7 V, respectively, being higher than in the case of
NbS2Cl2 (from 3.5 V to 4.3 V) due to more negative cohesive
energies of LiF/NaF (4.56/4.08 eV) as compared to those
of LiCl/NaCl (3.55/–3.34 eV). As compared to NbS2O2,
the voltages are much higher, while the maximal coverage
is much smaller. In addition, the lowest observed voltages
increase with x for both F and Cl, see Fig. 4. After F/Cl is
completely converted, the voltages equal those of NbS2O2.
We note that the generalized gradient approximation25 usually
underestimates the calculated voltages.30 Improved descriptions of the exchange correlation potential would predict even
better battery performance for functionalized NbS2.31,32
Figure 5 shows for NbS2(O1xFx)2 and NbS2(O1xClx)2
for 0  x  1 the energy density calculated as a product of the
lowest voltage that still exceeds the 3 V threshold and the
capacity, C ¼ x  F=M, where F is the Faraday constant and M
is the atomic mass.29 The obtained capacities exceed that of
the commercial cathode LiCoO2, for example, Ref. 11. The
energy densities increase significantly with x, exceeding for
lithiation and sodiation the 600 mW h/g threshold of most
state-of-the-art cathode materials for x > 0.25 and 0.50, respectively. Energy densities of 1223 mW h/g (F functionalization)
and 823 mW h/g (Cl functionalization) can be achieved for
lithiation, while for sodiation, the corresponding values are
1086 mW h/g and 835 mW h/g. According to Ref. 28, NbS2Cl2
cathodes for Na-ion batteries provide an open circuit voltage
of 3.2 V, a capacity of 120 mA h/g, and an energy density of
320 mW h/g. Deviations of the capacity and energy density
from the theoretical values are due to the lower experimental
voltage of 3.6 V. Since NbS2Cl2 exists, NbS2 in principle can
be functionalized by O and F due to higher electronegativities
as compared to Cl.
The diffusion paths and barriers are shown in Fig. 6, as
they determine the cycling performance. We compare two
diffusion paths connecting Li/Na on top of a Nb site (ground

FIG. 5. Capacities and energy densities for NbS2(O1xFx)2 and
NbS2(O1xClx)2 in the cases of lithiation and sodiation. The dashed line represents the typical energy density of state-of-the-art cathode materials.
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Li- and Na-ion batteries can be extended to cathodes. The
observed enhancement of the energy density opens urgently
needed avenues for improving the battery performance.
The research reported in this publication was supported
by funding from King Abdullah University of Science and
Technology (KAUST).
1

FIG. 6. Diffusion paths and barriers for NbS2 and NbS2O2. The Nb, S, O,
and Li/Na atoms are shown in light brown, green, blue, and black color.

state) with the nearest equivalent site for both NbS2 and
NbS2O2. Path A passes through the top of the hollow site,
while path B is a straight connection. It turns out that path B
always converges to path A. On NbS2, we obtain diffusion
barriers of 0.24 eV and 0.13 eV (in agreement with the
theoretical value of Ref. 22) for Li and Na, respectively.
The corresponding values on NbS2O2 are 0.21 eV and
0.16 eV. The interaction of Na with O increases the diffusion
barrier as compared to bare NbS2, while for Li, this effect is
overcompensated by an enhanced height of the diffusion
path after O functionalization. We note that the transition
points are located at about one and three quarters of the
diffusion path. The calculated Li diffusion barriers are comparable with the low values of other two-dimensional materials, including silicene [0.23 eV (Ref. 8)] and MoS2 [0.21 eV
(Ref. 16)].
NbS2 functionalized by O, F, and Cl has been investigated by first-principles calculations as a potential cathode
material for Li- and Na-ion batteries, considering both the
conversion and intercalation mechanisms. Intercalated Li/Na
ions turn out to be more strongly bound on NbS2O2 than
NbS2, which leads to a higher open circuit voltage. However,
the voltage provided by NbS2O2 decreases drastically with
the Li/Na coverage due to repulsion between the intercalated
ions. The replacement of O with F or Cl improves the voltage
due to modified conversion reactions, and this effect is found
to be enhanced for increasing Li/Na coverage. In addition, F
and Cl are predicted to provide almost constant voltages for
low coverage. Lithiation and sodiation energy densities of
1223 mW h/g and 1086 mW h/g are obtained for NbS2F2 and
823 mW h/g and 835 mW h/g for NbS2Cl2, respectively, outperforming most current cathode materials. The diffusion barriers are found to be favorably low to enable high cycling
rates. In contrast to Cl functionalization, F functionalization
in the case of lithiation can result in voltages beyond the current electrolyte safety limit (4.6 V), calling for the design of
alternative electrolytes. In summary, our study demonstrates
how the applicability of transition metal dichalcogenides in
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