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Abstract
A lithium-sulfur battery with a very high theoretical energy density (2600 Wh kg−1) is one of the most
promising candidates for next-generation energy storage devices. However, there are still many
problems impeding the practical use of lithium-sulfur batteries, including the ‘shuttle effect’ and
irreversible loss of active materials. Enhancing the interfacial interaction between the carbon hosts and
the sulfur-containing guests by rational nitrogen doping is an effective route. First principle
calculations were performed to illustrate the adsorption behavior between sulfur/lithium (poly)
sulﬁdes and pristine/nitrogen-doped graphene nanoribbons with different edge structures. Ndopants on doped graphene nanoribbon in pyrrolic and pyridinic forms donated extra binding
energies of 1.12 ∼ 1.41 eV and 0.55 ∼ 1.07 eV, respectively. Quaternary nitrogen enriched on the edge
can beneﬁt from the adsorption of active materials. Compared with pristine graphene nanoribbon,
nitrogen-doped graphene nanoribbons exhibited strong-couple interactions for anchoring sulfurcontaining species, achieving high stability and reversibility, which was consistent with experimental
ﬁndings. These results shed light on the cathode design of lithium-sulfur batteries and on the potential
to understand host–guest interactions in other energy storage systems.

Introduction
The energy storage system with a high energy density
holds a decisive position to fulﬁlling the ever-increasing demands of electronic devices, electric vehicles,
and smart grid for intermittent solar or wind power. A
lithium-ion battery (LIB), which has a theoretical
energy density of 360 Wh kg−1 for a routine LiCoO2/
graphite system, cannot fully satisfy this requirement.
A lithium-sulfur (Li-S) battery, ignited by its transfer
electrochemistry beyond the horizon of LIBs, is a
promising candidate for next-generation energy storage [1]. It presents a theoretical energy density of
2600 Wh kg−1, which is 5–7 times higher than that of
conventional LIBs. Li-S batteries show advantages in
high capacity 1672 mAh g−1 of sulfur cathode materials, abundant natural sulfur resources at low cost and
low toxicity, and wide battery operating-temperature
range [2–4]. The Li-S battery holds great promise for a
© 2015 IOP Publishing Ltd

next-generation high-energy battery owing to these
distinguished advantages.
However, the practical application of Li-S batteries
is impeded by a series of obstacles. Firstly, sulfur and
the discharge products (Li2S2 of Li2S) of Li-S batteries
are intrinsically insulative. Accordingly, nanomaterial
scaffold with extraordinary electrical conductivity and
mechanical strength are often employed to accommodate active materials [5, 6]. Sulfur tends to adhere
on these conductive frameworks (such as porous carbon [7], carbon nanotubes (CNTs) [8], carbon ﬁbers
[9], graphene [10–13], conductive polymers [14] and
their hybrids [15, 16]) and accepts electrons efﬁciently. However, these conductive additives are unfavorable to absorb the polar lithium (poly)sulﬁdes
(Li2Sn, n = 1–8). Secondly, high-order polysulﬁdes
(Li2Sn, n = 6–8) can dissolve into the electrolyte,
migrate to and react with the lithium anode. Then
subsequently, low-order polysulﬁdes (Li2Sn, n = 4–6)
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can diffuse back to the cathode. The whole circle
between cathode and anode is called the ‘shuttle
effect’, which induces self-discharge and lowers the
energy efﬁciency. Moreover, solid lithium sulﬁdes
(Li2Sn, n = 1–2) may detach from the conductive scaffolds due to the huge volume expansion/extraction
during repeated circulation, resulting in irreversible
deterioration of capacity. If a consummate interface
can be constructed with a strong-couple interaction
between the active materials and carbonscaffold host,
the as-obtained Li-S battery is expected to be highly
stable and reversible.
Enormous efforts have been devoted to prevent
the migration of polysulﬁdes. On one hand, ionic
exchange/selective membranes [17, 18], solid electrolytes [19], ‘solvent-in-salt’ electrolyte [20], as well as
lithium salt additives (such as LiNO3) [21] were adopted to retard the dissolution, diffusion, or side reaction
of lithium polysulﬁdes. However, the extra resistance
of ion migration may induce poor reaction kinetics.
On the other hand, modiﬁcations of cathode structure
via interlayers [22, 23], hollow sphere structures
[24, 25], and polysulﬁde reservoirs [26] were proposed to provide physical conﬁnement. However,
these attempts mainly relied on the weak physical
interactions between the carbon hosts and S-containing guests, and new strategies for the further improvement in the stability of Li-S battery should be
developed. Recently, pioneering works on graphene
oxides lightened a chemical-adsorption approach by
using surface functional groups to immobilize sulfur
and lithium polysulﬁdes [27–30]. The strong interaction between graphene oxide and sulfur or polysulﬁdes signiﬁcantly improved the utilization of active
materials and prevented the shuttle effect, which beneﬁted Li-S cells in high reversible capacity and stable
cycling [27]. Based on these considerations, if the
host/guest interaction can be intensiﬁed by the chemical modiﬁcation of conductive scaffolds to build a
‘strong-couple interface’, the ‘shuttle effect’ will be
inhibited and therefore a stable and effective electrochemical contact will be sustained.
Introducing heteroatoms into graphene renders
tunable electronic properties and therefore tunable
chemical reactivities. Nitrogen is a very critical element that bears ﬁve valence electrons, which is different from carbon. Such heteroatoms in a graphene
lattice can even act as a Lewis base and interact with
other molecules. N-doped CNTs [9, 31–34] and Ndoped porous carbon [35, 36] were employed as conductive hosts, which play an important role for the
dynamic interface between the chemically modiﬁed
carbon hosts and S-containing guests for stable Li-S
batteries. Subsequently, N-doped graphene, with promoted chemical adsorption capability for sulfur,
attracted even more attention, leading to a high reversibility and stability for Li-S battery use [12, 37, 38]. All
the above studies demonstrated that N-doped nanocarbon materials could promote the practical
2

performance of the carbon network experimentally.
But the interfacial chemical properties, especially the
detailed role of N-dopants, are still worthy of being
explored and systematically investigated.
In this contribution, we present a theoretical
investigation of the interaction between N-doped graphene nanoribbons (GNRs) and all of the S-containing species involved in the charge and discharge
process of a practical Li-S cell. First principle calculations were adopted for their ability to atomically
understand the interfacial interaction in a microscopic
view. Two-dimensional (2D) graphene were selected
as the model system for its wide application in energy
storage. The non-polar sulfur molecule and the polar
lithium (poly)sulﬁdes were allowed to interact with
these 2D materials, showing the atomic interactions at
the interfaces. The binding state of N-dopants, geometrical conﬁguration and edge structure of GNRs were
systematically investigated, showing their effects on
adsorption energy and how N-doped graphene provide a strong-couple interface with S-containing guest
molecules.

Computational methods
Theoretically, there are hexagonal network structures
inﬁnitely extended in two dimensions in an ideal piece
of graphene. However, there are usually abundant
edges and boundaries where heteroatoms (e.g. hydrogen, nitrogen, oxygen, boron) are enriched. In light of
chemical doping, the edge of a graphene plane is
modiﬁed. Thus, the 2D graphene material is endowed
with unique properties to preferably interact with
sulfur-containing clusters involved in the electrochemical process. Herein, a ﬁrst principles calculation is
conducted to systematically investigate the interaction
between the un-/N-doped nanocarbon materials and
the S-containing species (Li2S, Li2S4, Li2S8 and S8, in
particular).
GNR was selected as a model system because of its
simple plane structure of 2D graphene honeycomb lattice and two typical edge conﬁgurations of zigzag edge
and armchair edge. There are also N-dopants with different conﬁgurations in a doped GNR. Based on the
high resolution N1s spectrum of x-ray photoelectron
spectroscopy results, quaternary-N, pyridinic-N, and
pyrrolic-N were the dominant forms of N-dopants. In
our case, the edge structure together with the Ndopants was tuned for seven kinds of GNRs, namely,
pristine zigzag nanoribbon (Z1), zigzag nanoribbon
with quaternary nitrogen (Z2), zigzag nanoribbon
with pyridinic nitrogen (Z3), pristine armchair nanoribbon (A1), armchair nanoribbon with quaternary
nitrogen (A2), armchair nanoribbon with pyridinic
nitrogen (A3), and armchair nanoribbon with pyrrolic
nitrogen (A4). The edges of GNRs were saturated with
hydrogen atoms to compensate the valence of carbon
atoms. Li2S, Li2S4, Li2S8 clusters and S8 molecules were
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Figure 1. The PBE-level optimized conﬁguration of (a) pristine zigzag GNR (Z1), (b) zigzag GNR with quaternary nitrogen (Z2), (c)
zigzag GNR with pyridinic nitrogen (Z3), (d) pristine armchair GNR, (e) armchair GNR with quaternary nitrogen (A2), (f) armchair
GNR with pyridinic nitrogen (Z3), (g) armchair GNR with pyrrolic nitrogen (Z4). The carbon, hydrogen and nitrogen atoms are
denoted as spheres in grey, white, and blue, respectively, while the red rectangles represent the region where Li2S, Li2S4, Li2S8 and S8
are supposed to interact with the nanoribbons.

allowed to interact with the edges of these seven kinds
of GNRs.
The calculation is based on density functional theory (DFT), using the Perdew–Burke–Ernzerhof (PBE)
exchange-correlation functional [39] in the framework of the general gradient approximation (GGA)
implemented in the DMol3 package in Materials Studio [40, 41] (version 5.5) of Accelrys Inc. An all-electron double numerical basis set with polarization
functions (DNP basis set) was used in this contribution. The convergence criteria applied for geometry
optimizations were 2.0 × 10−5 au, 4.0 × 10−3 au Å−1,
and 5.0 × 10−3 Å for energy change, maximum force,
and maximum displacement, respectively. The threshold for self-consistent-ﬁeld (SCF) density convergence
was set to 1.0 × 10−5 eV. The K point was set to
8 × 1 × 1, which was veriﬁed by the convergence test as
shown in ﬁgure S1 (available in the supplementary
data). The vacuum layer along the normal direction
and the slip direction of the nanoribbon was set to
20 Å, which was examined to be large enough to avoid
an unexpected interaction between atoms in different
super cells. Each pristine nanoribbon was added with
one nitrogen atom per 72 carbon atoms, corresponding to a nitrogen atomic concentration of 1.4%. As
described above, substitutional impurities tend to
concentrate on the edge. To further testify the predominant substitutional site of N-dopants, two structural models of nanoribbon with quaternary-N on two
different substitutional sites were tested, which are
shown in ﬁgure S2 (available in the supplementary
data). The result indicated that the quaternary-N energetically preferred to lie on the edge.
The optimized conﬁgurations of each modeled
nanoribbon are shown in ﬁgure 1. The red rectangles
presented the region where Li2S, Li2S4, Li2S8 and S8
were supposed to interact with the dopant with
3

different forms located at the edges of nanoribbons.
For a quantitatively description of the interactions
between the nanoribbons and the S-containing clusters, the binding energy Eb was deﬁned as follows:
E b = E (total) − (E (C) + E (S)).

(1)

E(C), E(S) and E(total) represent the total energies of a
nanoribbon, an isolated sulfur-containing cluster
(Li2S, Li2S4, Li2S8 clusters or S8 molecule), and a
certain nanoribbon binding to a S-containing cluster,
respectively. The higher absolute value of binding
energy corresponds to stronger interaction.

Results and discussion
The binding energies of S-containing clusters interacting with nanoribbons are summarized in ﬁgure 2 and
table S1, S2 (available in the supplementary data). For
pristine GNRs with zigzag and armchair edges, lithium
(poly)sulﬁdes exhibited higher binding energies as the
length of (poly)sulﬁde chains decreased. However, all
of the binding energies of polar S-containing clusters
adsorbed on pristine GNRs were 0.76–1.12 eV, which
are lower than that of the non-polar S8 molecule.
Therefore, we can assume that once the S8 molecule
accepted lithium ions and reduced to soluble lithium
(poly)sulﬁdes, the sulfur element cannot recover to
the favorable initial binding state to GNRs in the form
of the S8 molecules. This is direct proof that the highorder polysulﬁdes would suffer from remarkable
nonreciprocal loss due to the dissolution and related
shuttle effect. Even when low-order polysulﬁdes
shuttled back to the cathode, they may not be fully
reused due to the poor afﬁnity to conducting carbon
surface.
The dissolution of polysulﬁdes is widely detected
in a routine Li-S cell with C/S cathode. The
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Figure 2. The binding energy (eV) of S8, Li2S8, Li2S4 and Li2S
(length of (poly)sulﬁde chains in descending order) interacting with Z1-Z3 GNRs with zigzag edges and A1–A4 GNRs
with armchair edges. The optimized conﬁguration of S8,
Li2S8, Li2S4 and Li2S are also provided as inset ﬁgures. The
lithium and sulfur atoms are denoted as spheres in purple and
yellow, respectively.

modiﬁcation of the graphene through N-doping is
effective to retard the dissolution of polysulﬁdes and
related polysulﬁde shuttle [42, 43]. During the charge
and discharge process, the N-doped carbon materials
can trap the soluble polysulﬁde intermediates.
According to our theoretical prediction results, all the
edges of GNRs exhibited similar binding energy
(−2.65 ∼ −2.76 eV) for the case of S8, illustrating that
the binding state of non-polar S8 molecules were
obtuse to the conﬁguration of the edge and almost
immune to the introduction of N-dopants. However,
the polar species were quite sensitive to different edges
based on the corresponding binding energy of the
lithium (poly)sulﬁdes. Both Z3 and A3 with pyridinicN showed relatively larger binding energies
(−2.57 ∼ −3.06 eV, −2.10 ∼ −2.55 eV) with lithium
polysulﬁdes, which was contrasted with the much
lower
binding
energies
(−1.63 ∼ −1.99 eV,
−1.55 ∼ −1.90 eV) of Z1 and A1 GNRs with pristine
edges. The pyridinic-N exhibited strong afﬁnity with
lithium polysulﬁdes, raising the binding energy by
0.55 ∼ 1.07 eV. The experimental results collected by
the UV/vis spectroscopy have conﬁrmed these phenomena [42]. The concentration of Li2S6 in an ethertype electrolyte solution added with N-doped graphene was lower than that with pristine graphene, suggesting a larger adsorption amount of polysulﬁdes by
4

providing additional adsorption sites. Furthermore,
the x-ray absorption spectroscopy measurement on
N-doped graphene/S cathode after 200 charge/discharge cycles showed a new peak in the N K-edge spectrum, supporting the positive involvement of Nfunctional groups for lithium sulﬁde immobilization [43].
The different binding states were validated by not
only the value of binding energy but also the donation
and acceptance of the electron around the local binding sites with speciﬁc geometry of S-containing clusters. In particular, the optimized conﬁguration and
deformation charge density corresponding to the Li2S
adsorption site on the seven nanoribbons are shown in
ﬁgure 3, in which the increase and decrease of total
electron density with the density of isolated atoms
subtracted are denoted as blue and red, respectively.
The state of individual Li2S is provided in ﬁgure 3(a)
for reference. For pristine GNRs (Z1 and A1), there
were no obvious concentration of electron density
between Li2S and un-doped carbon scaffolds according to ﬁgures 3(b) and (e). Meanwhile, the Li-S-Li
chain was approximately perpendicular to the 2D graphene plane with no obvious redistribution of electrons which were still concentrated around the central
S atoms as the initial isolated state. All of the above
phenomena indicate an extremely weak electrostatic
interaction between Li2S and un-doped GNR edges. It
can be suspected accordingly that Li2S may difﬁcultly
re-deposit from polysulﬁdes or easily detach from the
conductive scaffolds in a real Li-S cell. However, such
interaction was signiﬁcantly intensiﬁed by introducing
pyridinic-/pyrolic-N into graphene lattice. Figure 3(d)
is a typical demonstration describing the optimized
conﬁguration of Li2S binding with zigzag edge with
pyridinic-N (Z3). In the most stable conﬁguration,
terminal Li atoms in Li2S tended to directly bind to the
pyridinic-N atom in Z3. There was distinctive electron
concentration between N and Li atoms, suggesting a
strong Li–N electrostatic interaction. The electron
migration can be well explained by the Lewis acid-base
theory. The pyridinic-N with an extra pair of electrons
was considered as an electron-rich donor that naturally acted as a Lewis-base site to interact with the
strong Lewis acid of terminal Li atom in lithium (poly)
sulﬁdes. Moreover, by carefully comparing the deformation charge density of Li-S-Li in ﬁgure 3(a) and LiS-Li ··· N in ﬁgure 3(d), the electron slightly moved
from the S-Li bond to the bridged Li-N pair, due to the
higher electronegativity of the N atom (3.066) than the
S atom (2.589). Thus, as a strong Li-N interaction was
formed, the S-Li bond was relatively weakened. Therefore, a strong-couple interaction exists, which is
hardly inﬂuenced by the edge structure (ﬁgure 3(g)).
As similarly indicated in ﬁgure 3(h), pyrrolic-N played
an analogous role as pyridinic-N.
Compared to the C atom in a graphene lattice,
quaternary-N is an electron-rich donor and could
increase the local charge density at doping region.
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Figure 3. The optimized conﬁguration and corresponding deformation charge density of (a) Li2S and the Li2S adsorption site of (b)
Z1, (c) Z2, (d) Z3, (e) A1, (f) A2, (g) A3, and (h) A4. The increase/decrease of total electron density with the density of isolated atoms
subtracted is denoted as blue/red, respectively.

However, different from pyridinic-/pyrrolic-N, quaternary-N with saturated electron orbitals is not able
to afford an extra lone pair electron for adsorbing Li2S.
Hence the mechanism on the improvement by quaternary-N doped GNRs (Z2 and A2) might differ from
the direct-binding mechanism of Li-N interaction in
Z3 and A3–A4. Quantitatively, the quaternary-N
enabled the S-containing polar species to link more
easily with the edge of the conductive skeleton. The
binding energies of Z2 and A2 (−1.60 ∼ −2.12 eV and
−1.67 ∼ −2.07 eV, respectively) were slightly larger
than the pristine ones. The reason can mainly be ascribed to different polarity at the edges of pristine GNRs
(Z1 and A1 in ﬁgures 3(b) and (e)) and quaternary-Ndoped GNRs (Z2 and A2 in ﬁgures 3(c) and (f)). On
one hand, the quaternary-N in graphene plane served
as an electron donor that provided two electrons to the
π-conjugated system. On the other hand, as the electronegativity of the N atom (3.066) is higher than that
of the C atom (2.55) and H atom (2.20), quaternary-N
can attract an electron from adjacent atoms. Consequently, the electron distribution modiﬁed by quaternary-N fulﬁlled the edge with higher polarity and
dipole moment, which was validated by electron
population analysis. As a result, the polar Li2S clusters
suffered from a stronger Keesom force. This effect
might be magniﬁed by improving the density of quaternary-N dopants in a local region. Nevertheless, in
terms of the value of binding energy, the role of quaternary-N was not that active as pyridinic-/pyrrolic-N.
This can be rationalized by regarding the graphene
plane as a conjugated system. The electron originated
from the nitrogen was highly delocalized on the whole
plane according to ﬁgures 3(c) and (f). Hence, the
potential ability for the p electron pair to attractive
lithium (poly)sulﬁdes was concealed on the right site
where a carbon was substituted by a quaternary-N.
5

The interaction behaviors of zigzag and armchair
edges were quite similar to each other. Notably, all else
being equal, the binding energy of the armchair edge
was slightly (0.02 ∼ 0.09 eV) smaller than that of the
zigzag edge. Interpreted by ﬁgure 3, the difference was
induced by different arrangements of hydrogen at the
edges. In ﬁgures 3(b), (c), each hydrogen atom was
periodically distributed on the zigzag edge. There was
close contact with two hydrogen atoms for the sulfur
atom in Li2S. However, as shown in ﬁgures 3(e), (f),
the hydrogen atoms distributed non-equidistantly and
had an angle between each other on the armchair edge,
which hindered the interaction between the Li2S guest
and the carbon host.
Due to geometric constraints, a pentagon ring was
not considered at the zigzag edge to accommodate
pyrrolic-N. Consequently, pyrrolic-N was only built
on the armchair edge. Compared with pyridinic-N,
pyrrolic-N exhibited even higher binding energies
(−2.67 ∼ −3.31 eV) to immobilize lithium (poly)sulﬁdes, which were 1.12 ∼ 1.41 eV higher than those of
the pristine nanoribbons. This can be explained by the
deformation charge density shown in ﬁgures 3(d), (g)
and (h). Li atoms in Li2S formed even more concentrated charge density with pyrrolic-N than pyridinic-N, in accordance with the stronger interaction.
Except for local deformation charge density, the steric
effect is another important factor that inﬂuences the
interaction behavior. As shown in ﬁgure 4, the distances between the two hydrogen neighboring the pyrrolic-N on armchair edge, pyridinic-N on zigzag edge,
and pyridinic-N on armchair edge were 5.84, 4.75, and
4.03 Å, respectively, which was in good accordance
with the binding energy in a descending trend
(−3.31 eV to −2.55 eV). Thus, a more open space
formed by pyrrolic-N was expected to favor the
strong-couple interaction with S-containing guests.
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Figure 4. The optimized conﬁguration and the corresponding binding energy based on the ﬁrst principles calculation of Li2S adsorbed
by (a) A4, (b) Z3 and (c) A3. Lines with arrowheads show the length between the two hydrogen atoms nearest to pyrrolic-/pyridinicN.

N-doping essentially tuned the surface properties
of graphene hosts, especially the properties embodied
by the edge, to afford a highly active interface. Beneﬁting from appropriate N-doping, a chemical gradient
for effectively trapping the soluble lithium polysulﬁdes
was built by pyrrolic-/pyridinic-N. Meanwhile, Li2S,
the end product of discharge, was also well conﬁned
on the surface, avoiding the incapability of detached
Li2S to be recharged. This was desirable for effectively
preventing shuttle effect and achieving high capacity
and high coulombic efﬁciency. Our theoretical results
coincided well with another theoretical prediction that
N-dopant in nanocarbon can provide active sites for
immobilizing lithium (poly)sulﬁdes [37, 42, 43].
While experimentally, N-doped graphene paper electrode exhibited a high speciﬁc capacity of approximately 1000 mAh g−1 after 100 cycles and excellent
coulombic efﬁciency of 98% for the catholyte-type LiS cell [42]. N-doped graphene also enabled the sulfur
composite cathode to deliver high speciﬁc discharge
capacities of 1167, 1058, 971, 802, 606 mAh g−1 at a
current rate of 0.2, 0.5, 1.0, 2.0, 5.0 C, respectively. The
Li-S cell also realized a much extended cycle life over
2000 cycles and an extremely low capacity-decay rate
of 0.028% per cycle [43]. Beneﬁting from N-doping
and correspondingly enhanced interfacial interaction,
the practical performance of N-doped graphene as
cathode host for Li-S batteries was signiﬁcantly better
than that of un-doped graphene. The theoretical prediction and the experimental result corroborated well
with each other to a very large extent, fully vindicating
that chemical modiﬁcation can signiﬁcantly increase
the interaction between the host and the guest. Such
strong-couple interaction guarantees a stable and
effective interface for electrochemical reaction and
phase conversion, which is vitally important for the
6

high capacity, high stability and high reversibility of
Li-S batteries.

Conclusions
Chemically doped by nitrogen, the surface chemistry
of GNR, especially the adsorption property for Scontaining molecules, were remarkably intensiﬁed to
form a strong-couple host-guest interaction for a Li-S
battery. Pyridinic-N in GNRs can afford an extra
binding energy of 0.55 ∼ 1.07 eV to polar lithium
(poly)sulﬁdes due to strong electrostatic interaction
between terminal Li atoms and its residual electron
pair. Pyrrolic-N shows analogous intensiﬁed interaction with polar lithium (poly)sulﬁdes but even more
effective, which raised the binding energy by
1.12 ∼ 1.41 eV. Quaternary-N that preferred to locate
at the edge can also make a difference for retaining the
active materials, by improving the intermolecular
force through enhanced polarity on the edge of the
GNR plane. The binding energies corresponding to
the zigzag and armchair edge were slightly different
because of their different hydrogen-terminated edge.
Consequently, soluble lithium polysulﬁde intermediates or solid Li2S could be effectively trapped around
N-doping sites. This was theoretically anticipated and
experimentally demonstrated for effective inhibiting
of the shuttle effect and remaining high capacity and
high coulombic efﬁciency of the Li-S battery. The
extensive inspection of N-doped GNR reported
herein, especially the speciﬁc role of various Ndopants, fully addressed the importance of doping
promoted chemical adsorption. These results also
enlightened the understanding of interfacial phenomenon in a Li-S battery, which may also guide the
rational design of cathode skeleton with strong-couple
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interactions for better Li-S batteries. Such a generalized model can even be applied for the development of
other energy storage systems.
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