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Conductive sulfur/carbon copolymers with a high reversible capacity are promising alternative cath-
ode materials for lithium-sulfur batteries. Here, the focus is set on nitrogen-terminated zigzag graphene
nanoribbons (N-GNRs) resembling intermediate product of electrospun polyacrylonitrile (PAN)-based
carbon nanofibers. In particular, the possibility of combining strong nitrogen-sulfur interactions, which has
been recently shown to lead to a shuttle-free discharge mechanism, and superior electrical conductivity of
graphene nanoribbons is explored in S/N-GNR copolymers. Structural and electronic properties of Sx/N-
GNR structures, x = 1, . . . , 8, prior and during the discharge are studied using density-functional theory
calculations along with ab initio molecular dynamics simulations. It is found that the GNR backbone
assumes a rippled structures in all S/N-GNR structures considered here. The most favorable sulfur struc-
tures in S/N-GNR copolymers are found to consist of short sulfur chains with x ∼ 4, 5. It is also observed
that, similar to N-GNRs, S/N-GNR copolymers show a metallic behavior which is brought about by the
conductive backbone. In addition, consecutive lithiation reactions are studied and product structures are
obtained. It is demonstrated that a shuttle-free, solid-solid transformation could also be expected during
the discharge of S/N-GNR copolymers, whereas the lithiated structures remain electrically conductive,
irrespective of the discharge state. Therefore, the current study promotes the use of S/N-GNR copoly-
mers as an alternative to other poorly conductive PAN-based S/C copolymer cathodes for lithium-sulfur
batteries (such as S/cPAN), while largely mitigating lithium polysulfide formation.
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I. INTRODUCTION

Lithium-sulfur (Li-S) batteries are considered to be
among promising candidates for next-generation Li-based
batteries and have been the subject of numerous exper-
imental and theoretical studies in the past years [1–23].
However, Li-S batteries suffer from a irreversible capac-
ity fade which arises from Li-polysulfide diffusion through
the electrolyte during the discharge [1]. Sulfur/carbon
copolymers have recently been shown to largely limit
this process [23–25], mainly due to their structural flex-
ibility which also helps the cathode material withstand
the volume expansion at the fully discharge state of the
battery. In particular, sulfur/carbon copolymers based on
polyacrylonitrile (PAN) have attracted much attention as
they appear to largely mitigate the shuttle effect during the
discharge [26–34]. This desirable performance is mainly
attributed to the formation of short sulfur chains along the
active N-doped edges of the copolymer. This is believed
to result in a solid-solid transformation of the cathode dur-
ing the lithiation minimizing the shuttle effect to a great
extent [34].
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However, even for S/PAN compounds, a clear picture
on the favorable edge structures (-N-Sx-N-) and their lithia-
tion mechanism on an atomistic level is still not fully estab-
lished. Moreover, the cathode materials should prefer-
ably be electrically conductive. In this regard, graphene
nanoribbons with fully N-terminated edges (N-GNRs)
could provide a more desirable cathode material, benefit-
ing from both a similar active edge structure as well as the
superior conductivity of graphene nanoribbons [35,36]. N-
GNRs can form during the synthesis of PAN-based carbon
nanofibers, for example, through electrospinning method.
They usually emerge in the carbonization process while
their widths can be controlled through sequential denitro-
genation at high temperatures (above 1500 ◦C) [37,38]. It
has been shown that narrow N-GNRs show finite magnetic
moment whereas the wider N-GNRs are nonmagnetic [39].
N-GNRs could be considered as local structural elements
in PAN-based carbon nanofibers, which due to their sta-
bility, high electrical conductivity, and the possibility of
functionalization, have been used in many energy-related
applications, such as supercapacitors [40] and Li-ion bat-
teries [41,42].

In this article, using density-functional theory (DFT)
calculations the most favorable sulfur structures on fully

2331-7019/22/18(4)/044072(10) 044072-1 © 2022 American Physical Society

https://orcid.org/0000-0001-5568-1315
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.18.044072&domain=pdf&date_stamp=2022-10-28
http://dx.doi.org/10.1103/PhysRevApplied.18.044072


POUYA PARTOVI-AZAR PHYS. REV. APPLIED 18, 044072 (2022)

nitrogen-doped edges of Sx/N-GNR copolymers are stud-
ied. In particular, the possibility of formation of a wide
range of sulfur structures on the edge, namely those con-
sisting of sulfur radicals, sulfur chains with varying num-
ber of sulfur atoms (1 ≤ x ≤ 8), and chains with different
distances between the terminal sulfur atoms connecting the
chain to the GNR backbone are explored. In addition, the
effect of sulfur structures on the electronic properties of
the Sx/N-GNR polymers is investigated. Finally, we com-
plement our investigations by studying the lithiation of
S/N-GNR copolymer cathodes during the discharge.

II. METHODOLOGY

Here, N-GNRs with five rings across are considered
(Fig. 1). Although the magnetic ordering in narrower N-
GNRs has already been shown to be fragile, an N-GNR
with five rings across has been reported to be the narrow-
est nonmagnetic ribbon [39]. The reaction of sulfur atoms
with the N-GNR is only studied (otherwise stated) on one
edge of the ribbon and similar reactions with the other N-
doped edge are assumed to yield similar product structures.
In particular, the following reaction is considered

(x
8

)
S8 + N-GNR −→ Sx/N-GNR, (1)

where x = 1, . . . , 8. In this hypothetical reaction we also
assume that an infinitely large reservoir of S8 molecules
with zero chemical potential is available. The ribbon is
assumed to lie along the z axis on the xz plane. A peri-
odic supercell along the ribbon axis with 10 repetitions
of the N-GNR unit cell along the z axis is considered
(Fig. 1). As such, the initial unit cell for all the samples
has a 30.00 Å × 20.00 Å × 24.60 Å size. The unit cell
vectors along x and y axes are chosen long enough to
avoid interaction with the periodic replicas. In all cases,
the atomic coordinates as well as the unit cell vector along
the z axis are optimized, while keeping the other unit cell

FIG. 1. Structure of a periodic supercell for an N-GNR con-
sidered in this work. Gray and blue spheres denote N and C
atoms.

vectors fixed. The external pressure is to 0.0 GPa while the
pressure tolerance and maximum atomic force component
are set to 0.01 GPa and 0.02 eV/Å, respectively. The full
geometry optimization is first performed for N-GNR with-
out sulfur atoms and then the optimized cell is used as a
starting cell for the full optimization of S/N-GNR systems.

Calculations are performed at DFT level mostly using
the CP2K software [43]. A double zeta plus polar-
ization basis function optimized for molecular sys-
tems (DZVP-MOLOPT) [44] along with Geodecker-
Teter-Hutter (GTH) pseudopotentials are used [45]. The
exchange and correlation effects are approximated using
Perdew-Burke-Ernzerhof (PBE) functional [46] together
with DFT-D3 method [47] which accounts for long-range
dispersion interactions. For a better structural sampling of
Sx/N-GNR (2 ≤ x ≤ 8) systems involving sulfur chains,
ab initio molecular dynamics (AIMD) simulations are also
performed. These simulations are performed using CP2K
software in canonical ensemble at 300 K, where the tem-
perature is controlled by a canonical sampling through
velocity rescaling (CSVR) thermostat [48]. The time step
is set to 1.0 fs and the total equilibration time is 50 ps.

Electronic properties of S/N-GNR structures before and
after lithiation reactions are calculated using the SIESTA
code [49] with pseudoatomic orbital basis functions along
with norm-conserving Troullier-Martins-type pseudopo-
tentials [50]. The Monkhorst-Pack k grid [51] is set to
1 × 1 × 15, and a real-space mesh cutoff of 350 Ry is used.
In these calculations, again the PBE approximation is used
for the exchange and correlation effects. Prior to electronic
structure calculations, all optimized structures obtained
through CP2K calculations are fully optimized (unit cell
together with atomic coordinates) again using SIESTA with
the same optimization criteria.

III. RESULTS AND DISCUSSION

A. Structural properties

For each x, first we energetically compare the struc-
tures where sulfur atoms form a single chain, multiple
chains, and conformations which involve sulfur radicals.
The results for x = 2, 3, and 4 are shown in Fig. 2.
From Figs. 2(a) and 2(b), it can be concluded that, as
expected, formation of sulfur radicals in Sx/N-GNR struc-
tures (shown as red data points) are thermodynamically
less favorable. Moreover, as shown in Fig. 2(c), multiple
sulfur chains along the N-GNR are also less likely to form.

Therefore, hereafter only those Sx/N-GNR structures
are considered for 2 ≤ x ≤ 8 where the sulfur atoms form
one single chain along the N-GNR. In order to find the
most favorable conformations, the following procedure is
adapted: in a first step, full structural optimization (unit
cells together with atomic coordinates) is performed at zero
temperature. In each case (except for x = 2), the distance
between the terminal sulfurs are changed in order to find
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FIG. 2. Total energies (referenced to the minimum value in
each case) for (a) x = 2, (b) x = 3, and (c) x = 4. The data points
corresponding to structures involving sulfur radicals are shown in
red.

the most favorable atomic configuration. Figure 3 shows
the energies for Sx/N-GNR systems with 3 ≤ x ≤ 8 as a
function of distance between the terminal sulfur atoms.
The distance, d, is given in terms of the number of car-
bon rings between the terminal sulfur atoms. For x = 3,
the favorable structure is the one where d = 1, whereas for
x = 4, 5, and 6, d = 2 is the favorable distance between the
terminal S atoms. For x = 7 and 8, the favorable distance
between the terminal S atoms is d = 3. At the end of this
geometry optimization step, all the atomic structures are
found to consist of a planar N-GNR.

In a second step, AIMD simulations are performed
on the lowest-energy structures in Fig. 3 for 3 ≤ x ≤ 8
(shown in red) as well as on sulfur-free N-GNR in order

to improve the sampling of the configuration space. The
AIMD simulations are performed at 300 K in canonical
ensemble for 50 ps starting from the respective optimized
unit cells and atomic coordinates. Typical graphene-like
corrugations are observed in all samples at 300 K [52–55].
The ripples are found to be stationary with respect to typ-
ical timescales attributed to honeycomb lattice vibrations.
Furthermore, the effect of basis set quality on the observed
structural properties is explicitly inspected using a larger
basis set. Similar characteristic ripples are also observed
with a triple-ζ basis set.

In a final step, from these rippled structures another
round of full geometry optimizations is performed. It is
found that the rippled structures are more energetically
favorable in all cases. In the optimized structures, the unit
cell vector along the N-GNR axis, a3, is found to be typ-
ically around 0.65 Å shorter than the respective unit cell
vector obtained in strictly planar backbones at T = 0 K.
Figure 4(a) shows the length of the unit cell vector, a3,
along the ribbon axis as a function of x. Figure 4(b) shows
the optimized structures for the N-GNR, S4/N-GNR, and
S8/N-GNR samples. We observe that a rippled configura-
tion is more favorable, even in the case of N-GNR. This
finding hints at nitrogen atoms being the main cause for
the rippled structures rather than the S chains. The struc-
ture optimization is also done on a longer N-GNR sample
with 20 repetitions of the ribbon unit cell along the z axis
[Fig. 4(c)]. Similar corrugations with a wave length of
around 23 Åare observed. The average amplitude of the
ripples is found to be 1.75 Å.

The optimized structures obtained through the procedure
described above are then used to calculate the respective
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FIG. 3. Total energies (referenced to the minimum value in
each case) for x = 3, . . . , 8.The data points shown in red cor-
respond to the minimum-energy structures which are used for
AIMD simulations in the second step of full structural optimiza-
tions (see the text).
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FIG. 4. (a) Length of the unit cell vector along the ribbon axis, |a3|, in Sx/N-GNR systems as a function of x, obtained after the final
step of structure optimization (hollow red circles; see the text). Black solid circles show the same after the first step of optimization.
Hollow black rectangles denote the difference. (b) Optimized structures of the N-GNR, S4/N-GNR, and S8/N-GNR samples obtained
after the final step of optimization. (c) Optimized structure of a long N-GNR sample with 20 repetitions of the ribbon unit cell along
the z axis.

formation energies based on reaction (1) as

Eform = 1
x

[
ESx/N-GNR − EN-GNR −

(x
8

)
ES8

]
, (2)

where ESx/N-GNR, EN-GNR, and ES8 are the total DFT ener-
gies of the Sx/N-GNR samples, a pristine (sulfur-free) N-
GNR, and an S8 ring, respectively. The results are shown in
Fig. 5(a). Figure 5(b) shows the probabilities of formation
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FIG. 5. (a) Formation energy and (b) formation probability of
Sx/N-GNR systems as a function of x.

calculated according to

px = e−Eform
x /kBT

∑
x

e−Eform
x /kBT

, (3)

where kB is the Boltzmann constant and T = 300 K. It is
found that short Sx chains (x = 4, 5) are more likely to
form on the N-GNR edges. This finding is in agreement
with recent reports on the structure of several sulfur/carbon
copolymers [25,56]. According to these results, with S/N-
GNR polymers as a cathode material for Li-S batteries,
the formation of higher Li-polysulfides (Li2Sx, 6 ≤ x ≤ 8),
which are more soluble in commonly used electrolytes,
could be largely avoided. These findings are promising
because the problem of poor cyclability due to the diffu-
sion of higher Li-polysulfides from the cathode into the
electrolyte could be mitigated using S/N-GNR cathodes.
However, polymeric sulfur cathodes might, in general,
provide a lower maximum voltage compared with, for
example, cathodes based on bulk orthorhombic sulfur, due
to the fact that shorter S chains are more favorable in these
systems. Based on the formation probabilities of S chains
[Fig. 5(b)], it is possible to estimate sulfur wight percent-
age in S/N-GNR structures where multiple S chains are
attached along the two edges. Our calculations show that in
order for the S chains to form multiple stable chains along
an edge, they should be at least two carbon rings apart from
each other. As such, the maximum weight percentage of
sulfur in an S/N-GNR copolymer with five rings across is
calculated to be around 35%.

Finally, another round of AIMD simulations are per-
formed on S4/N-GNR and S8/N-GNR as prototypical
S/N-GNR copolymer structures for 50 ps in canonical
ensemble at 300 K starting from the optimized structures
found through the procedure described previously. It is
observed that not only the corrugated N-GNR backbone
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remains intact in these structures, but the relative positions
of S atoms with respect to the other sulfur atoms and the
backbone also remain virtually unchanged.

As far as the structural properties are concerned, our
specific inspection based on the same minimum-energy-
configuration search described previously reveals that
GNRs, unlike N-GNRs, do not assume a corrugated struc-
ture in their minimum-energy conformation. Moreover,
what makes N-GNR a promising alternative cathode for
Li-S batteries has to do with the fully N-doped edges,
which provide highly reactive sites for reaction with sul-
fur. This property is absent in GNRs, which normally show
hydrogen saturation along both edges. The hydrogen satu-
ration makes it energetically unfavorable for sulfur chains
to form chemical bonds with the GNR, because the process
would inevitably involve breaking of H-C bonds [57].

B. Electronic properties

The electronic properties of Sx/N-GNR structures are
investigated in terms of electronic density of states close to
Fermi level. Figure 6(a) shows the total density of states for
N-GNR, S5/N-GNR, S8/N-GNR, and 2S4/N-GNR/2S4
systems. In the latter system two S4 chains are connected
to each N-doped edge of GNR backbone (a total of four
S chains in the unit cell), and is considered to explicitly
inspect the effect of more S content. The weight percentage
of sulfur in this structure is about 30%. Despite their rip-
pled structures and irrespective of their S content, all sam-
ples are found to remain metallic. However, compared with
N-GNR, the density of states at the Fermi level decreases
substantially when sulfur chains are present. Considering
S5/N-GNR and S8/N-GNR systems, it is observed that the
chain length does not appear to have a significant effect on
the density of states at the Fermi energy.

As shown in Fig. 6(b), the finite density of states at
the Fermi level in N-GNR, S5/N-GNR, S8/N-GNR (not
shown) structures, arises from nearly identical contribu-
tions of N and C atoms. This has been reported before
in the case of pristine (undoped) N-GNRs [39]. However,
the finite density of state at the Fermi level is found to
arise solely from carbon atoms in 2S4/N-GNR/2S4. More-
over, although the contribution of S atoms in −1.0 eV ≤
E ≤ 1.0 eV to the total density of states is almost neg-
ligible in S5/N-GNR and S8/N-GNR systems, their con-
tribution becomes more profound in 2S4/N-GNR/2S4 at
∼450 meV [top panel of Fig. 6(b)] and seems to represent
a localized state.

C. Lithiation products

Lithiation reactions are studied for S4/N-GNR sam-
ple which is found to have the lowest formation energy
(Fig. 5). The aim is to gather information on possible prod-
uct structures during the discharge. Therefore, only the
thermodynamics of lithiation reactions are studied here.
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FIG. 6. (a) Total and (b) projected density of electronic states
close to Fermi level.

The sample is sequentially lithiated until the maximum
lithium capacity of sulfur is reached, namely two Li per S.
For this, eight reactions are studied where a single lithium
atom reacts with the sulfur cathode at each step according
to the reaction

LinS4/N-GNR + Li++2e− → Li(n+1)S4/N-GNR, (4)

where n = 0, . . . , 7. In addition, the intermediate reactions,
namely the oxidation of Li at the anode and possible reduc-
tion of S4/N-GNR at the cathode are neglected. As such,
reaction (4) corresponds to the overall cathode reaction.

The reactant structure in the first lithiation reaction is
obtained by exploring the enthalpy landscape of a system
in which a lithium atom is positioned around the sulfur
chain of S4/N-GNR. For this, 17 distinct positions are con-
sidered [57]. The reactant structure with the lowest energy
is shown in the top panel of Fig. 7(a) in which the Li atom
attacks a side S-S bond. It is worth noting here that, despite
a nearly symmetric structure of the S4 chain, the side S-S
bonds are nonidentical due to the rippled structure of the
N-GNR backbone. This results in reactant structures with
slightly different energies when a lithium atom attacks each
side S-S bond. Through geometry optimizations (no fur-
ther unit cell optimization is performed), it is found that
the product structure after the first lithiation reaction cor-
responds to the one in which the Li atom is positioned
between two nitrogen atoms on the edge of N-GNR [lower
panel of Fig. 7(a)].
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FIG. 7. Computed reactant (top panels) and product (bottom panels) structures corresponding to consecutive lithiation reactions of
S4/N-GNR sample according to reaction (4).

To study the second lithiation reaction, again 17 ini-
tial structures are considered where a second lithium atom
reacts with the lithiated structure shown in the lower panel
of Fig. 7(a). The enthalpy landscape is explored through
the same process mentioned previously. The reactant struc-
ture with the lowest energy is shown in the top panel
of Fig. 7(b) in which the Li atom attacks the other side
S-S bond. Similar to the first reaction, thermodynami-
cally favorable product structure is again found to be that
in which the Li atom is positioned between two edge
nitrogens on the other side of S4 chain [lower panel of
Fig. 7(b)].

Initial structures for the third lithiation reaction are
prepared as described previously. The reactant structure
with the lowest energy is presented in the upper panel
of Fig. 7(c). This configuration corresponds to a structure
where the additional lithium atom approaches a side S-S
bond. This results in breaking of the central S-S bond and
the side S-S bond being rotated towards the Li atoms to the
left and right [lower panel of Fig. 7(c)].

For the fourth reaction, 10 distinct initial structures are
considered. The lowest-energy structure corresponds to
that shown in the upper panel of Fig. 7(d) in which a fourth
Li atom is positioned between the two side S-S bonds.
Optimization of this structure results in a comparable prod-
uct structure where the new Li atom forms a covalent bond
with an edge nitrogen and remains at an equal distance of
about 2.5 Å from three S atoms [lower panel of Fig. 7(d)].

The lowest-energy reactant structure for the fifth lithi-
ation reaction and the corresponding product structure
obtained after geometry optimization are shown in the top
and bottom panels of Fig. 7(e), respectively. In the fifth,
sixth, seventh, and eighth lithiation reactions a similar pat-
tern is observed: the reactant structures with the lowest
energy in these reactions correspond to one in which the
added Li atom approaches the Li-S cluster along the direc-
tion perpendicular to the N-GNR. The product structure

after the fifth lithiation reaction also represents an almost
symmetric structure along the ribbon edge. In addition, it
is observed that at the fifth step the N-GNR backbone also
undergoes a structural change upon lithiation which low-
ers the total energy of the system by about 320 meV. This
could be related to the fact that the curvature-induced over-
lap between the π electrons in a graphene-based structure
could be more in the valleys of the structure than that on the
hills. The same effect has been shown to result in charge
inhomogeneity on intrinsically rippled graphene samples
[54,55]. Here, it appears that the accumulation of lithium
around the sulfur content forces the N-GNR backbone to
assume a valley-shaped structure close to lithium atoms
where the stronger electrostatic interaction between the Li
atoms and the N-GNR π electrons lowers the total energy.
During subsequent lithiation steps, N-GNR retains its new
configuration which further supports the above argument.

The lowest-energy reactant structure of the sixth lithi-
ation and the obtained product structure are shown in the
top and bottom panel of Fig. 7(f), respectively. This repre-
sents the first lithiation reaction which results in breaking
of a side S-S bonds (the S-S bond on the right). Moreover,
It is observed that the side lithium pairs formed after the
fifth lithiation reactions are transferred back to form a sim-
ilar connection with the edge nitrogens in steps 1 and 2
[Figs. 7(a) and 7(b)].

As shown in the lower panel of Fig. 7(g), breaking of the
other side S-S bond (left) occurs in the seventh lithiation
reaction.

Similar to the reactant structure in the previous steps,
the final reactant structure is found to consist of a lithium
atom approaching a sulfur atom along the perpendicular
direction [upper panel of Fig. 7(h)]. As shown in the lower
panel, the product structure is formed through a small
structural change, in which the added lithium atom is trans-
ferred to the top of the nearby local Li2S2 structure [lower
panel of Fig. 7(h)].
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To make sure that all product structures represent stable
configurations, AIMD simulations in the canonical ensem-
ble are performed on each structure at 300 K for 10 ps. It is
found that apart from thermal fluctuations in atomic posi-
tions, all product structures reported previously retain their
overall zero-temperature configuration whereas the rippled
structure of the N-GNR remains virtually intact.

According to these results, the formation of soluble
Li-polysulfides appears to be unlikely due to strong N-
S bonds. In fact, our calculations show a strong bind-
ing between the N-GNR backbone and the LinS4 struc-
tures. The binding energies are calculated as Ebind =
ELinS4/N-GNR − ELinS4 − EN-GNR, considering the product
configurations shown in Fig. 7 [57]. The binding ener-
gies are all corrected for the basis set superposition error
using the counterpoise correction [58]. In particular, for
n ≥ 2, the binding energies are more than twice as high
as a typical N-S single covalent bond energy, namely
approximately 4.8 eV [59], which emphasizes the impor-
tant role of the Li ions in stabilization of lithiated S/N-
GNR structures. This would then suggest that the overall
interaction between the Li-S structures and the N-GNR
backbone could be partially ionic. Therefore, a simi-
lar solid-solid transition during the discharge previously
reported in S/cPAN copolymers could be expected in S/N-
GNR copolymers as well. Moreover, similar to the case of
S/cPAN [34], a single-plateau voltage versus depth of dis-
charge curve is observed here (Fig. 8). The average cell
voltage is calculated using

V = −�G
zF

, (5)

where �G is the Gibbs free energy of each lithiation in
reaction (4), z is the transferred charge, and F is the Fara-
day constant. Here, neglecting the entropic contributions
to the Gibbs free energy, we approximate �G with the dif-
ference in the total DFT energies of products and reactants
at each lithiation step.
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FIG. 8. Average cell voltage as a function of depth of dis-
charge corresponding to the lithiation reactions in Fig. 7.
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Comparable -N-Sx-N- groups at the fully charged state
of the cathode as well as a gradual S-S bond breaking dur-
ing the discharge are also found here in S/N-GNR copoly-
mers. However, unlike S/cPAN copolymers, no clear evi-
dence for N-S bond breaking is observed in S/N-GNR
structures during the discharge, and therefore, formation
of free Li2S molecules cannot be expected here. Such
differences could be related to the fact that although the
formation of similar -N-Sx-N- groups are observed in both
S/cPAN and S/N-GNR copolymers, the local structures
around S chains are considerably different in two systems,
due to dissimilar backbone structures. This could, in turn,
bring about substantially dissimilar electronic charge dis-
tribution around the S chains which could result in different
N-S bond strengths. In fact, the binding energy between
the S4 chain and the backbone is calculated to be about 1.7
times higher in S4/N-GNR compared to S4/cPAN.

All lithiated structures are also found to remain elec-
trically conductive irrespective of lithium content. Simi-
lar to the case of nonlithiated S/N-GNR copolymers, the
metallic behavior in the lithiated structures is found to
arise from carbon backbone as well as the nitrogen-doped
edges (Fig. 9). It is also observed that in the early lithia-
tion steps of S/N-GNR copolymers, the product structures
could become magnetic [57]. The spin ordering along two
edges have been reported in H-terminated and nitrogen-
doped graphene nanoribbons before and has been shown
to be energetically more favorable than a nonmagnetic
electronic ground state [39,60].

IV. CONCLUSIONS

Sulfurized polyacrylonitrile (S/cPAN), as a cathode
material for lithium-sulfur batteries, has been recently
reported to show an intrinsic shuttle-free capability dur-
ing cycling with a high reversible capacity. This capability
has been mostly attributed to the formation of -N-Sx-N-
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bridges stabilized through strong N-S bonds. However,
S/cPAN suffers from poor electrical conductivity demand-
ing the use of additional conductive carbon material. Sul-
furized N-terminated graphene nanoribbons (S/N-GNRs),
not only provide the same bonding between S and N
atoms, but have also been demonstrated to have metallic
properties. Here, the possibility of using S/N-GNR copoly-
mers as cathode materials for lithium-sulfur batteries is
explored. To this end, quantum-chemical calculations are
performed to study the structural and electronic properties
of S/N-GNR systems examining the formation of differ-
ent sulfur structures. It is revealed that sulfur structures in
the form of short S chains are thermodynamically more
favorable. In addition, the product structures during the
consecutive reactions with lithium are investigated. It is
found that the N-GNR backbone assumes a rippled struc-
ture irrespective of sulfur and lithium content. Therefore,
the rippled atomic configuration appears to be a result of
the fully N-doped edges of N-GNR. It is also observed
that, similar to S/cPAN, a solid-solid transformation could
be expected in S/N-GNR copolymers upon lithiation, due
to strong binding of lithium-sulfur structure to the N-GNR
edge. Furthermore, it is shown that the S/N-GNR copoly-
mers remain metallic throughout the discharge, suggesting
a better performance as a cathode compared to S/cPAN.
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