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2D Nitrogen-Containing Carbon Material CsN as Potential
Host Material for Lithium Polysulfides: A First-Principles

Study

Dandan Wang, Haibo Li,* Liangliang Zhang,* Zhonghui Sun, DongXue Han, Li Niu,

and Jialong Zhao

Two-dimensional (2D) materials are identified to be efficient in many
applications. In this work, a novel 2D nitrogen-containing carbon material,
CsN, is theoretically designed through structure changes in atomic scale, that
is, introducing Vc—Vy bivacancy defects along lines in perfect C3N monolayer.
CsN monolayer is verified to be chemically, mechanically, dynamically, and
thermodynamically stable based on cohesive energy, elastic constants,
phonon spectrum, and molecular dynamics calculations. CsN is determined
to be metallic which is an important property for battery electrode. Moreover,
the anchoring performance of Sg and Li,S, (n =1, 2, 4, 6, and 8) on CsN
monolayer and the anchoring mechanisms are explored. The adsorption
energies are calculated to be —0.24, —1.20, —1.10, —1.06, —1.63, and —1.59
eV for Sg, Li,Ss, LizSe, LizS4, Li;S;, and Li,S, respectively. The anchoring effect
of Li;S, on CsN monolayer originates from the charge transfer between
lithium polysulfides and CsN surface. These results reveal that CsN
monolayer is a promising host material for polysulfides in Li-S batteries. Our

2D materials have always been the research
focus. For example, as the ancestor of 2D
materials, graphene has been extensively
studied on both experiment and theory and
has been successfully applied in nanoelec-
tronics, environmental, and energy stor-
age devices."” C3Ny, a classic nanoporous
graphitic carbon nitride which could be eas-
ily synthesized from urea,® possesses ex-
cellent physical and chemical stability and
appealing electronic properties with a band
gap of 2.70 eV.”) It has attracted a lot of at-
tention and has been demonstrated to be
well suited for photosynthesis, % lithium—
sulfur batteries,'!! and other applications.
What is more, boron—carbon honeycomb
structure, BC; monolayer, has also been
successfully obtained experimentally.1?]

calculations illustrate the design of nanostructures and facilitate the
application of carbon-based 2D materials in environment and energy.

1. Introduction

2D materials have attracted great attention and have been ap-
plied extensively in energy storage aspects due to their unique
physical and chemical properties.' Among them, carbon-based

Liu et al. demonstrated that layered BC;
possesses outstanding Li storage capacity,
which is about twice as large as that of
graphite." Recently, Qie et al. reported
that BC; monolayer shows good anchoring
performance for lithium polysulfides, indicating that BC; could
be an appropriate cathode material for Li—S batteries.'"]
However, carbon-based 2D materials need to be modulated
and modified for better performances in real applications.
Many approaches have been developed to improve their prop-
erties, including element doping, vacancy defect regulation,
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hydrogenation, and even external strain strategy. For example,
saturation of sp? bonds in graphene by hydrogen atoms would
result in graphane, which has been demonstrated to be a semi-
conductor appropriate as channel material in field effect tran-
sistors and photocatalysts, etc.'®l Tao et al. fabricated a N and
P dual-doped carbon fibers/graphitic carbon nitride (huCP/g-
C3Ny) which was used as ultrahigh capacity and rate anode for
Li and Na ion batteries.l'”) To enhance the conductivity and im-
prove the electrochemical performance of C;N,, magnesiother-
mic denitriding technology was used by Chen et al. to reduce the
graphitic nitrogen of C3N,, and the obtained nitrogen-deficient
C;N, showed enhanced performance for Li ion batteries.'® Jia
et al. have also demonstrated that the defects derived by the re-
moval of heteroatoms from graphene are advantageous for all
three basic electrochemical reactions, such as oxygen reduction,
oxygen evolution, and hydrogen evolution reactions.'” In the
recent 2 years, Wu et al. have designed several 2D cathodes for
Li-S batteries with excellent performance,?>-4 especially the ul-
trathin layered MoSe, with enriched edge sites and theoretical
calculations confirmed that lithium polysulfides prefer to adsorb
on the edge sites.?’!

Recently, Yang et al. synthesized a novel flat 2D crystal, C;N,
in which the nitrogen atoms are evenly distributed and no
holes exist.?) In our previous work, we have investigated the
effect of strain and hydrogenation on the properties of C;N and
concluded that strained and hydrogenated C;N monolayers are
promising candidate material for future applications in the appli-
cations of Li ion batteries and photocatalysts.*® In this work, we
first introduced a “V¢ + Vy” bivacancy in C;N monolayer, after
full structure optimization, the “Vc + Vy” bivacancy evolved
into a new configuration consisting of “5 carbon nitrogen ring-8
carbon nitrogen ring-5 carbon ring” (5CN-8CN-5C) (shown
in Figure S1b, Supporting Information). Stimulated by the
defect evolution caused by structure optimization, we studied an
extreme case more deeply, in which numerous “V¢ + Vy” biva-
cancy line defects were intoduced through omiting the neighbor
lattice C and N atoms from C3N monolayer (Figure Slc, Sup-
porting Information). Encouragingly, a novel 2D carbon nitride
compound, CsN in stoichiometry and composed of 5SCN-8CN-5C
rings, was discovered. Based on density functional theory (DFT)
calculations, the novel 2D crystal, CsN, has chemical, mechani-
cal, dynamic, and thermodynamic stability. Accurate electronic
structures obtained by Heyd—Scuseria—Ernzerhof (HSEO06)
functional calculations indicate that CsN monolayer is metallic.
Moreover, we also employ systematic DFT calculations to study
the anchoring performance of Sg and Li,S, (n = 1, 2, 4, 6, 8)
on CsN surface. The adsorption energies and transfer charges
between Li,S,, and 2D monolayer imply that the CsN monolayer
is a promising host material for Li,S, in Li-S batteries.

2. Experimental Section

We performed all first-principles calculations based on DFT!2¢l
using the projected augmented wave (PAW) method?”! which
was implemented in the Vienna ab initio simulation pack-
age (VASP). To compute the electron exchange—correlation
energy, the Perdew-Burke-Ernzerhof (PBE) generalized gra-
dient approximation®®?) was used. In addition, the HSE06
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functional®® was applied to acquire accurate electronic band
structures and density of states (DOS) of CsN monolayer. The
long-range vdW interactions were taken into consideration by us-
ing DFT-D2 correction method of Grimme.Y The cutoff energy
for the plane wave basis set is 450 eV. The optimized geometries
were obtained with all the atomic positions relaxed until their
residual forces are less than 0.01 eV A~'. To avoid interaction
between two adjacent periodic images, a 20 A vacuum space per-
pendicular to the monolayer plane was adopted. In this work,
different Monkhorst-Pack K-point samplings for the Brillouin-
zone integration were set for different calculations. The 3 x 3
x 1 K-points were applied for the structure optimization of Fig-
ure Sla,c, Supporting Information. For calculations involved in
CsN unit cell, the K-point samplings were setas 1 x 5 x 3 and
1 x 14 x 6 to calculate its structure properties and DOS, respec-
tively. For the adsorption systems, the K-point samplings were
setas 1 x 2 x 2and 1 x 3 x 3 for structure optimization and
DOS calculations, respectively. Density-functional perturbation
theory (DFPT)P**] was used to calculate the phonon dispersion
properties. Through first-principles molecular dynamics (MD)
calculations,?* we assessed the thermodynamic stability of CsN
monolayer. The MD calculations in NVT ensemble lasted for
10 ps with a time step of 1.0 fs and the temperature was con-
trolled by Nosé~Hoover method.*”!

To investigate the anchoring effect of 2D material toward Li, S,,,
the adsorption energy E,4s of Li,S, on surface was calculated ac-
cording to the equation of Eigs = Eguface + Eviosn — Esystem, Where
Egysiem> Esurface, and Eyjps,, were the total energy of the 2D material
with Li, S, adsorbed on it, the total energy of pristine 2D material,
and the total energy of isolated Li,S,, respectively. According to
this definition, the more positive the E,qs, the stronger the adsorp-
tion. Partial density of states (PDOS) of adsorbed systems have
also been calculated to study the adsorption effect. For adsorbed
systems, the DOS calculations were based on PBE functional in-
stead of HSE06 functional in order to save calculation cost. In
addition, charge density difference calculations and Bader charge
analysis have been made to study the charge transfer between the
2D material and Li,S,.

3. Results and Discussion

3.1. Structure and Electronic Properties of CsN Monolayer

The unrelaxed structure of C3N with “V¢ + Vy” bivacancy line
defects is constructed through removing the nearest neighbor C
and N atoms from C;N monolayer which is in xy plane as shown
in Figure S1c, Supporting Information. Interestingly, after fully
optimization the nanoarchitecture is composed of 5CN-8CN-5C
rings. By imposing symmetry on the optimized structure, the de-
fected monolayer is transfer into yz plane, as shown in Figure 1a.
Considering the atomic ratio in the defected monolayer, its chem-
ical formula can be regarded as CsN, which is a brand new car-
bon nitrogen ratio for 2D nitrogen-containing carbon materials.
In each unit cell of CsN monolayer, there are ten C atoms and
two N atoms with AMM2 symmetry and the calculated equilib-
rium lattice parameters are b = 3.645 A and ¢ = 8.896 A. The
corresponding bond lengths of C—C and C-N bonds are listed in
Table 1. Based on the definition of cohesive energy: Eco, = (nEc +
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Figure 1. a) Top (upper) and side (lower) view of the atomic structure of CsN monolayer. The gray and blue balls represent C atoms and N atoms,
respectively. Every parallelogram of the dotted line including ten C atoms and two N atoms signifies the unit cell. b) Phonon dispersion plots along
high symmetry directions in the first Brillouin zone (BZ) of CsN monolayer. c) Top (upper) and side (lower) views of snapshots of the CsN monolayer

equilibrium structures at the end of 10 ps MD calculation under 1000 K.

Table 1. The corresponding bond lengths in CsN monolayer. The integers
shown in 1aindicate C; (i=1, 2, 3).

Bond Ci-N G-N G-G -G -G G-G3

Bond length [A] 1.373 1.401 1.412 1.461 1.387 1.391

mEx — Ecsn)/(m~+n), where Ec, Ey, and Ecy are the total energies
of a single C atom, a single N atom, and CsN monolayer, m and
n are the number of C and N atoms in the supercell, respectively.
The E.,, of CsN monolayer is 8.22 eV per atom, higher than that
of graphene (7.95 eV per atom),** indicating the strong chemical
bonds in the 2D compound.

To evaluate the mechanical stability of CsN, its elastic
constants were calculated. The calculated results of Cy;; =
17.77 N m’l, Ci, =327 N m’l, Cy;; = 388.11 N mfl, and Ces
= 3.35 N m~! satisfy the mechanical stability criteria of 2D ma-
terial, that is C;;Cp — C12%2 > 0 and Cgs > 0.57) The phonon dis-
persions were investigated based on DFPT and the phonon dis-
persion plots are given in Figure 1b. The kinetic stability of CsN
monolayer was verified by the fact that no appreciable imaginary
frequencies exist in the phonon dispersion curves. The highest
phonon frequency at G point is 1682.07 cm™! and the corre-
sponding Debye temperature is 2421 K, a little higher than those
of C;N due to the relative stronger bonds of C;-N, C;-N, C)—
C,, and C3—C;.1) Moreover, the thermodynamic stability of CsN
was assessed through first-principles MD calculations, in which
a4 x 2 supercell was employed. MD results reveal that the struc-
ture remains its lattice construction at 300 K for 10 ps (not shown
here) while distortion appears at 1000 K (Figure 1c), which means
that CsN is thermally stable at room temperature and its melting
point is higher than 1000 K.

The calculated electronic band structure and DOS based on
HSEO06 calculations for CsN are shown in Figure 2. Interestingly,
the Fermi energy locates well below the valence-band maximum
and the band gap structure is similar to that of Cu metal,** mean-
ing that CsN monolayer has significant electrical conductivity and
metallic characteristic. Moreover, DOS peaks around the Fermi
energy mainly originated from the electrons of C atoms.
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Figure 2. a) Band structure and b) density of states (DOS) of CsN mono-
layer obtained from HSEOQ6 calculations. For reference, the Fermi level is
set at 0 eV. In (b), the black, red, and blue lines denote the total DOS
of CsN, the partial DOS of C atoms, and the partial DOS of N atoms,
respectively.

3.2. The Anchoring Performance of Li,S, (x =1, 2, 4, 6, 8)
on CsN Surface

With the development of synthetic and testing technology, 2D
materials have attracted great attention in the applications of
Li-S batteries, in which the 2D materials with high theoretical
surface areas and unique electronic properties serve as host
materials for lithium polysulfides Li,S, (n = 1, 2, 4, 6, 8). In
this work, the promising application of CsN as a host material
in Li-S batteries has been investigated. Before investigation
of Li,S, adsorption properties on CsN, we firstly relaxed the
structures of Li,S,, whose optimized structures are shown in
Figure 3. The calculated 3D geometries and corresponding bond
lengths are in accordance with the previous reports.’l Then we
studied systematically the adsorption configurations of Li,S,
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Figure 4. The most stable adsorption configuration of a) Li,S, b) Li»Sy, c) LizS4, d) Li;Se, €) Li»Sg, and f) Sg on CsN surface. The purple, yellow, gray,
and blue balls represent Li, S, C, and N atoms, respectively.
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Figure 5. a) Adsorption energies for Li;S, on CsN. Black and red curves represent using the simulation method without and with vdW functional. Blue
curve represents the strength of vdW physical interaction. b) The shortest distance between Li atom of Li,S, and C/N atom of CsN surface. c) The
quantity of transferred charge from Li;S, to CsN surface (Ag) during the lithium process.

toward CsN surface. The most stable adsorption configura- As shown in Figure 4a,b, for Li, S and Li, S, their two Li atoms
tions are shown in Figure 4 and the corresponding adsorption  are located at the hollow center sites of two 5-carbon rings and Li
energy profile during the lithium process is presented in  atoms bind with the C atoms of CsN surface with the correspond-
Figure 5a. ing bond lengths between 2.34 and 2.36 A. The two Li atoms of
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Figure 6. The isosurfaces of charge density difference of a) Li,S, b) Li,S,, €) Li»S4, d) LizSe, €) Li>Sg, and f) Sg adsorbed on CsN surface with the isovalue
0f 0.003 A=3. The blue wireframes denote loss of electrons and yellow wireframes denote gain of electrons.
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Figure 7. The partial density of states (PDOS) of the Li atom before and after adsorbed on CsN surface: a) Li;S, b) Liz Sy, c) LizS4, d) LizSe, and e) Li;Sg.
f) The PDOS of the C atoms of 5-carbon ring whose hollow site is located by Li atom. In (a—e), the red and black lines denote the PDOS of Li atom before
and after Li; S, adsorption on CsN surface, respectively. In (f), the black, red, blue, green, orange, and purple lines represent the PDOS of the C atoms
of 5-carbon ring without adsorption, with Li;S, Li, Sy, Li2S4, Li2Se, and Li;Sg adsorption, respectively.

Li,S4 locate at the positions offset from the hollow center of the
5-carbon rings and the corresponding Li-C bond lengths are 2.321
and 2.334 A. For long-chain clusters, Li,Se and Li,Sg, one of their
Li atoms is located at the hollow center site of a 5-carbon ring
of CsN surface and the Li-C bond lengths are around 2.40 A.
The Li—C distance variation is shown in Figure 5c and the non-
monotonicity may originate from the synergistic effect of chemi-
cal and vdW physical interaction. For Sg, the adsorption energy is
only 0.24 eV, indicating the physical adsorption of Sg on CsN sur-
face. What is more, Li,S,, can also anchor on the surface with the
Li atoms located at the hollow center sites of 5-carbon—nitrogen

Adv. Theory Simul. 2018, 1800165
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rings (Figure S2, Supporting Information) with the adsorption
energies a little bit lower (about 0.15 eV lower) than those of the
corresponding adsorption configurations shown in Figure 4. As
reported, the adsorption energies are only —0.74, —0.80, —0.73,
—099, and —1.11 eV fOl' Lizs, LizSz, LizS4, LizS(), and LizSg on
the pristine C;N surface and the C;N monolayer is inadequate to
act as anchoring material for Li,S, in Li-S batteries.!') Compar-
ing the adsorption energies of Li;S,, clusters on CsN and C;N,
CsN surface can bind Li, S, more strongly, indicating that CsN is
a promising anchoring material for Li, S, and defect regulation is
a very effective strategy to improve materials’ performance. The

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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improvement in adsorption properties may have originated from
the specific geometric construction and electronic properties of
CsN in comparison with C;N.

Moreover, adsorption energy calculations without vdW ef-
fects have also been performed to estimate the contributions
by chemical interaction and vdW physical interaction. The
strength of vdW physical interaction is derived as AvdW = Ejq
(vdW)— Eogs(without vdW). Figure 5a presents the adsorption en-
ergy profiles with Li,S,. For S8 cluster, the vdW physical inter-
action is the decisive factor that leads to its anchoring effect on
CsN surface. The physical interaction is slightly stronger than the
chemical interaction for long-chain Li,S, (n = 8, 6, 4) while the
opposite happens for Li,S; and Li,S, resulting that the total in-
teraction is not monotonous with the increase of S elements and
the adsorption strength decreases to 1.06 eV at the middle stage
(Li,S,).

To understand the anchoring mechanism of Li, S, on CsN sur-
face, we calculated the charge density difference that originated
from adsorption and made Bader charge analysis. As can be seen
from the charge density difference plots in Figure 6, there are
obvious charge transfers from Li,S, (n =1, 2, 4) to CsN surface
and the net transferred charges are 0.444e, 0.471e, and 0.300e,
respectively. While for Li, S and Li, S, the net charge transfer is
from CsN surface to Li,S, cluster, with the quantity of —0.031e
and —0.026e. The variation of the transferred charge follows the
similar trend with the chemical interaction, as shown in Figure
5b. The charge is also transferred from CsN surface to S8 cluster
and the quantity is —0.036e.

For further understanding of the interaction between surface
and Li,S,,, PDOS calculations for C;N and Li,S,, before and after
adsorption have been performed. The PDOS plots of Li atoms of
Li,S, are shown in Figure 7a—e and Figure 7f gives the PDOS for
C atoms of the 5-carbon rings whose hollow center sites are occu-
pied by Li atoms. Obviously, after adsorption for Li,S, (n =1, 2,
4), the PDOS of Li atoms are broadly dispersed. While for Li,S
and Li, Sg, the dispersion of Li PDOS is slightly broadened after
adsorption. These results reveal that interaction occurs between
surface C atoms and Li atoms of Li,S,. Moreover, comparing the
peaks of PDOS presented in Figure 71, the ratio of the peaks for
C atoms near Fermi level (about —0.2 eV) increase after Li, S, ad-
sorption, which is the result of electron transfer. These PDOS re-
sults indicate the electron density redistribution after adsorption,
in agreement with charge density difference and Bader charge
analysis.

4. Conclusions

In summary, motivated by defected C;N with bivacancy, we
have designed a new 2D nitrogen-containing carbon nitride, that
is CsN, a brand new carbon nitrogen ratio for 2D nitrogen-
containing carbon materials. Based on DFT and HSE06 calcu-
lations, CsN is identified to possess metallic characteristic. The
2D novel structure of CsN makes it a promising anchoring ma-
terial for Li;S, (n = 1, 2, 4, 6, 8) in Li-S batteries. The adsorp-
tion energies are calculated to be —1.59, —1.63, —1.06, —1.10,
and —1.20 eV fOl’ Lizs, LizSz, LizS4, LizSG, and LizSg on C5N
surface, respectively, indicating that the CsN surface could bind
Li, S, clusters more strongly than pristine C;N, which is essential
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for good cycle life and coulomb efficiency in Li-S batteries. Our
results reveal that the novel 2D material CsN could be a promis-
ing material in wide applications involved in environment and
energy.
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Supporting Information is available from the Wiley Online Library or from
the author.
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