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r: an auxetic material with ultralow
diffusion barrier and high storage capacity for
potassium-ion batteries†

Jiayu Gao, ‡a Wenyuan Zhang, ‡a Aitor Bergarabcd and Guochun Yang *ae

The development of advanced anode materials is crucial for the applications of K-ion batteries (KIBs). In this

study, swarm-intelligence structure search calculations have identified an auxetic C6N2S monolayer as

a promising candidate with a desirable combination of storage capacity, rate capacity, and cycling

endurance for KIBs. This monolayer exhibits a unique wavy structure, comprising S atoms forming valleys

and interconnecting graphene-like nanoribbons forming peaks, with edge-sharing C4N2 rings. Its

intrinsic metallicity, stemming from p-electron delocalization, facilitates favorable electronic conduction.

The C6N2S monolayer spontaneously adsorbs two-layer K atoms, resulting in a stoichiometric

composition of C6N2SK4 and a high storage capacity of 812 mA h g−1. The ultralow diffusion barrier of

0.03 eV along the valley ensures ultrafast ion transportation, while a moderate open circuit voltage of

0.28 V enhances battery safety. Furthermore, its auxetic behavior contributes to cycling stability. These

remarkable properties of the C6N2S monolayer are attributed to its unique structural morphology and

electron configuration induced by multiple-bond patterns.
1 Introduction

The escalating energy demand in contemporary society has led
to a pressing need for alternative energy sources. However,
traditional nonrenewable fossil fuels are facing depletion,
prompting the search for sustainable alternatives. Although
lithium-ion batteries (LIBs) have long been the frontrunner in
energy storage technology,1,2 they alone cannot meet the future
energy demands. As a solution, potassium-ion batteries (KIBs)
have emerged as a promising option. Leveraging the advance-
ments of LIB technologies and materials, KIBs offer several
advantages, including the abundance of potassium, a low K/K+

redox potential, and the similarity in chemistry to lithium.3–5

Despite these advantages, the practical development of KIBs
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faces a critical challenge: the identication of high-performance
anode materials.6,7 Addressing this challenge is crucial for the
widespread adoption and success of KIB technology.

Carbonaceous materials, including graphite, so carbon,
and hard carbon, stand as the most prevalent anode materials
for LIBs due to their exceptional performance, wide availability,
and robust stability.8–10 Graphite, particularly, has emerged as
a commercial anodematerial for LIBs, showcasing a remarkable
storage capacity of 372 mA h g−1, coupled with enduring cycling
stability, and high rate capacity.11 However, when it comes to
KIBs, graphite falls short, offering a lower storage capacity of
273 mA h g−1, sluggish K+ diffusion kinetics, and increased
charge transfer resistance due to the larger atomic mass and
ionic radius of K+.12,13 In response, various strategies such as
doping, graing, and structural engineering have been explored
to augment the storage capacity and enhance the electro-
chemical performance of carbon-based materials for KIBs.14–17

Numerous two-dimensional (2D) materials have showcased
remarkable electrochemical performance for metal-ion
batteries (MIBs), owing to their high active site density, short
ion diffusion length, and excellent electrical conductivity.18–20

Graphene, being the quintessential 2D material, boasts excep-
tional structural stability, outstanding charge transport capa-
bilities, and a perfect planar geometry. However, it is not an
optimal choice for KIBs, with a maximum capacity of only 230
mA h g−1 and a capacity retention of 66%,21,22 primarily due to
its delocalized p electrons dominated by sp2 hybridization.
Nonetheless, the electrochemical properties and storage
capacity of graphene can be tailored to some extent through
J. Mater. Chem. A, 2024, 12, 17557–17564 | 17557
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heteroatom doping (e.g. N, P, O, and S).23 Conversely, certain C-
rich 2D materials, such as C3N,24 BC3,25 and TiC3,

26 have
demonstrated superior performance as anodes for MIBs.

Taking into account the limitations of traditional carbo-
naceous materials and the potential of 2D materials for
improving the performance of potassium-ion batteries (KIBs),
we propose a novel strategy centered around the integration of
electron-rich nitrogen and sulfur atoms to regulate the struc-
tural morphologies and orbital hybridizations/occupancies of
carbon-rich 2D materials. Herein, we also combine the high
stability of the C3N monolayer27 with the improved conduc-
tivity by doping it with a small amount of S atoms. This
approach is intended to develop high-performance anode
materials for KIBs. Therefore, we conduct a structural search
on the chemical ratio of multiplex cell C3N doped single S, and
evaluate its stability for screening. Through this approach, we
have identied a promising candidate: the C6N2S monolayer.
This material exhibits a suite of desirable properties for KIBs,
including a high theoretical capacity of 812 mA h g−1, an
ultralow diffusion barrier of 0.03 eV, a low average open circuit
voltage (OCV) of 0.28 V, and an excellent electronic conduction
and mechanical stability. Our study presents a compelling
avenue for the development of high-performance anode
materials for KIBs.
2 Computational details

The swarm-intelligence structure search method28–30 was
employed to explore the low-energy structures of the ternary C–
N–S system. This method is effective in identifying stable and
metastable structures, making it instrumental in the discovery
of new materials.31–34 The structural relaxation and property
calculations were conducted using density functional theory as
implemented in the Vienna Ab initio Simulation Package.35 The
Perdew–Burke–Ernzerhof (PBE) functional within the general-
ized gradient approximation was utilized for these calcula-
tions.36 A plane-wave cut-off energy of 600 eV, a force
convergence of 0.001 eV Å−1, and an energy convergence of
10−5 eV were employed to ensure accuracy. Additionally,
a vacuum layer of 20 Å was included to prevent interactions
between layers in the 2D structure. The dynamic stability of the
predicted structures was veried by calculating the phonon
dispersion curve using the supercell method implemented in
the Phonopy code.37 Furthermore, ab initiomolecular dynamics
simulations (AIMD) were performed at 500 K to evaluate the
thermal stability of the structures.38 Finally, the diffusion
barriers of metal ions on the predicted monolayer were esti-
mated using the nudged elastic band method.39

The adsorption energy of a K ion on the C6N2S monolayer
was computed using the following formula:

Εad ¼
�
EC6N2SKn

� EC6N2S � nEK

�

n
(1)

where EC6N2SKn is the total energy of the C6N2S monolayer with
adsorbed K atoms, EC6N2S is the energy of the pristine C6N2S
monolayer, EK is the energy of a K atom in the body-centered cubic
(bcc) structure, and n is the number of the adsorbed K atoms.
17558 | J. Mater. Chem. A, 2024, 12, 17557–17564
In the charge and discharge process, the average open circuit
voltage (OCV) was obtained based on the equation below:

Vave ¼ DE

nzF
¼ EC6N2S þ nEK � EC6N2SKn

nzF
(2)

where z is the electronic charge of the adsorbed ion in the
electrolyte and F is the Faraday constant (26.8 A h mol−1).

The theoretical specic capacity was evaluated with the
following equation:

C ¼ nF

W
(3)

where W is the molecular weight of the C6N2S monolayer.
3 Results and discussion
3.1 Structure and stability

The C6N2S monolayer exhibits a distinctive wave-like structure
with the space group Pmm2, characterized by its unit cell con-
taining twelve C, four N, and two S atoms. Notably, there are
three distinct three-coordinated environments for C atoms: a C
atom forming bonds with two neighboring C atoms and one S
atom, a C atom coordinated with two neighboring N atoms and
one C atom, and a C atom linked to two neighboring C atoms
and one N atom. Each N atom is coordinated with three
neighboring C atoms. These arrangements result in sp2

hybridization of C and N atoms, forming graphene-like nano-
ribbons with edge-sharing C4N2 rings. The zigzag C chains in
the nanoribbons align along the a-axis direction due to the C
richness. S atoms, on the other hand, are two-coordinated with
C atoms in different zigzag chains, exhibiting sp3 hybridization,
as observed in the C2S monolayer (Fig. 1a).40 The non-bonding
electrons of S atoms form lone-electron pairs, contributing to
the formation of a valley along the a-axis direction between S
atoms and zigzag C chains. All atoms in the C6N2S monolayer
satisfy the octet rule, and the corresponding bonds exhibit
typical covalence (Fig. 1b). The average bond lengths of C–C, C–
N, and C–S are 1.38 Å, 1.43 Å, and 1.76 Å, respectively, closely
resembling those observed in graphene (1.42 Å),41 C3N (1.40
Å),42 and C3S (1.78 Å)43 structures.

The energetic, dynamic, thermal, and mechanical stability of
the C6N2S monolayer was assessed to explore its synthesis and
application potential. Its cohesive energy, calculated at 8.01 eV/
atom, exceeds that of the C3N (7.08 eV per atom)44 and C3S (7.26
eV per atom)43 monolayers, indicating a relatively high stability.
Molecular dynamics simulations at 500 K for 10 ps revealed that
its initial structural conguration remained intact without any
chemical bond breaking, conrming its thermal stability
(Fig. 1c). The dynamic stability of the C6N2S monolayer was
veried using positive phonon frequencies across all vibrational
modes, with the highest phonon frequency reaching 1486 cm−1,
indicative of strong covalent bonds (Fig. 1d). Elastic constants
calculated for the material meet the Born–Huang criterion,
conrming its mechanical stability (Table S2†). These high
stabilities suggest that the C6N2S monolayer could feasibly be
synthesized under certain conditions. Interestingly, the mono-
layer exhibits anisotropic mechanical behavior, as evidenced by
This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (a) Top and side views of the crystal structure of the predicted C6N2S monolayer, where black, gray, and yellow balls represent C, N, and S
atoms, respectively. Its structural parameters can be found in Table S1.† (b) The electron localization function (ELF) map, (c) the AIMD at 500 K
with the free-energy evolution and final structure, (d) the phonon dispersion curves, (e) the Young's modulus, and (f) the Poisson's ratio, where
blue and red lines represent positive and negative values, respectively. (g) The projected electronic band structure, (h) PDOS, and (i) the selected
adsorption sites of the C6N2S monolayer.
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its Young's modulus, which reaches a maximum value of 322.8
N m−1 along the a-axis direction (Fig. 1e). Furthermore, its
Poisson's ratio ranges from −0.53 to 0.20, as illustrated in
Fig. 1f. Materials with negative Poisson's ratio have been
considered valuable for applications in aerospace and defense
areas due to their unique transverse contraction or expansion
under uniaxial pressure or tension.45 Additionally, materials
with negative Poisson's ratio serve as electrodes in MIBs, sup-
pressing volume expansion and enhancing exibility during
charge and discharge processes.46,47
3.2 Electronic properties

The electronic properties of the C6N2S monolayer were investi-
gated through electronic band structure and projected density
of states (PDOS) calculations at the PBE level. The analysis
revealed that the C6N2S monolayer exhibits metallic behavior,
evidenced by the presence of three bands crossing the Fermi
level (Fig. 1g). Its intrinsic metallicity is also conrmed using
the HSE06 functional (Fig. S1†). The metallic character arises
from the delocalized p electrons contributed by the C 2pz and N
This journal is © The Royal Society of Chemistry 2024
2pz states (Fig. 1h). The presence of delocalized p electrons
ensures rapid contact of electron carriers with intercalation
ions,48 a desirable property for metal-ion anode materials. Of
the ve valence electrons of N atom, three participate in in-
plane covalent bonds via sp2 hybridization, while the remain-
ing two electrons, symmetrically distributed out of plane, form
p bonds with the C 2pz electrons.
3.3 Electrochemical performance as an anode material

The C6N2S monolayer exhibits auxetic behavior and intrinsic
metallicity, making it favorable for MIB anodes. To assess its
feasibility, we investigate its adsorption ability, diffusion energy
barrier, storage capacity, and open circuit voltage (OCV) for
alkali metal ions (e.g., Li, Na, and K), crucial for anode mate-
rials. We consider six inequivalent adsorption sites on the
C6N2S monolayer (Fig. 1i). The H1/H2/H3 sites are located at the
hollows (H) of the octagonal C6S2 ring or two different hexag-
onal C4N2 rings, while the TC/TN/TS represent the top (T) site
directly above a C/N/S atom. Among these, H1 emerges as the
most favorable adsorption site for Li, Na, and K ions.
J. Mater. Chem. A, 2024, 12, 17557–17564 | 17559
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Fig. 2 (a) The calculated adsorption energies of Li, Na, and K on the H1 site of the C6N2S monolayer. (b) The top and side views of the charge
density difference when K is adsorbed on the C6N2S monolayer. (c) Two ion-migration paths on the C6N2S monolayer, with blue and red arrows
indicating paths I and II, respectively. (d–f) The migration barriers of Li, Na, K ions across the two paths.
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Specically, the C6N2S monolayer exhibits the strongest
adsorption ability for K atoms, with an adsorption energy of
−0.68 eV (Fig. 2a). This value is conducive to preventing the
formation of K clusters, thereby enhancing battery safety. The
adsorption process induces an evident charge transfer from the
K atom to the C6N2S monolayer, as indicated by the charge
depletion around the metal atom (blue region) and the charge
accumulation on the monolayer (yellow region) (Fig. 2b and
S2†), indicative of chemical adsorption (Fig. S3†).

The ion-migration energy barrier directly inuences the rate
performance in the charge/discharge process.49 Lower migra-
tion energy barriers generally correspond to higher rate capac-
ities. Considering the favorable adsorption site of H1 and
unique atomic arrangement, there are two potential diffusion
pathways: path I and path II. As shown in Fig. 2c, path I follows
a V-shape channel constructed by S atoms interconnecting
zigzag C chains, while path II involves movement from H1 to
adjacent C4N2 hexatomic rings before returning to H1. As
illustrated in Fig. 2d–f, path I is favorable for the transportation
of Li, Na, and K ions. Notably, the barrier for K ions (0.03 eV) is
signicantly lower than that for Li (0.21 eV) and Na (0.11 eV).
Compared to the other 2Dmaterials such as PC6 (0.26 eV),50 Si3C
(0.18 eV),51 and BiC (0.14 eV),52 the C6N2S monolayer exhibits
excellent ion transportation ability. Particularly, the diffusion of
K ions along the V-shape channel is virtually barrier-free, indi-
cating an exceptionally high rate performance for KIBs.
17560 | J. Mater. Chem. A, 2024, 12, 17557–17564
Subsequently, we focus on exploring the performance of the
C6N2S monolayer as a KIB anode material. The storage capacity
of an anode material is linearly correlated with the number of
adsorbed K atoms. To simulate the adsorption process, we
utilize a 3 × 2 × 1 supercell to investigate four different K
concentrations (i.e., C6N2SKn, n = 1–4). The stable congura-
tions for the four considered stoichiometries are depicted in
Fig. 3a–d. The corresponding adsorption energies are −0.45 eV,
−0.26 eV, −0.22 eV, and −0.15 eV, indicating favorable K ion
adsorption on the C6N2S monolayer. The adsorption energy
gradually increases with K ion concentrations due to the
enhanced electrostatic repulsion between K ions. As expected,
the stoichiometry of C6N2SK4 corresponds to a theoretical
capacity of 812 mA h g−1, signicantly higher than that of
typical 2D materials such as Ti3C2 (191.8 mA h g−1),53 GeSe
(353.65 mA h g−1),54 and BP (570 mA h g−1).55

An excellent anode material also requires subtle structural
changes during the charge/discharge process. It is noted that
the C6N2Smonolayer in C6N2SKn (n= 1–4) conformers preserves
its initial conguration, showing minor changes in structural
parameters (Table S3†), which is favorable for reducing cycle
instability and capacity loss. To explore the structural exibility
of C6N2S, we chose to remove adsorbed K from the C6N2SK4 and
perform structural relaxation of the twisted C6N2S structure.
According to Fig. S4,† the C6N2S structure is completely restored
to its original conguration. It is worth noting that the four
stable adsorption structures still demonstrate metallicity
This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (a–d) Themost stable structures with different K concentrations in C6N2SKn (n= 1–4) with the adsorbed atom number of 6, 12, 18, and 24,
respectively. (e) The ELF map of C6N2SKn (n = 2 and 4). (f) OCV and theoretical capacity (TSC) as a function of the K concentration.
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(Fig. S5†), providing high electrical conductivity during battery
cycles. For the C6N2Smonolayer, its high storage capacity can be
attributed to several factors. Firstly, the large electronegativity
difference between K atoms and the constituent atoms of the
C6N2S monolayer favors strong adsorption. Secondly, the
dispersed intra- and inter-layer anionic electrons reduce elec-
trostatic repulsion between K atoms, favoring the multilayer
adsorption (Fig. 3e).

The OCV is a vital performance parameter to evaluate the
battery safety of anode materials. For KIBs, an OCV ranging
from 0.0 V to 1.0 V can avoid dendrite formation of K atoms
during the discharge/charge process.56 We explore the OCV
evolution associated with K ion concentration. As illustrated in
Fig. 3f, with increasing adsorption concentration, the resultant
OCV gradually decreases from 0.45, 0.26, 0.22, to 0.15 V, indi-
cating that the variation of K intercalation voltage is steady and
meets the safety requirement of KIBs. Additionally, the calcu-
lated average OCV is 0.28 V, which is much lower than that of
other 2D materials such as SnS2 (0.84 V)57 and AlP (0.71 V).58

These outstanding properties render the C6N2S monolayer
a promising candidate for KIB anode applications.

To further evaluate the performance of the C6N2S structure
in practical applications, we construct four bilayer stackings: (a)
aligned stacking, (b) a-direction translational stacking, (c) b-
direction translational stacking, and (d) simultaneous trans-
lational stacking along the a and b directions, as shown in
Fig. S6.† Aer the optimization, we select the lowest energy
This journal is © The Royal Society of Chemistry 2024
structure with a-direction translational stacking to study its
ability in storing K. The bilayer C6N2S can still adsorb 24 K
atoms, corresponding to a theoretical capacity of 406 mA h g−1.
4 Conclusions

Based on our control of structural topologies and orbital occu-
pancies through chemical compositions, we have discovered
a novel C-rich C6N2S monolayer with a wave-like structure using
rst-principles swarm-intelligence structural search calcula-
tions. Our study of its structure reveals excellent stability
attributed to sp3-hybridized C–S and sp2-hybridized C–N/C–C
covalent bonds that satisfy the chemical octet rule. The C6N2S
monolayer shows promising potential for application in
potassium-ion batteries (KIBs) due to several key characteris-
tics. It exhibits an ultralow diffusion barrier of 0.03 eV, indi-
cating fast ion transport, along with a high theoretical capacity
of 812 mA h g−1. Additionally, it possesses a desirable average
open circuit voltage (OCV) of 0.28 V. Notably, its auxetic
behavior, stemming from its wave-like structure, offers addi-
tional mechanical stability during the charge/discharge
process. Our work provides a strategic approach for the devel-
opment of C-rich 2D anode materials, addressing the current
shortage of high-performance anode materials for KIBs. This
research opens avenues for the design and synthesis, contrib-
uting to the advancement of KIB technology.
J. Mater. Chem. A, 2024, 12, 17557–17564 | 17561
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