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Recently “carbon ene-yne” (CEY), a novel full carbon two-dimensional (2D) material was successfully
synthesized by the solvent-phase reaction. Motivated by this experimental effort, we conducted exten-
sive first-principles density functional theory simulations to explore the application prospects of CEY
as an anode material for Mg, Na and Li-ion batteries. To simulate the ionic intercalation process in an
anode electrode, the adatoms coverage was gradually increased. We then employed Bader charge anal-
ysis to evaluate the charge transfer between the adatoms and the CEY nanosheet and finally to report
the theoretical storage capacity of the anode. We particularly studied the evolution of adsorption energy,
electronic density of states and open-circuit voltage with respect to adatoms coverage. The diffusion of
an adatom over the CEY surface was also investigated by using the nudged elastic band method. Remark-
ably, our results suggest CEY as a promising anode material containing the highest theoretical charge
capacities among 2D materials studied so far, with ultrahigh capacities of 2680 mAh/g and 1788 mAh/g
for Li and Na-ion batteries, respectively. The provided insight by this study highlights the CEY as a novel
full carbon material with properties, highly desirable for the application as anode material in the next

generation rechargeable ion batteries.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

After the first successful fabrication of graphene from graphite
by using mechanical exfoliation method in 2004 [1-4], two-
dimensional (2D) materials have emerged as a new class of
materials with intriguing characteristics [5,6]. Due to subsequent
evolution, currently there exist a wide variety of 2D materials that
can be synthesized at large scale and high quality. The 2D mate-
rials made only from carbon atoms also include a wide range of
structures, as they were theorized by Baughman et al. [7] in 1987.
Many 2D carbon allotropes are in the form of graphyne [7], which
includes sp and sp? hybrid bonded carbon atoms arranged in a crys-
tal lattice. Graphyne structures involve lattices of benzene rings
connected by acetylene bonds [8]. Despite of tremendous successes
in the synthesis of various 2D materials, the isolation of fabricated
nanosheets from the substrate have remained among the most
challenging issues [9-14]. Nonetheless, most recently a remark-
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able experimental advance was accomplished and carbon ene-yne
(CEY), a full carbon 2D material was synthesized with different
thicknesses from tetraethynylethene by the solvent-phase reaction
on the cupper substrate [15]. These nanosheets were then success-
fully separated from the substrate and tested for the Li-storage,
confirming that CEY nanomembranes can be fabricated in free-
standing form, which is a crucial requirement for the application
of a 2D material as an electrode in rechargeable batteries. Notably,
in this first experimental work, the CEY nanosheets have been con-
firmed to yield very promising performances for the Li-ion storage
[15]. The atomic structure of CEY is similar to graphyne crystal, but
lacking carbon benzene rings. Worthy to mention that the forma-
tion of CEY was first predicted theoretically by Baughman et al. [7]
(CEY was introduced as 14, 14, 14-graphyne). The successful syn-
thesis of 2D CEY consequently raise the importance of experimental
and theoretical studies to shed light on its intrinsic properties and
its performance for various applications. In the recent theoretical
investigation [16], it was found that CEY can yield attractive elec-
tronic, thermal conduction and optical properties, very promising
for a wide variety of device applications.

In recent years, increasing technical development of recharge-
able metallic ion batteries has been playing an essential role in
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the progress in electronic, communication devices and automo-
bile industries [17,18]. Currently, graphite is the mostly employed
anode materials in Li-ion batteries. However, the charge capacity
of graphite is low (372 mAh/g [19]) and to improve the efficiency
of rechargeable batteries, more advanced anode materials with
higher capacities are needed to replace the graphite. Such that dur-
ing the last decade tremendous experimental efforts have been
devoted to find alternative anode materials. In this regard, sili-
con anodes have been taken into consideration, yielding specific
capacity of 4200 mAh/g [20]. Nonetheless, because of their mas-
sive volume changes during ionic intercalations which leads to
the structural degradation, the commercialization of these anode
materials has been highly prohibited [21,22]. On the other hand,
2D materials and their hybrid structures owing to their large sur-
face area and remarkable thermal and mechanical stabilities are
currently considered as promising solutions to reach high efficient
rechargeable batteries. Previous theoretical studies have confirmed
that 2D materials and their heterostructures can yield remarkably
high charge capacities [23,24,3] and low diffusion energy barriers
[25-27,17,28].

Motivated by the successful synthesis of CEY involving struc-
tural stability and complete isolation from the substrate, we
conducted extensive density functional theory (DFT) calculations to
probe the application of 2D CEY as an anode material for recharge-
able Na, Mg, and Li-ion batteries. Since the charge capacity of
an anode material for a particular metal atom storage directly
correlates to the adsorption energy, we studied the evolution of
adsorption energy by increasing the adatoms coverage. In addition,
we investigated the open-circuit voltage profiles and electronic
characteristics of the CEY nanosheet covered with different con-
centrations of metal adatoms. We employed the nudged elastic
band (NEB) method to probe the diffusion path and correspond-
ing energy barrier for considered adatoms over the CEY surface.
The thermal and mechanical stability of saturated CEY films were
also assessed by the ab initio molecular dynamics (AIMD) simu-
lations. We finally report the theoretical specific storage capacity
of 2D CEY for different types of adatoms, according to the Bader
charge analysis. Our extensive first-principles results propose the
2D CEY as an outstanding anode material for rechargeable ion bat-
teries with ultrahigh specific charge capacities outperforming all
other 2D materials.

2. Computational details

Spin polarized density functional theory (DFT) simulations
were carried out via using generalized gradient approximation
(GGA) with the Perdew-Burke-Ernzerhof (PBE) functionals [29]
and projector augmented-wave (PAW) potentials [30], as imple-
mented in the Vienna ab initio Simulation Package (VASP) [31]
framework. The kinetic energy cutoff, electron self-consistent con-
vergence threshold and Hellmann-Feynman force convergence
criterion were chosen to be 500eV, 1 x 10~6eV and 1 x 1073 eV/A,
respectively. The tetrahedron method with Blochl corrections,
and the Monkhorst-Pack scheme [32] with a mesh grid of
15 x 15 x 1 were considered for smearing, and integrating the Bril-
louin zone, accordingly. As discussed in the literature, the GGA
underestimates the binding energies [33-35]. However, in this
work we used GGA +VDW, using the semiempirical correction of
Grimme [36], which modifies the binding energies, the GGA + VDW
exchange correlation gives better agreement with experimental
cohesive energies as well as binding energies for several systems.
Furthermore, Heyd-Scuseria—Ernzerhof (HSEO06) functional [37]
calculations were also used to accurately evaluate the electronic
density of states.

As shown in Fig. 1, the CEY unitcell consists of 20 carbon
atoms and involves a monoclinic structure with lattice constants
a=11.26 A and b=9.74 A. The CEY atomic configuration and lattice
parameters are listed in Tables S1 and S2. A supercell composed
of 1 x 2 units including 40 carbon atoms, and a vacuum space of
20 A were considered. To find the most stable adsorption configu-
rations, ten possible binding sites were considered for each adatom
as illustrated in Fig. 1b. Next, the adatoms were added to the sur-
face at random locations (4 atoms each time) until reaching to the
maximum coverage of the surface leading to the optimal capacity.
To evaluate the thermal stability of the final structure including the
optimal capacity, we also carried out ab initio molecular dynamics
(AIMD) simulations in canonical ensemble (NVT) including a time
step of 1fs for 10,000 steps at 300 K.

The adsorption energy resulting from the interaction of the
monolayer with a adatoms is calculated by using the following
formula:

(Ecey+m — 1 x Ep — Ecey) 1)

Eav—ad = n P

where Ecgy+ym, Ecey, Epm, and n are the total interaction energy, the
energy of the bare monolayer, the energy of the single adatom,
and the number of adatoms; respectively. Negative values of E,q
indicate the binding between the monolayer and adatom.

To study the local charge density, we used the Bader analysis
approach [38]. The total charge difference can be calculated as,

Ap = EcEY+M — PCEY — PM> (2)

here, pcey+m» Ocey, and py include the electron charge densities of
CEY/M, CEY, and the adatom, respectively.

Storage capacity is a key factor determining the performance of
an ion battery. It can be calculated from Faraday equation,

Nmax
=1000Fz , 3
q Mcgy (3)

where F, z, nmax, and Mcgy are the Faraday constant, adatom
valence number, optimal concentration of adsorbed adatoms, and
the molecular mass of CEY monolayer. To ensure about the perfor-
mance of the battery, another factor, open-circuit voltage (V) [39],
need to be probed for the coverage ratio of x; <x <x, i.e. the aver-
age number of adsorbed adatoms to the number of bare monolayer
atoms, and is described as,
((x2 = x1)Em — (Emy, ¢ — Emy, ©))

v (x2 —x1)e ’ @)

here, EMX1 C» EMXZC are the total energies for the surface coverages
x1 and x;, respectively, and e is the electron charge.

3. Results and discussion

The most favorable adsorption sites involving the lowest
adsorption energies for Li, Na, and Mg adatoms are shown in Fig. 2.
Although for all adatoms the adsorption happens at the same place
with respect to the planar directions x and y, for the case of Li
and Na the adatom moves to the inside of the monolayer (the dis-
tance to the surface in the z direction is equal to zero). By using
Eq. (1) for a single adatom, the optimal adsorption energies are
computed as —1.098eV, —1.226eV, and 1.262eV for Li, Na and
Mg adatoms, respectively, which show that while Li and Na bind
strongly to the CEY surface, the binding of Mg is not energetically
favorable. Moreover, we calculated the differential charge density
via Eq. (2). Fig. 3 suggests that Li and Na adsorptions result in a
complete charge transfer between the adatom and the monolayer
due to the acceptance of all valence electrons of adatom, whereas
for the Mg adatom the charge transfer is partial. Therefore, CEY is
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a) Unit-cell

b) Adsorption sites

Fig. 1. (a) The CEY structure and unitcell (black dashed line) including carbon atoms. The contours illustrate electron localization function (ELF), which has a value between
0 and 1, where 1 corresponds to perfect localization. (b) CEY adatom adsorption sites. Color coding includes brown and green for carbon and adatom, respectively. (For
interpretation of the references to color in this legend, the reader is referred to the web version of the article.)
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Fig. 2. Adsorption configurations of different adatoms: (a) Li (green), (b) Na (yellow), and (c) Mg (orange), over the CEY monolayer. (For interpretation of the references to

color in this legend, the reader is referred to the web version of the article.)

Fig. 3. Differential charge density due to the adsorption of different adatoms: (a) Li, (b) Na, and (c) Mg, on the CEY surface. Color coding consists of red for charge loss and
green for charge gain. (For interpretation of the references to color in this legend, the reader is referred to the web version of the article.)

not a suitable candidate electrode material for Mg batteries; hence-
forth we only consider the electronic structure properties of the CEY
nanosheet interacting with Li and Na, and investigate the feasibil-
ity of the nanosheet to be used as a potential anode for ion battery
applications.

After finding the most stable sites on the monolayer, the sur-
face was gradually covered with adatoms until the maximum
charge capacity was reached, the point after which there was no
more charge transfer from adatoms to the surface. Using the Bader
analysis, we were able to find the saturation limit of the charge
transfer, equivalent to the maximal charge capacity of the structure,

occurring at a certain coverage at which the anode surface cannot
accept additional charges due to further increasing the number of
adatoms. As depicted in Fig. 4, more Li adatoms can be adsorbed on
the CEY surface, compared to Na foreign atoms; however, the num-
ber of adsorbed Na adatoms is still considerable. Our simulations
show that CEY can adsorb up to 24 Li or 16 Na adatoms per unit-
cell leading to storage charge capacities of 2680 and 1788 mAh/g,
respectively. These results confirm the ultrahigh charge capacity
of CEY for Li or Na ions storage. We remind the theoretical charge
capacity of graphite for Li ion anode application is 372 mAh/g [40].
Moreover, the maximum charge capacity of a graphyne structure
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Fig. 4. Top and side views of Li and Na atomic adsorption on CEY containing different numbers of adatoms. The third column illustrate the configuration which results in the
maximal possible capacity for the CEY monolayer, and the fourth column shows the AIMD results for corresponding configurations at 300 K. Brown, green, and yellow balls
represent C, Li, and Na atoms, respectively. The yellow contour indicates the charge density of the CEY nanosheet. (For interpretation of the references to color in this legend,

the reader is referred to the web version of the article.)

for Li ions was predicted to be 1117 mAh/g [41]. To date, the flat
borophene [42] films have been theoretically predicted [23] toyield
the highest capacities among the all other 2D materials with the
maximum charge capacities of 1980 and 1640 mAh/g for the Li and
Na ions storages, respectively. As it is clear, CEY distinctly outper-
form not only the borophene films but also the other 2D materials
with respect to the charge capacity.

To ensure about the stability of the structure, AIMD simulations
were carried out at 300K for the systems involving the optimal
capacity (see Fig. 4, last column). The variations of the energy and
the temperature as a function of the simulation time are shown in
Figs. S1 and S2. Our AIMD simulations confirm that the upon the
adatoms adsorptions the CEY films remain intact and such that they
are thermally stable for the application as an anode material.

To further understand the nature of adatom binding, the elec-
tronic density of states (DOS) for bare CEY, and the monolayer
interacting with various numbers of Li or Na atoms were eval-
uated by using PBE and HSE methods, and the acquired results
are illustrated in Figs. 5 and 6, respectively. The bare monolayer
presents semiconducting behavior including a tiny PBE band gap of
0.05eV,and alarger HSE energy gap of 0.54 eV consistent with those
reported in the recent theoretical study [16] (Eg pgg =0.04€V and
Eg Hseos =0.54 €V). As confirmed by the both PBE and HSEO6 meth-
ods, upon the adsorption of Li or Na adatoms, the structures yield
metallic electronic character which is a highly promising feature for
the application of a material as an electrode in rechargeable metal-
ion batteries. It should be noted that internal electronic resistances
and corresponding voltage drop and ohmic heats generated dur-
ing the battery operation are directly proportional to the electronic
conductivity of the electrode materials. In this case, the electronic
conductivity of CEY is therefore highly desirable for its application
as an anode material (Fig. 7).
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Fig. 5. PBE spin polarized density of states for the pristine CEY monolayer, and the
monolayer covered with various concentrations of Li or Na adatoms. Black dashed
line represents the Fermi-level.
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Fig. 6. HSE density of states for the pristine CEY monolayer, and the monolayer cov-
ered with various concentrations of Li or Na adatoms. Black dashed line represents
the Fermi-level.

The average adsorption energy, and open circuit voltage as a
function of the coverage ratio is illustrated in Fig. 8. For both of the
elements, the average adsorption energy declines with respect to x
due to the increased interatomic repulsion of adatoms. The initial
adsorption energy for Nais slightly higher than that for Li; although,
for the higher ratios the energy of Li adsorption is more pronounced
and the monolayer can accept a larger number of adatoms.

Fig. 8 illustrates that the adsorptions of both adatoms lead to
positive voltage values during the whole coverage spectrum show-
ing that the adsorptions are favorable, since a negative open circuit
voltage indicates that adatoms tend to form metallic states instead
of binding to the surface. The voltage for low Na coverage (1.08 V)
is higher than the one for Li (0.75V); whereas, the whole voltage
range for Li (0.23-0.75 V) consists of smaller changes with respect
to the coverage ratio compared to Na (0.1-1.07 V). It is worth-
while to note that a voltage spectrum of 0.1-1V is favored for an
anode electrode [27], highly confirming the applicability of the CEY
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monolayer for anodic applications. For instance the potential range
for borophene and TiO, anodes involves 0.5-1.8V, and 1.5-1.8V;
respectively [23,43].

Nudged-elastic band calculations were performed to study the
diffusion behavior of adatoms on the CEY surface. As depicted in
Fig. 8a, two diffusion paths called horizontal and vertical path-
ways were considered for each adatom. Energy barriers include
0.60eV, 0.58eV, 0.58¢eV, and 0.56 eV for horizontal Li, vertical Li,
horizontal Na, and vertical Na diffusions, respectively. For com-
parison, we note that the Li ions diffusion energy barrier on TizC,
MXene is ~0.70 eV [44], on phosphorene it is 0.13-0.76 eV [45], on
graphene it is ~0.37 eV [46], on silicene it is 0.230eV [47], on ger-
manene or stanene it is 0.25eV [48] and on the flat borophene is
0.69eV [23]. As it is clear, the predicted energy barrier for the Li
adatom diffusion over the CEY is close to the upper bond of the
barrier spectrum for other 2D materials. This observation suggests
the slight limitation of CEY in achieving fast charging or discharging
rates as compared with other 2D materials. Although, the indicated
diffusion barrier is still within the energy barrier range for commer-
cially used anode electrodes based on TiO including a spectrum of
0.35-0.65eV [43,49,50].

4. Conclusions

We performed extensive first principle PBE and HSE DFT simu-
lations to study the potential application of carbon ene-yne (CEY), a
newly synthesized 2D full carbon structure, as anew anode material
forrechargeable Li, Na, and Mg ion batteries. Various anodic aspects
including the electronic density of states, differential charge trans-
fer, adsorption energy, open circuit voltage, storage capacity, and
adatoms diffusion were investigated.

The CEY monolayer presents strong binding energies upon the
adsorption of Li and Na adatoms, while it repels Mg adatoms; there-
fore, this study suggests that CEY cannot serve as an anode material
for Mg-ion batteries. Pristine CEY shows semiconducting proper-
ties; and the adsorption of Li or Na adatoms induces the metallic
behavior to the nanosheet, which is highly demanded for an anode
material. In addition, open circuit voltage and atomic diffusion cal-
culations confirm the feasibility of CEY as a suitable anode material.

0.00 0.15 0.30 0.45 0.60 0.75
x in M,C

Fig. 7. Average adsorption energy and open-circuit voltage with respect to the adatom coverage (x) for Li and Na intercalation in CEY. Color coding involves green and yellow
for the Li and Na coverage, respectively. (For interpretation of the references to color in this legend, the reader is referred to the web version of the article.)
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Fig. 8. Diffusion of a single Li (green) and Na (yellow) adatom over CEY monolayer: (a) horizontal and vertical pathways; (b) nudged-elastic band method results for the
corresponding diffusion pathways. (For interpretation of the references to color in this legend, the reader is referred to the web version of the article.)

This novel carbon 2D structure illustrates ultrahigh capaci-
ties of 2680 mAh/g and 1788 mAh/g for Li and Na-ion batteries,
respectively, which distinctly outperform other 2D materials. Our
first-principles modelling results propose the CEY graphyne as an
outstanding 2D material for the application as anode materials,
owing toits ultrahigh charge capacity, good electronic conductivity,
desirable open-circuit voltage and acceptable thermal stability. We
therefore hope that this study can open a new horizon to develop
a new generation of anode materials with ultrahigh capacity, and
to improve the efficiency of the current rechargeable ion batteries.
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