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H I G H L I G H T S

Graphyne-n for battery electrode protection are explored via MD and DFT simulations.
Graphtriyne showed high Li+ permeability and enabled electrolyte/electrode contact.
Graphyne exhibited lower Li+ permeability but prevented electrode/electrolyte contact.
Graphyne and graphdiyne assure Li-battery electrode safety and control the Li+ flow.

A R T I C L E I N F O
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A B S T R A C T

All-solid electrolytes could lead to a technological breakthrough in the performance of all-solid-state batteries
when combined with a lithium-metal anode. However, the use of a lithium-metal anode presents several
challenges, such as dendrite growth, interface electrochemical stability, formation and propagation of cracks,
and delamination of the electrode/electrolyte interfaces. This work aims to explore the effectiveness of
using newly synthesized 2D graphyne-based membranes (namely graphyne, graphdiyne, and graphtriyne) for
electrode protection in a solid polymer electrolyte battery through first-principle calculations, nudged elastic
band method, and classical molecular dynamics simulation. Specifically, we aim to investigate the effectiveness
of these membranes in mitigating the aforementioned challenges. A high external electric field of up to 0.5 V/Å,
0.75 V/Å, and 1 V/Å was applied to accelerate the ions diffusion process. The adsorption energies, charge
transfer, and in-plane/out-plane diffusion of single lithium on graphyne-based surfaces were investigated.
Afterward, we calculated and compared the Li+ permeability, the electrolyte molecules’ rejection efficiency,
and the intrinsic properties of graphyne-based nanoporous membranes. Our findings show that both graphyne
and graphdiyne surfaces effectively permit Li+ intercalation while preventing other electrolyte molecules from
reaching the electrodes.
1. Introduction

High-power all-solid-state Li-Batteries (AllSSLiBs) for energy stor-
age are probably the most exciting prospect for a safe energy source
for electric vehicles (EVs) [1–5]. Indeed, they offer all the upsides
that batteries should provide for the automotive market, namely short
charging time, high energy density, and safe operation. The coordinated
effort made by industrial and academic researchers towards enhancing
all-solid-state battery technology makes their arrival on the market
conceivable [6–9]. Thus, they will be used in several sectors, notably
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(P. Carbonnière).

where energy density represents a limit [10–12]. Indeed, solid-state Li
batteries with a Li metal anode, which have a high energy density with
respect to other electrode materials, will make it possible to enhance
battery autonomy, i.e., reduce the battery size, and now seem to be
the future of the automotive market and mobility as a whole [13,14].
However, AllSSLiBs have some downsides limiting their large commer-
cialization until now. The problems limiting the AllSSLiBs integration
in EVs predominantly occur in the interface between electrolyte and
electrodes [15,16]. The electrolyte–electrode interface presents three
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distinguished challenges [17]. The first challenge is dendrite growth
from the anode to the cathode, which eventually causes the battery
to short circuit [18–20]. The second challenge is the interface’s elec-
trochemical stability. The interactions in the interface between solid
electrolytes and electrodes, especially with metal anode electrodes, can
lead to the dissociation of electrolyte molecules and the formation
of new molecules that may impede the transport of ions. This can
hinder the battery’s performance [21–24]. The third challenge is the
dependence of ionic conductivity on the structural features that occur
in the interface anode/electrolyte and cathode/electrolyte [25–30]. The
contact cathode/electrolyte is affected by the stresses developed dur-
ing electrochemical cycling, leading to the formation and propagation
of cracks and delamination of interfaces [31–34]. Yet, the naturally
formed solid electrolyte interphases (SEIs) films in situ, such as Li-F,
can stabilize the Li-electrolyte interface [35,36], which are supposed
to prevent Li dendrite growth. They are inefficient for the battery’s
long life cycle because of their uncontrollable structure [37]. Recently,
researchers have focused more and more on designing and developing
artificial SEI layers to meet the electrode/electrolyte interface chal-
lenges in AllSSLiBs [38–40]. Artificial SEIs are primarily developed to
prevent electrolyte decomposition and dendrite formation, to restrain
the electrode volume changes, and to ensure uniform Li-ion interca-
lation [37,41]. The developed artificial SEI, which can be organic or
inorganic, should have high mechanical strength and should permit Li+
diffusion. In addition, SEI should be electrochemically stable and com-
patible with different electrolytes to achieve a long life cycle [42,43]. In
this contest, alginate, PAA, PVDF, and organic alkoxide-based artificial
SEI [44,45] are introduced based on their high mechanical strength
and adhesion to the Li metal anode. Carbon-nano-tube sponge (CNT-
sponge) [46,47], vertically aligned carbon nanofiber [48–50], and
carbon cloth [51,52] are promising materials as 3D current collectors.
They are uncomplicated to fabricate and characterized by high ionic
conductivity, flexibility, lightweight, and a high ability to suppress the
growth of Li anode dendrites. Polymers, such as Polypropylene (PP),
Polyacrylonitrile (PAN), and polyvinylidene difluoride (PVDF) [53–55],
and carbon nanotubes (CNT) [56,57], are among the most commonly
used materials in developing multilayer functional membranes as in-
terphases between electrodes and electrolytes for high-power Li-metal
batteries. They can not only prevent dendrite growth but also improve
the cathode electrochemical properties [58,59]. They permit Li+ diffu-
ion through their pores. However, they can allow electrolyte molecules
o penetrate [60].

In this work, we propose an alternative solution that prevents direct
ontact between electrolytes and electrodes by coating the electrodes
ith graphyne-n (n = 1, 2, 3) layers that are permeable to small cations,

uch as Li+ and Na+. The structural models of graphyne (n = 1),
raphdiyne (n = 2), and graphtriyne (n = 3) were first proposed by R.
. Baughman et al. [61]. They are 2D carbon allotropes composed of
cetylenic linkages (sp-) and benzene (aromatic rings) (sp2-hybridized
arbon atoms) [62]. Graphyne is a one-atom-thick planar sheet. Its
ynthesis started in 2018 using interfacial methods, mechanochemical,
ltrasonication, and dynamic covalent chemistry [63–66]. In late 2022,
arua et al. reported a simple and high-yield synthesis of graphyne
ia a one-pot Sonogashira cross-linking reaction [67]. Graphdiyne,
ynthesized since 2010 [68], is the most stable non-natural carbon
llotrope containing diacetylene bonds [69]. Because of its porous
tructure containing triangular pores of sizes 3.94 Å, 5.42 Å [70], and
.69 Å [71] for graphyne, graphdiyne, and graphtriyne, respectively,
nd conjugated carbons, graphyne-n provides storage sites and diffu-
ion pathways for small ions such as Li+. Thus, the Li+ can diffuse
n parallel and perpendicular directions to the graphyne-n layers [72–
4]. These properties make graphyne-n a promising 2D material in
nergy-storage batteries [72,73,75–80].

Graphdiyne is tested as an electrode, where the graphdiyne layers
re positioned perpendicular to the metal anode surface [73,78,79].
2

t has been demonstrated that the specific capacities and lithiation
potentials are enhanced [78], and the intercalation density of Li+
n graphdiyne is more important with respect to graphyne [73,79].
xperimentally, in a battery model proposed by Huang et al. [81],
raphdiyne was synthesized in situ through cross-coupling and used
s a Li+ storage electrode. In this model, graphdiyne is used without
dditives or binders. However, the battery demonstrates a high capacity
f up to 520 mAhg−1, long cycling stability of up to 400 cycles, and

good rate performance with a current density of 500 mAg−1 [81–83].
Nevertheless, the life cycles of solid-state batteries currently in the test
phase are ten times less than those of other lithium-ion technologies,
such as the Lithium Iron Phosphate (LFP) batteries, which exceed 4000
charge cycles [84,85].

We coupled molecular dynamics simulations (MD) and density func-
tional theory calculations (DFT) to reveal the role of graphyne-n. They
are introduced as an artificial interphase between the electrode and
electrolyte to act as a buffer for the electrodes. This helps prevent
interaction between the electrolyte and electrodes. We also probed
how the electrolyte molecules behave near the graphyne-n layers. The
studied battery model consists of solid polymer electrolytes (SPEs)
delimited by two graphyne-n surfaces, where each surface is composed
of four layers of a graphyne-n sheet (see Fig. 1), with n = 1, 2, or 3. The
SPEs model is composed of 12 polyvinylidene difluoride (PVDF) chains,
where each chain contains 150 carbons. The polymer has a molecular
weight of 40% lithium bis(fluorosulfonyl)imide (LiFSI) salt, which is
equivalent to 14 carbons/LiFSI. Additionally, fluoroethylene carbonate
(FEC) is added as an additive with the molar fraction n(FEC)/n(LiFSI)
= 1. From MD simulations, we characterized the graphyne-n selec-
tivity towards the electrolyte components (Li+ cations, FSI− anions,
FEC solvent, and PVDF polymer chains) under a high voltage that
can be modeled by the application of a high electric field [86,87].
From DFT calculations, we characterized the local diffusion behavior of
the different electrolyte components on a graphyne-n monolayer. We
expect that introducing graphyne-n layers as an artificial interphase
between the electrolyte and electrodes could reduce the electrolyte–
electrode contact, improving battery stability. Yet, they permit the Li+
cations to intercalate from the cathode to the anode and vice versa
during charge–discharge cycles.

2. Results and discussion

Initially, we fully optimized the geometric structure of graphyne-
based membranes, as illustrated in the right panel of Fig. 1. After
full optimization, the geometry structure of all three considered mem-
branes maintains their graphene-like planar structure. Based on our
calculations, the distance between the two nearest neighbor hexago-
nal carbon rings are found to be 6.877, 9.355, 11.924 Å which also
represents the lattice constant simulating the rhombus unit cell of
graphyne, graphdiyne, and graphtriyne, respectively. The calculated
pore sizes are of 3.97 Å for graphyne, 5.40 Å for graphdiyne, and
6.88 Å for graphtriyne align closely with the reported values of 3.94 Å
for graphyne [70], 5.42 Å for graphdiyne [70], and 6.69 Å for graph-
triyne [71]. The bond length of two carbon atoms can be considered
as an indicator for determining the type of bond. Basically, the bond-
length of single 𝜎-bond is about 1.47 Å, whereas both double (𝜎+𝜋)-
and triple (𝜎+2𝜋)-bonds shrink respectively to 1.38 Å and 1.21 Å.
It is worthy of mention that in this case, 𝜋 denotes a localized 𝜋-
orbital. Once a large delocalized 𝜋-orbital gets involved in the bond,
the bond-length of the corresponding bond becomes a bit longer. In
the hexagonal carbon rings of graphyne, the bond length is 1.43 Å,
which occurs in between single and double bonds, corresponding to a
(𝜎+𝜋)-bond, which is quite similar to that of a conventional graphene
monolayer, which is about 1.42 Å. The bond length in the inner carbon
chain is estimated to be about 1.22 Å, which is quite close to the triple
bond. Therefore, owing to the trivalent character of C-atom, the bond
linking the hexagonal ring and C-chain is expected to be a single 𝜎-
bond. Nevertheless, the bond length is 1.41 Å, which is shorter with
respect to a typical C–C bond which is 1.47 Å, which can be understood

based on the electrostatic force between two C-sites.
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Fig. 1. Snapshot of an initial configuration, where the volume of the polymer electrolyte is pre-equilibrated under room temperature and ambient pressure (T = 300 K, P = 1 bar)
before adding four graphyne-n layers on two opposite sides perpendicular to the electric field direction. For simplicity, the anode and cathode are replaced by reflective walls
during MD simulations. The zoomed-inset snapshot shows Li+ cations passed through the graphyne nanopores as other electrolyte molecules rejected during MD simulation under
the application of a high external electric field.
2.1. Li+ permeability and electrolyte molecules rejection efficiency calcu-
lated from MD simulation

Qualitative results can be seen in Fig. S1, which depicts snapshots
of the performed MD simulations. The figure shows that only Li+
can penetrate the graphyne layer under a high external electric field
application. We presented the visualizations of the nine simulated cases
as supplementary movies of 1 ns MD simulation depicting the Li+ inter-
calation under the application of an external electric field directed from
the cathode to the anode (cf. supplementary information). Moreover,
from the MD simulation trajectory analyses, in agreement with previous
studies [88,89], the graphyne-n interlayer distance from the present
MD simulations is around 3.7 ± 0.1 Å, which permits the parallel
diffusion of Li+ between the graphyne-n layers.

For a quantitative investigation of graphyne-n selectivity, we cal-
culate the Li+ permeability and the rejection percentages of other
molecules. In the present study, solvent, polymer, and counterion re-
jection (R) are defined as the percentage of molecules that do not
pass across the graphyne-n layers after a simulation time of 𝛿 t =
1 ns, 𝑅 = 𝑁𝑇 −𝑁𝑝

𝑁𝑇 ∗𝛿𝑡
∗ 100, with 𝑁𝑇 the total number of molecules in

the simulation box (feed molecules) and 𝑁𝑝 the number of permeated
molecules. Besides, to adjust the effect of the applied external electric
field (E) and the area of the graphyne-n membranes (S), Li+ cation
permeability was calculated. The Li+ permeability (P) is calculated as:

𝑃 =
𝐹𝑒𝑓𝑓

𝐸 ∗ 𝑡
(1)

Where 𝐹𝑒𝑓𝑓 is the effective flux, defined as 𝐹𝑒𝑓𝑓 = 𝐹
𝑆 . The flux (𝐹 = 𝑁𝑝

𝛿𝑡 )
represents the number of cations that pass across the membrane surface
𝑁𝑝 during a simulation time of 𝛿 t = 1 ns. The applied external electric
field was E = 0.5 V/Å, E = 0.75 V/Å, and E = 1 V/Å. In molecular
dynamics simulations of nano-batteries, the use of a high external
electric field of up to 1 V/Å is crucial for accurately modeling battery
behavior and predicting their performance [86,87]. Indeed, applying a
3

high electric field can enhance ion transport within the battery, leading
to improved charging and discharging rates.

MD simulation results of cation permeability and molecule rejec-
tion are presented in Fig. 2. Accordingly, the Li+ permeability across
graphdiyne and graphtriyne was higher than that of graphyne. This is
due to the fact that the size of nanopores on graphdiyne and graph-
triyne is higher than on graphyne.

To evaluate the influence of the applied external electric field (E)
on Li+ permeability and the rejection of other electrolytic molecules,
four layers of graphyne, graphdiyne, and graphtriyne were used to
protect the electrodes in an all solid state battery model using solid
polyelectrolyte, as described in the above section. Three applied exter-
nal electric fields, E = 0.5, 0.75, and 1 V/Å (see Fig. 2), were utilized.
By increasing the applied electric field (E), the ions were exposed to
a greater force towards the membrane and would easily pass through
the nanopores. The cations are oriented in the direction of the electric
field, and the anions are oriented in the opposite direction. The Li+ flux
(the number of Li+ ions passing through the membrane within 1 ns)
increased almost linearly. The FSI− rejection decreased for graphdiyne
and graphtriyne to 60% and 4%, respectively, and remained unchanged
at 100% for graphyne, for the highest applied electric field E = 1
V/Å. The solvent rejection decreased slightly for graphdiyne and graph-
triyne, and remained unchanged at 100% for graphyne. The PVDF
rejection remained unchanged for the three graphyne-n membranes.

As shown in Fig. 2a, by increasing E, the Li+ flow rate (flux)
increased. In Fig. 2b, Li+ permeability is presented after adjusting for
the effects of E and the area of the membrane. Considering that the
increase of E is more prominent than the increase of the Li+ flux
(Fig. 2a), the slight increase in Li+ permeability in Fig. 2b from E =
0.75 V/Å to E = 1 V/Å compared to the increase in permeability from
E = 0.5 V/Å to E = 0.75 V/Å is justifiable. According to Fig. 2a, b,
c, and d, graphyne is more efficient than graphdiyne and graphtriyne
membranes for electrode protection at all the applied E values. At the
applied electric field of 1 V/Å, the advantage of using graphyne is
obvious. The Li+ permeability values are comparable to those obtained
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Fig. 2. (a) Li+ flux (flow rate) as a function of applied external electric field (E), (b) Li+ effective permeability per area for graphyne-n membrane (n = 1, 2, 3), (c) and (d)
electrolyte molecules, FSI− and FEC, rejection efficiencies as a function of the applied external electric field.
for graphdiyne and graphtriyne, and the rejection of other electrolyte
molecules is 100%, for an applied E from 0.5 to 1 V/Å.

From the NVT MD simulations of the proposed nanobattery model
under high voltage (high external electric field) application, the sol-
vent and anions can pass through the graphdiyne and graphtriyne
membranes, resulting in a small rejection percentage of electrolytic
molecules. A conventional notion in the all-solid-state battery field is
that fast charging and battery stability are the main factors. Then,
even though we show that graphtriyne and graphdiyne can achieve
high theoretical Li+ permeability, anions and solvent molecules can
permeate through them and interact with the electrodes.

Interestingly, our MD simulations show that the 2D graphyne sheet
can provide fast charging (accumulation of Li+ cations in the anode)
and high efficiency for battery stability (preventing electrolyte/elect-
rode contact). Thereby, graphyne is a potential candidate as an ideal
electrode cover. Graphyne is less affected by high external electric field
application, but the graphdiyne and graphtriyne membrane structures
become defective. These defective membrane structures of graphdiyne
and graphtriyne, under stress generated by the flux of molecules, can
be related to their mechanical stiffness, which will be discussed in the
next section.

Fig. 3a shows the Li+ trajectory lines during a 1 ns MD simulation.
Herein, we created the Li+ trajectories painted in black, following the
path of the selected Li+ cations for E = 1 V/Å. We observed the same
behavior for E = 0.5 and E = 0.75 V/Å. These illustrations also provide
a qualitative result of the ability of graphyne-n to pass Li+ cations
through its pores and store them. Inside the graphyne-n membranes, the
trajectory lines of Li+ are not straight, as in the electrolyte. Especially
inside graphyne, their trajectories are solenoid-like. The relatively large
pores of graphdiyne and graphtriyne, compared to graphyne, make
perpendicular diffusion of Li+ easier. Differently, Li+ prefers to dif-
fuse parallel to graphyne. However, the graphyne pores also permit
the perpendicular diffusion of Li+. These diffusion types are related
to the Li+-membrane interaction, which we quantified from the g(r)
curves as depicted in Fig. 3b, c, and d. Accordingly, the interaction of
4

Li+-graphyne is more important than those of Li+-graphdiyne and Li+-
graphtriyne. Therefore, Li+ adheres to the membrane layers. Hence,
graphyne can be used as a host anode to store Li+. We note that the
Li+-membrane interaction increases proportionally to the magnitude
of the applied electric field (see Fig. 3b, c, and d). This increase is
explained by the increase of Li+ flux towards the graphyne-n layers,
proportionally to E (Fig. 2a). We also noted that the Li+-graphdiyne
interaction is slightly less than the Li+-graphtriyne interaction.

Further investigations of the interaction between lithium and gra-
phyne are conducted using density functional theory (DFT) calculations
along with the climbing image nudged elastic band (CI-NEB) approach.
These methods allowed for a detailed analysis of the binding energy,
which served as an important measure of the interaction strength be-
tween Li and the 2D surfaces of graphyne, graphdiyne, and graphtriyne.
To conduct the study, a large super-cell of approximately 2 × 2 × 1 2D
lattices was used as the anchoring material. We examined the binding
strength of Li atoms and electrolyte molecules, including FSI−, FEC,
and PVDF. To determine the energetically favored binding site, we
fully optimized various orientations and directions of Li and electrolyte
molecules at possible binding sites on the 2D surfaces of graphyne,
graphdiyne, and graphtriyne. The principle is derived according to the
binding strength formula given below:

𝐸𝑏 = 𝐸𝑆𝑢𝑟𝑓𝑎𝑐𝑒 + 𝐸𝑀 − 𝐸𝑀@𝑆𝑢𝑟𝑓𝑎𝑐𝑒 (𝑀 = 𝐿𝑖∕𝐹𝑆𝐼−∕𝐹𝐸𝐶∕𝑃𝑉 𝐷𝐹 ) (2)

Wherein 𝐸𝑀@𝑆𝑢𝑟𝑓𝑎𝑐𝑒 and 𝐸𝑆𝑢𝑟𝑓𝑎𝑐𝑒 refer to the total free energies of
2D graphyne, graphdiyne, and graphtriyne surfaces after and before
the adsorption of Li atoms and electrolyte molecules, respectively.
𝐸𝑀 refers to the average total energy of Li/FSI−/FEC/PVDF in the
bulk reference state with a simulation box of lattice constant set to
25 Å. Typically, the use of the vdW-correction significantly affects
the binding strengths; therefore, the energies have been evaluated in
the presence of vdW-correction [90,91]. In this context, the stronger
the binding strength, the more stable the binding configuration. This
indicates an exothermic reaction and a scattering distribution of the
adsorbed Li and electrolyte molecules, rather than clustering. This helps

to avoid issues that may arise from the formation of Li-dendrites or
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Fig. 3. Effect of graphyne-Li+ interaction on the diffusion pathway of Li+. (a), two trajectory lines of two picked Li+ cations, where the perpendicular and parallel diffusion
pathways in graphdiyne are highlighted on the simulation box. Similar visualizations are noted for the Li+ trajectory analyses in graphyne and graphtriyne (data not shown). From
(b) to (d), the radial distribution function, g(r), of Li+-graphyne-n, (n = 1, 2, 3), (b) 𝑔Li+−𝑔𝑟𝑎𝑝ℎ𝑦𝑛𝑒 (r) (𝑔𝐺𝑟1−Li+ (r)), (c) 𝑔Li+−𝑔𝑟𝑎𝑝ℎ𝑑𝑖𝑦𝑛𝑒(r) (𝑔𝐺𝑟2−Li+ (r)), and (d) 𝑔Li+−𝑔𝑟𝑎𝑝ℎ𝑡𝑟𝑖𝑦𝑛𝑒(r) (𝑔𝐺𝑟3−Li+

(r)) calculated for different values of the applied external electric field (E).
metal clusters during the charge–discharge process. Within the binding
active sites and orientations explored, the most stable configurations
with the lowest energy strength are illustrated in Fig. 4. The binding
strengths of Li atoms and the electrolyte molecules adsorbed on the
three considered graphyne surfaces are outlined in Table 1. As depicted
in Fig. 4, two distinct binding sites are possible for the adsorption
of Li atoms and FSI−/FEC/PVDF clusters: above the center of carbon
hexagons and above the center of carbon triangular-like pores. The
binding energy of the Li-atom was calculated to be 3.28, 2.63, and 1.85
eV at the H-site of graphyne, graphdiyne, and graphtryine, respectively.
The binding height decreases as a function of the diameter of the pore,
which is an important factor in assessing the applicability of anchoring
graphyne-based membranes for Li-metal batteries.

The binding energy of lithium atoms on 2D surfaces made of gra-
phyne, graphdiyne, and graphtriyne was calculated and found to be
significantly higher than that of the lithium dimer (0.94 eV), small
lithium clusters (< 1.47 eV), and lithium in its bulk reference state (1.61
eV) [92]. The current findings suggest that the energy required for
Li clustering during the processes of lithiation and delithiation would
make it unfavorable, thus impeding its occurrence. It is interesting
to note that the adsorption of more than one lithium atom at the
triangular pore of graphdiyne and graphtriyne leads to their extrusion
out of plane and to their separation from each other. This supports
the fact that the Li atoms can be scattered well on these surfaces
without clustering. We further explicitly verified that the configuration
of a single Li atom adsorbed in the triangular-like pore is more stable
with respect to the corresponding configuration with multiple Li atoms.
This may be ascribed to the Coulomb repulsion occurring between the
positively charged Li+ ions, which is driven by the charge transfer from
Li atoms to the surface of graphyne-based monolayers. Additionally,
the adsorption of other electrolytic compounds has been investigated.
The binding strengths of FSI− anions, FEC solvent, and PVDF polymer
chains on the considered surfaces are summarized in Table 1. It has
been found that the FSI− and FEC solvents adsorbed right above the
5

Table 1
Computed binding strength of Li and electrolyte molecules on the studied graphyne
surfaces using DFT-D3, shortest binding height, charge transfer 𝛥Q (|𝑒|)a between
molecules and the anchoring surfaces.

2D Li/Electrolytes E𝑏 𝛥Q h
Materials molecules (eV) (|e|) (Å)

Graphyne Li 3.279 +0.436 0.873
FSI− 2.112 +0.572 1.383
FEC 0.682 +0.417 1.546
PVDF 0.076 −0.083 2.694

Graphdiyne Li 2.063 +0.819 0.072
FSI− 1.627 +0.631 1.209
FEC 0.816 +0.460 1.546
PVDF 0.152 +0.128 1.925

Graphtriyne Li 1.851 +0.906 0.005
FSI− 1.108 +0.726 0.973
FEC 0.729 +0.491 1.046
PVDF 0.208 +0.313 1.872

a𝛥Q > 0 reveals the electrons transfer from Li or electrolyte molecules to the
graphyne-based surfaces.

triangular-like pores and parallel to the surface, with the shortest
adsorption distance ranging from 0.97 to 1.55 Å. The binding energy of
the FSI− molecule adsorbed on graphyne-based surfaces decreases with
an increase in pore size.

The further elaboration of advanced and high-efficiency recharge-
able Li-metal batteries is critically dependent on the applicability of
Li-battery electrode protection, notably throughout the processes of
charging and discharging. This is mainly characterized by both the
kinetic properties of dilute Li-ion diffusion as well as electron transfer
from Li-atom to the surface. Hence, the Bader charge analysis of a
single Li atom and electrolyte molecules adsorbed on graphyne-based
surfaces has been performed, and the results are summarized in Table 1.
It can be clearly seen from our results that graphyne, graphdiyne, and
graphtriyne gain a charge from the Li atom and electrolyte molecules.



Journal of Power Sources 581 (2023) 233482M. Lemaalem et al.
Fig. 4. Two different Li-diffusion pathways on in-plane and out-plane Graphyne-based surfaces along with their corresponding diffusion barrier profiles.
Fig. 5. Schematic illustration of Li-diffusion pathways on in-plane and out-plane bilayer Graphyne-based surfaces along with their corresponding diffusion barrier profiles.
It can also be mentioned that the contrasting signs of simulated charge
transfer in PVDF with graphyne, graphdiyne, and graphtriyne can be
attributed to the electronic structure and chemical properties of these
carbon allotropes. Graphyne, with its high electron density, tends to
accept charge from PVDF, resulting in a negative charge transfer of
−0.083. Conversely, graphdiyne and graphtriyne, with their unique
sp- and sp2-hybridized carbon arrangements, donate charge to PVDF,
leading to a positive charge transfer of about +0.128 and +0.313,
6

respectively. Thereby providing a fast and efficient exchange of elec-
trons in the host materials during the complete adsorption–desorption
cycle, and serving as a major factor in the high-rate capacity of Li-
metal batteries. Furthermore, the Li migration pathways, along with
the corresponding minimum energy profile, were determined through
the CI-NEB method for a single Li atom diffusing on the surface of
each material. In Fig. 4, the schematic illustration of both Li diffusion
pathways considered in our study with their minimum energy is shown,
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namely in-plane and out-of-plane Li diffusion. The two considered
pathways consist of symmetrical Li diffusion from the most stable
adsorption site, characterized by the highest binding strength, to the
nearest adsorption site. The in-plane pathway involves migration of the
Li atom between two nearest H-sites through the C–C bridge, followed
by another pathway from H-site to h-site. In this case, it can be clearly
noticed from Fig. 4 that the Li atom needs to exceed a minimum energy
barrier of 0.97, 0.61, and 0.52 eV to diffuse towards the closest H-site
on graphyne, graphdiyne, and graphtriyne, respectively. For the out-
of-plane pathway, the Li-ion migrates across the triangular-like pore
with a computed minimum energy barrier of 0.41, 0.37, and 0.28 eV
with respect to graphyne, graphdiyne, and graphtriyne, respectively.
These results are consistent with the binding energy values. The Li-
diffusion energy barrier is inversely proportional to the triangular pore
size. In addition, the diffusion of FSI−, FEC, and PVDF on graphyne-
based surfaces was also examined, and a similar trend was observed.
Based on the analysis of these findings and in agreement with the
MD simulation results presented in Fig. 3, it can be stated that our
proposed graphyne-based surfaces provide fast and efficient lateral
diffusion of Li and electrolyte molecules. Moreover, when comparing
these outcomes, both graphyne and graphdiyne are expected to play a
crucial role in protecting Li-battery electrodes. However, the surface of
graphtriyne may allow some electrolyte molecules to pass through due
to its larger triangular pores compared to other surfaces. In addition,
the application of an external electric field is an effective strategy to
modulate the kinetic properties of ultrathin nanomaterials [91,93]. The
variation of Li-diffusion barrier profiles as a function of an external
electric field was investigated. We have applied a transverse electric
field varying from 0.0 V/Å to +1.0 V/Å, which acts as a staggered
potential for the atomic arrangement on the surfaces. From Fig. 5, it
can be seen that the external electric field enhances the Li diffusion
through the aforementioned pathways.

2.2. Intrinsic properties of graphyne-n monolayers from MD simulations

Recent research has shown that the elastic modulus of the electrode
material can play a vital role in preventing dendrite formation and
growth. Indeed, a minimum modulus of 6.2 GPa has been suggested as
a minimum requirement for suppressing dendrite growth [94]. Fig. 6
presents the stress–strain curves of the three considered graphyne-n
obtained from uniaxial tensile deformation based on MD simulations,
systematically compared to graphene. In agreement with previous stud-
ies [95–97], our MD simulations show that the graphyne-n sheets
exhibit good mechanical strength. We note that graphyne exhibits supe-
rior mechanical properties than graphdiyne and graphtriyne due to the
triple bonds between the sp hybridized carbon atoms in its planar struc-
ture, which unequivocally enhances its rigidity. Calculated mechanical
properties for graphyne, graphdiyne, and graphtriyne monolayers are
presented in Table 2. For comparison, we also calculated the Young’s
modulus of graphene, which was found to be as high as 997 GPa, with
an ultimate strain of 20%. During stretching, the pore size increases,
and the graphyne-n sheet becomes progressively weaker. However,
the mechanical strength is still significant: a Young’s modulus (Y𝑀 )
above 500 GPa and an ultimate tensile strength above 40 GPa for
graphyne and graphdiyne. High electric field application leads to an
accumulation of ions at the interface between the electrolyte and the
membrane. Consequently, the membrane was exposed to high stress
that can deform the graphyne-n layers, increase pore size, and then
decrease the rejection of molecules. For these considerations, graphyne
and graphdiyne are also suitable as electrode covers due to their
better mechanical properties. These properties are sufficient to meet the
requirements for suppressing dendrite growth and maintaining stable
cycling performance in lithium-metal batteries.

The analyses of graphyne-n nanostructures before and after defor-
mation through the Radial Distribution Function, g(r), are represented
7

in Fig. S2. The obtained results show that all graphyne-n undergo
Table 2
Summary of the computed mechanical properties of graphyne, graphdiyne, and
graphtriyne, compared to graphene.

2D 𝑌𝑀 Ultimate strength Strain
Materials (GPa) (GPa) %

Zigzag

Graphene 997 127.3 24
1000a 130a 20a

Graphyne 697 112 30
700a505c503.1d 107.5a63.17c 24.7d

Graphdiyne 579 45.84 14.7
578.6a 45.5a 8a

Graphtriyne 464 33.2 13.6
453.3a 32.5a32.3b 9.9a19b

Armchair

Graphene 997 127.3 24
1000a 130a 20a

Graphyne 548 39.7 10
532.5a508c 48.2a49.78c 8.2a11.2c

Graphdiyne 500 36 14
469.5a 36a 6.3a

Graphtriyne 366 25.4 13
365a 26.8a31.3b 7.7a12b

aResults from Ref. [96].
bResults from Ref. [95].
cResults from Ref. [97].
dResults from Ref. [98].

breaking of bonds and an increase in pore sizes, i.e., an increase in the
distance between linkage carbons (see visualizations of the extended
monolayers presented in Fig. 6). Analyses of the g(r) curves calculated
for all possible pairwise combinations of the acetylenic linkage carbons
(C2) and benzene carbons (C1) (i.e. C2–C2, C1–C2, and C1–C1) revealed
that before the application of tensile stress, the g(r) curves are sharp
peaks indicating the ordered structure of graphyne-n. This order is
extended to the third neighbor shell in graphyne and graphdiyne,
and the second neighbor shell in graphtriyne. Besides, the pairwise
separation distances d(C1–C1), d(C1–C2), and d(C2–C2) corresponding
to the positions of the first peaks are found to be 1.40 Å, 1.40 Å,
and 1.24 Å, respectively. After deformation, the height of the peaks
decreases and shifts to the right. This shift is due to the increased
distance between the carbons, which are found to be d(C1–C1) = 1.46 Å,
d(C1–C2) = 1.45 Å, and d(C2–C2) = 1.25 Å for graphyne, d(C1–C1) =
1.45 Å, d(C1–C2) = 1.44 Å, and d(C2–C2) = 1.26 Å for graphdiyne,
and d(C1–C1) = 1.48 Å, d(C1–C2) = 1.43 Å, and d(C2–C2) = 1.26 Å for
graphtriyne. All the distances are evaluated within an error of 0.01 Å.
We observed that the graphtriyne structure is destroyed under tensile
stress. Thus, it is revealed from our study that a graphyne-n with n > 2
is inappropriate for electrode protection due to its weak mechanical
strength and low ability to reject electrolyte molecules.

3. Conclusions and remarks

Summarizing our results, we investigated the potential of graphyne-
based membranes for protecting battery electrodes using molecular dy-
namics (MD) and density functional theory (DFT). 2D nanoporous gra-
phyne, graphdiyne, and graphtriyne were considered, and Li+ cations
were passed through the graphyne-n pores with different Li+ perme-
ability under an applied external electric field. The Li+ permeability de-
pends on the graphyne-n pore size and the applied electric field. Higher
Li+ permeability was observed for graphtriyne based on both MD
and DFT approaches. However, its rejection of electrolyte molecules
was low, especially at the high applied electric field (E = 1 V/Å).
For graphdiyne, the Li+ permeability and the rejection of electrolyte
molecules were found to be high for an applied electric field up to 0.75
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Fig. 6. The uniaxial stress–strain curves and visualizations of the extended monolayers of graphyne, graphdiyne, and graphtriyne.
V/Å. For graphyne, the Li+ permeability was slightly less than that of
graphdiyne and graphtriyne, and 100% electrolyte molecule rejection
was achieved for all applied electric fields: E = 0.5 V/Å, E = 0.75
V/Å, and E = 1 V/Å. It was also revealed that the in-plane and out-
of-plane Li diffusion barrier profiles are inversely proportional to the
triangular pore size. Based on these remarkable thermodynamics and
kinetic results, graphyne and graphdiyne membranes are expected to be
very promising candidates for Li-battery electrode protection. The small
and equally sized, uniformly distributed pores throughout graphyne-
n, which have excellent mechanical properties, prevent uneven ion
flow and fluctuations in electrode current density. Thus, graphyne-n
is supposed to withstand lithium anode dendrite growth. Exhaustive
studies on the ability of graphyne-n to suppress dendrite growth and
the underlying physical chemistry at the Li-anode/graphyne interface
will be the focus of our future research.

4. Methods and computational details

Density function theory calculations

Through our study, we initially performed first-principles calcula-
tions within the framework of Density Functional Theory (DFT) as part
of the Vienna Ab Initio Simulation Package (VASP) [99]. The general-
ized gradient approximation in the form of the Perdew Burke Ernzerhof
(PBE) functional [100] was adopted self-consistently through the ap-
proach of the Projector Augmented Wave (PAW). The Kohn–Sham
electron wave functions were expanded with an energy cutoff of 600
eV, and the convergence criteria during the structural optimizations
were set to 10−6 eV and 10−3 eV/Å for energy and force, respectively.
The vacuum layer during all the calculations was set to 30 Å in the
𝑧-direction to prevent interaction between stacked layers and periodic
images. The Monkhorst Pack K-point of the 9 × 9 × 1 grid is used in
the reciprocal space during the geometrical optimizations [101]. The
8

electron localization function and charge transfer between atoms are
assessed on the basis of the Bader charge algorithm [102].

Additionally, the effect of van der Waals interactions during Li ad-
sorption and diffusion was particularly taken into account via the adop-
tion of the empirical scheme of Grimme’s semi-empirical adjustments
(DFT-D2). The ionic diffusion was examined based on the Climbing-
Image Nudged Elastic Band (CI-NEB) scheme [103], which requires
the starting and ending positions as inputs and generates a number of
intermediate configurations through linear interpolation. Henceforth,
the energy barriers between the starting and ending states are calcu-
lated by minimizing the energy and atomic forces in all intermediate
configurations.

Atomistic molecular dynamics simulations

The electrode/electrolyte interaction that causes the dissociation of
electrode and/or electrolyte molecules [104,105] is widely reported.
For the purposes of this study, the electrodes are represented by fixed
walls for simplicity, as layers of graphyne-n are used to prevent con-
tact between the electrolytes and electrodes. Nevertheless, the battery
charge is simulated by the accumulation of cations near the anode
region through the application of an external electric field. The ap-
plication of a high external electric field of up to 1 V/Å also directs
the FSI− counterions to the cathode region, aligns the PVDF polymer
chains, and thus allows for rapid diffusion of the ions during an MD
simulation of battery charging. From the literature, several reports have
used a graphyne-n fixed monolayer for water desalination purposes
using MD simulations. However, the synthesis of graphyne-n layers
leads to multilayered graphyne-n [106–108]. For proper modeling,
we considered four layers of graphyne-n for the AllSSLiB electrode’s
protection and simulated their dynamics. The GROMOS force field is
used for graphyne-n, where the parameters are generated using the
Automated Topology Builder [109–111]. The OPLS-AA force field was
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used to build the interaction potential models of the PVDF chains
and FEC [112–114]. For the ions, the interaction potential parameters
were taken from the Canongia Lopes & Padua (CL&P) force field for
ionic liquids [115,116]. All MD simulations were conducted using the
LAMMPS software package [117]. The visualizations and snapshots of
the simulated systems were performed using the three-dimensional vi-
sualization system for electronic and structural analysis (VESTA) [118]
and Open VIsualization TOol (OVITO) [119]. In the LAMMPS MD
simulations, periodic boundary conditions are used for the two di-
mensions parallel to the graphyne-n layers (x and z directions), and
a fixed boundary condition is used for the direction perpendicular to
the graphyne-n layers (y direction). A cut-off distance of 𝑟𝑐𝑢𝑡 = 15 Å is
used for both Lennard Jones and Coulomb interactions, and a time-
step of 𝛿𝑡 = 1 fs is utilized for all simulated cases. The long-range
electrostatic interactions are resolved using the Ewald method [120].
The initial distribution was generated using the Moltemplate pack-
age [121]. In this process, the simulated system constituents are placed
randomly into a monoclinic box. Then, the system was energetically
minimized to correct the bond lengths and ensure optimal particle
distribution. The energy minimization algorithm consists of adjusting
particle coordinates iteratively [122]. A finite, unitless stopping tol-
erance for energy (Estop = 10−7) that represents the energy variation
between consecutive iterations divided by the energy magnitude, and
a stopping tolerance for force (Fstop = 10−8 kcal/Å −1), are chosen.
The equilibrium corresponds to the minimum energy acquired at a
short time (t ∼ 0.1 ns) for all simulated cases. After that, the system
is agitated using the Langevin thermostat [123] at 𝑇 = 900 K for
nother t = 1 ns, followed by the same process using the Nosé-Hoover
hermostat [117,123]. Then, to reach the desired ambient condition
f temperature and pressure (T = 300 K, P = 1 bar), the simulated

systems were equilibrated in the NPT statistical ensemble using the
Berendsen barostat [117,124]. Firstly, from T = 900 K to T = 300

at a constant pressure of P = 500 bar for t = 1 ns. Secondly, the
pressure decreases from P = 500 bar to P = 1 bar at a constant
temperature of T = 300 K over a time period of t = 1 ns. In the
final NPT equilibration stage, the systems were equilibrated at room
temperature and ambient pressure (T = 300 K, P = 1 bar) for 10 ns.
To study the Li+ permeability and rejection of other molecules (FSI−,
FEC, PVDF), we conducted simulations in the NVT statistical ensemble
using the Nosé-Hoover thermostat at 𝑇 = 300 K and fixed volume, in
the presence of a strong external electric field (E). Three values are
considered: E = 0.5 V/Å, E = 0.75 V/Å, and E = 1 V/Å. We confirm that
a simulation time of 1 ns under high external electric field application is
sufficient for battery charging, since the number of Li+ ions crossing the
raphyne-n multilayer membrane reaches a constant value with slight
ariation. Finally, from an initial configuration of graphyne-n (n = 0, 1,
, 3) monolayer equilibrated in the NPT-ensemble, with P = 0 bar and
= 300 K, we performed a uniaxial strain in the zigzag and armchair

irections using a strain rate of 1.2 × 1012 s−1 to determine Young’s
odulus from the linear slope of the stress–strain curves and compare

he stiffness of graphyne-n [125].
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