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Porous hydrogen substituted graphyne (HsGY) has been considered as a promising candidate for anode
material due to its excellent electrochemical properties. In this work, we found that monolayer and
bilayer HsGY are good electrodes for high charge capacity lithium-ion batteries based on density
functional theory calculations. Mechanical tests reveal that monolayer and bilayer HsGY exhibit excellent
mechanical properties, including large critical strains (>25%) and high in-plane stiffness (>200 N m™3).
The bilayer HsGY displays ultrahigh stiffness (400.27 N m~?). Li adsorption on bilayer HsGY is stronger
than that on the monolayer HsGY. Moreover, Li diffusion on the surfaces of monolayer and bilayer HsGY
has low energy barriers (<0.5 eV). Our calculation results suggest that HsGY may contain the highest
theoretical charge capacity among two-dimensional (2D) materials studied so far, with ultrahigh Li
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Accepted 7th June 2021 capacities of 3378 and 2895 mA h g for monolayer and bilayer HsGY, respectively. Given these
advantages, including large critical strain, high mechanical stiffness, strong adsorption, low diffusive

DOI: 10.1035/d1ra03396d energy barrier, and high charge capacity, we conclude that both monolayer and bilayer HsGY could be
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1. Introduction

With recent rapid development of portable electronics, mobile
communication devices and electric vehicles, Li-ion batteries
(LIBs) have attracted great attention due to their high safety,
light weight and long lifespan.”” Among various LIBs, ultrathin
LIBs hold great promise in portable electronic equipment, such
as integrated circuit smart cards, wearable health devices, roll-
up displays and flexible solar panels.*>” Typically, LIBs consist of
two electrodes: the anode and cathode. Because the properties
of the anode materials determine the crucial lithium-ion
batteries (LIBs) characteristics, such as cycling life, capacity
and charge/discharge rate, suitable anode materials are critical
for LIBs.® The conventional anode materials, typically made of
materials such as graphite and oxides, can easily crack or
delaminate under mechanical strain.>'® In this regard, it is
essential to develop high-performance anode materials of LIBs
with large critical strains.

Two-dimensional (2D) materials have been widely investi-
gated as anode materials for rechargeable LIBs owing to their
extraordinary electrochemical properties, and unique
morphology which offers more insertion channels and enables
fast metal-ion diffusion.*™* Because of their abundance,
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promising anode materials for lithium-ion batteries.

affordability and chemical stability, the carbon-based 2D
materials are most widely used in metal-ion batteries. As
a representative member of carbon-based 2D materials, gra-
phene shows good electrochemical performance and long
cyclability.” However, the limited storage capacity
(540 mA h g~ )" impedes its practical application in LIBs. The
discovery of graphynes (GYs)' with uniform nanopores and low
atomic density provides a new choice for the lithium storage.
GYs are composed of sp and sp® hybridized C atoms. The
members of GYs family include a-GY, B-GY, y-GY, graphdiyne
(GDY) and B-GDY etc.'**® Compared with the graphene
composed merely carbon hexagons, the asymmetrically conju-
gated 7 electrons and located large pores endow the GYs with
a more promising prospect in LIBs.**>*

Recently, a new member of the GYs family, the porous
hydrogen substituted GY (HsGY) nanosheets was synthesized
using the facile bottom-up synthetic approach.*® The experi-
ments showed that the flexible HsGY films as the anode in
lithium and sodium ion batteries exhibited excellent electro-
chemical properties.”®*® A high initial Li charge capacity of
1640 mA h g~ * under 50 mA g~ ' was found in the HsGY-based
electrode, and the reversible capacity of ~1550 mA h g~ ' can be
stabilized.>® It was reported that the reversible Na storage
capacity reached as high as 580 mA h g~' after 200 charge/
discharge cycles,” and the theoretical simulations demon-
strated the HsGY monolayer could provide numerous Na
storage sites and delivered Na storage capacity of
1207 mA h g~ '.° Li et al.”’ also synthesized HsGY film by alkyne
metathesis reaction and demonstrated that HsGY can be used
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as lithium-sulfur battery. As anode material of LIBs, HsGY was
revealed to have high capacity and excellent cycling stability.”®
However, the intrinsic mechanisms of charge and discharge of
HsGY as LIBs are still unclear. Motivated by the successful
synthesis of HsGY involving excellent electrochemical perfor-
mance, we performed first-principles simulations to probe the
feasibility of monolayer and bilayer HsGY as anode materials
for LIBs.

2. Computational details

All the first-principles calculations in this paper were performed
using the Vienna ab initio simulation package (VASP).?*?*° The
projector-augmented plane wave potential®® was used to calcu-
late the electron-ion interactions, and the electron exchange-
correlation interactions were described using the generalized
gradient approximation in the form of Perdew, Burke, and
Ernzerhof (PBE) functional.** The van der Waals (vdW) inter-
actions (DFT-D2 method of Grimme)** was employed for all
simulations. The kinetic energy cutoff of 520 eV was adopted. A
k-mesh of 5 x 5 x 1 was used for the structural optimization.
The lattice vectors and atomic coordinates were fully relaxed
until the energy and force convergence thresholds reach 0.01 eV
A~' and 10° eV, respectively. The primitive cell is adopted to
model all adsorption systems. The 2 x 2 x 1 supercell was also
used to test the Li adsorption behavior. It is found that the
adsorption energy per lithium atom hardly change with the
increasing of supercell size. The vacuum regions of 20 A and 25
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Paper

A were placed in the z direction for monolayer and bilayer
HsGY, respectively. The climbing image nudged elastic band
method®® was applied to obtain the Li-ions migration paths and
diffusion energy barriers. The average adsorption energy
resulting from the interactions between monolayer (bilayer)
HsGY with Li atoms is defined as:

Ey = Enscynii — nEL — Ensay (1)
n

where FEysgy+nii and Epggy represent the total energies of

monolayer (bilayer) HsGY with and without Li adatoms,

respectively. Er; and n denote the total energy of an isolated Li

atom and the number of lithium atoms, respectively.

3. Results and discussions

We first optimize the geometric structures of monolayer and
bilayer HsGY. As displayed in Fig. 1a, the HsGY monolayer has
a hydrocarbon skeleton with space group P6/mmm. The primi-
tive cell is a planar hexagonal cell with the optimized lattice
constant of 11.926 A. There are C; (sp), C, (2p?) and C; (2p?)
three different C atoms which form C;-C;, C;—-C, and C,-C;
three different kinds of C-C bonds. For bilayer HsGY, we
consider four possible stacking structures, namely AA-, AB-, AC-
and AD-stacking, as indicated in Fig. 1. In Fig. 1b, the top layer
of AA-stacking can be viewed as vertically stacking on the
bottom layer. AB-stacking (Fig. 1c): the upper layer of AA-
stacking is shifted by one-third of one unit cell along the x
direction of the hexagonal cell. AC-stacking (Fig. 1d) and AD-

L4

A

Fig.1

(a) Top and side views of monolayer HsGY.(b—e) AA, AB, AC and AD stacking structures, respectively. The orthogonal supercell is indicated

by the blue dashed lines. The yellow and brown balls are the C atoms on upper and bottom layers, respectively. The white balls are the H atoms.
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Fig. 2 (a) Band structure, and (b) PDOS of monolayer HsGY. (c) Band structure, and (d) PDOS of bilayer HsGY.

stacking (Fig. 1e) can be looked as the shift of the top layer of
AA-stacking along the x or y axis for half of the orthogonal
supercell. To confirm the stability of bilayer HsGY, the forma-
tion energy is calculated as Ey = (Ep, — Eyp — Eiow)/n, where Ep,
E,p and E,, represent the total energies of HsGY bilayer, upper
layer HsGY and lower layer HsGY, respectively. n denotes the
number of atoms in the bilayer HsGY. The formation energies
are —190.65, —240.87, —227.70 and —195.17 meV per layer. The
AB-stacking bilayer HsGY is the most favorable configuration,
and the corresponding lattice constants are a = b = 11.915 A.
Therefore, we only discuss the results of the AB-stacked bilayer
HsGY in the following.

Then, we investigate the electronic properties of monolayer
and bilayer HsGY. The characters of the band structures based
on the HSE06 method is similar with those based on PBE
method.* Therefore, we only discuss the corresponding results
based on PBE method. As indicated in Fig. 2, the band struc-
tures demonstrate that both monolayer and bilayer HsGY are
semiconductors with band gaps of 2.67 and 2.36 eV, respec-
tively. One can notice that there are a flat energy band and two
Dirac energy bands at either side of the Fermi level in mono-
layer HsGY, while the Dirac bands are broken in bilayer HsGY
which is attributed to the vdW interaction between two layers.
To further clear the electronic properties, their partial density of
states (PDOS) are also shown in Fig. 2. For both monolayer and

© 2021 The Author(s). Published by the Royal Society of Chemistry

bilayer HsGY, the states of the valence band maximum and the
conduction band minimum originate from the p, orbitals of C
atoms.

To explore the mechanical properties of monolayer and
bilayer HsGY, tensile calculations in an orthogonal supercell are
performed (Fig. 1a and c). The uniaxial stress—strain relations of
monolayer and bilayer HsGY along x (armchair) and y (zigzag)
directions are displayed in Fig. 3. For monolayer HsGY, the
tensile strengths along x and y are 28.66 GPa and 29.32 GPa,
corresponding to the failure strains of 26% and 27%, respec-
tively. The peak stresses for the bilayer HsGY are 34.66 GPa and
35.53 GPa in the x and y directions, and their critical strains are
25% and 26%, respectively. Note that, the stress-strain
responses for both monolayer and bilayer HsGY abruptly
change when the strains reach their critical values, implying
that the atomic structures of monolayer and bilayer HsGY have
a significant transformation. Furthermore, the in-plane stiff-
ness is fitted by the equation:

1 OE

=_—— 2
¢ S() 0e? [)

where S, and E are the area of equilibrium structure and the
total energy. ¢ is the strain applied on the HsGY. When the
applied strain is in the range of —1% to 1%, the calculated in-
plane stiffness of monolayer HsGY is 200.48 N m ™', which is
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Fig. 3 Stress—strain relationships under uniaxial x and y directions of (a) monolayer HsGY and (b) bilayer HsGY.

larger than that of C¢s~GY (50.5 N m™")** but smaller than that
of graphene (350 N m™').* Interestingly, the bilayer HsGY
displays ultrahigh stiffness (400.27 N m™ '), which is about 2
times as large as that of monolayer HsGY. The high stiffness of
bilayer HsGY is vital as its application in LIBs, due to the large
deformations and stresses caused by the lithium insertion/
extraction.

As a anode material for LIBs, it is essential to understand the
adsorption behavior of Li on HsGY. To examine the adsorption
ability of HsGY, all possible adsorption sites are considered. For
one Li adsorption on monolayer HsGY, the stable adsorption
sites are displayed in Fig. 4a: (1) H; site: hollow site on the
center of hexagon carbon ring; (2) H, site: hollow site between H
and C atoms; (3) B site: bridge site between C and C atoms. The

@ ©

lowest adsorption energy (—1.91 eV) corresponds to the Hy
adsorption site. The nearest-neighbor Li-C bond length is 2.24
A. The adsorption energies of H, and B sites are 0.20 and 0.31 eV
higher than that of the most stable configuration. The H,
adsorption sites remain the most stable sites for two and four Li
atoms adsorption. The corresponding adsorption energies are
—1.77 and —1.63 eV per atom, respectively. For six-atom
adsorption case, two Li atoms reside on the H, sites, and
slight wrinkle is observed in the C,-C; bond which is formed by
sp-sp hybridization. Further increasing Li atoms will enhance
the structural deformation of HsGY as shown in Fig. 3. The
monolayer HsGY can adsorb up to 28 Li atoms, and the system
can return back to its original structure by removal of Li atoms.

®

Fig. 4 Optimized structures of lithiated monolayer HsGY. (a) One Li, (b) two Li, (c) four Li, (d) six Li, (e) ten Li, and (f) twenty-eight Li atoms

adsorbed on HsGY.
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Fig.5 Optimized structures of lithiated bilayer HsGY. (a) One Li, (b) four Li, (c) eight Li, (d) fourteen Li, (e) twenty-six Li, and (f) forty-eight Li atoms

adsorbed on HsGY.

Now we turn to the structures of lithiated bilayer HsGY
(Fig. 5). For one adatom in bilayer HsGY, Li atom adsorbs
preferably at the hollow site between two layers with E,q =
—2.42 eV. The adsorption configuration with one Li atom on the
H; site of the external layer is less favorable, and the adsorption
energy is —1.41 eV. For four-atom and eight-atom adsorption
configuration, the intermediate layer is still preferentially
occupied by Li atoms as displayed in Fig. 5b and c. The Li atoms
gradually occupy external surfaces with increasing lithium
concentration. For 48 Li atoms, a third of lithium atoms reside
in the interior area, and the other adatoms occupy the hole sites
and bridge sites of external surfaces. An ideal anode material for
LIBs must meet the requirement: The average adsorption
energy of per Li is larger than the experimental binding energy
of Li (1.63 eV) in the bulk lattice and smaller than 3.0 eV.*”** The
case of bilayer layer adsorption can well meet this requirement.

The calculated results indicate that the adsorption energy of
Li in bilayer HsGY is higher than that in monolayer HsGY for all
considering Li coverage, which means that the Li adatoms bind
stronger with the bilayer HsGY, and the lithiated bilayer HsGY
is more stable than the monolayer one. Going from the pristine
HsGY to the lithiated monolayer (bilayer) HsGY with the highest
Li content, the energy difference spans only 0.32 (0.49) eV.
Therefore, the working potential of an electrode based on
monolayer and bilayer HsGY should be relatively flat, which
happens to be one attractive feature of anode materials for
lithium-ion batteries. To understand the trend of adsorption
energies, we calculate the charge transfers between adatom and
HsGY. The calculated results indicate that each Li adatom
donates about 0.88 ~ 0.92e to C, which results in partially

© 2021 The Author(s). Published by the Royal Society of Chemistry

cationic lithium. The ionic components mostly dominate the
chemical bonds between Li and C. On the other hand, the
repulsion among lithium ions and surface reconstruction
become larger with increase of adatom concentration. The
cooperative effects of the static charge transfer, the repulsive
interaction and surface reconstruction result in the subtle
changes of adsorption energies in monolayer and bilayer HsGY.
At low Li concentration, the adsorption energies of monolayer
and bilayer HsGY increase as the lithium concentration
increases, which mainly attributes to the increasing repulsive
interaction. The adsorption energy change characteristics of Li
on the HsGY are similar to those of monolayer/bilayer blue
phosphorus.®® To realized the practical applications, the
thermal stability of monolayer HsGY with 28 Li adsorption and
bilayer HsGY with 48 Li adsorption is examined by ab initio
molecular dynamics in the NVT ensemble. The supercells of
monolayer and bilayer monolayer contain 208 and 192 atoms,
respectively. Fig. S11 presents the calculated snapshots of top
and side views. After heating at 300 K for 5 ps with the time-step
of 1 fs, all Li atoms are well stabilized on HsGY, and both
monolayer and bilayer HsGY are intact although they have
a small corrugation.

The ionic intercalation potential is vital parameter that
decisively affects the performance of the LIBs. Here, we calcu-
late the insertion potential using the following open circuit
voltage (OCV) equation:*°

Ecgngi, — Ecighgni,, (X2 — X1 )E

OCV = —
(v =21 )

(3)
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Fig. 6 The open-circuit voltage as the function of Li concentration of (a) monolayer HsGY and (b) bilayer HsGY.

where E¢_ 1, is the total energy of the monolayer and bilayer
HsGY adsorbing Li atoms, x, and x; represent the concentra-
tions of Li ions on the HsGY surfaces, and Ej; is the energy per
Li in the bulk lattice. As plotted in Fig. 6, it is found that the
voltages of monolayer and bilayer HsGY are 0.16 —~ 0.52 eV and
0.35 ~ 1.03 eV, respectively. All values almost lie within the
desired potential values of the promising anode materials.
The charge capacities are obtained with the following
formula, Ciy,=(F X ny;)/(3.6muscy), where F is the Faraday's
constant (96 500 C mol ), n; stands for the number of Li per
formula unit of monolayer/bilayer HsGY (C;sHgLi,), and mysgy

is the mass of monolayer/bilayer HsGY in C;gH¢Li,. The calcu-
lated charge capacities of monolayer and bilayer HsGY are 3378
and 2895 mA h g, respectively. The charge capacities of
monolayer/bilayer HsGY are significantly higher than those of
other 2D materials such as monolayer carbon ene-yne (CEY)
(2680 mA h g !),** monolayer (1954 mA h g~ ') and bilayer
(1675 mA h g~ ") Ceg—graphyne.® To date, the CEY has been
theoretically predicted to yield the highest charge capacities
among all other 2D materials.** As it is clear, HsGY distinctly
outperform not only the CEY but also the other 2D anode
materials with respect to the storage capacities.
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Fig. 7 Schematic representations and potential-energy curves of Li diffusion on monolayer HsGY.
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Fig. 8 Schematic representations and potential-energy curves of Li diffusion on bilayer HsGY.

It is well-known that the Li diffusion character is one
important index of the rate performance in the electrode
materials. Thus, we check the diffusion of Li adatom on
monolayer and bilayer HsGY. For monolayer HsGY, H; site is
the most stable adsorption site. Li atom occupies the H; site
with the six nearest neighbor C atoms. As one Li at H; site
moves towards the nearest neighbor H1 site, Li passes over the
C-C bridge site along the armchair direction by overcoming
a barrier of 0.49 eV (Fig. 7a). In the high coverage, one Li
diffusion is modeled by removing one Li from the highest
lithium coverage as shown in Fig. 7b. The H, site is the second
stable adsorption site. As one Li atom hops from H; to its
nearest neighbor H,, it overcomes an energy barrier of 0.23 eV.
And the diffusion energy barriers are 0.28 and 0.32 eV, if the Li
atom at H, continues to move to its adjacent H2 along and
across the -C=C- link, respectively. For bilayer HsGY, one Li
prefers to occupy the hollow site in the middle layer. It is found
that the diffusion barrier is also less than 0.40 eV when the Li
atom occupied the most stable position diffuses along the
armchair direction (Fig. 8). The Li ions diffusion energy barriers
are lower than those of CEY (0.56 ~ 0.60 eV)*' and Ti;C, MXene
(~0.70 eV).2

4. Conclusions

In summary, we elucidated the mechanical properties, lithium
adsorption and diffusion character on monolayer and bilayer
HsGY using the density functional theory calculations. Firstly, it
is found that the monolayer and bilayer HsGY have large critical
strains and high in-plane stiffness. Structural deformation will
occur during the lithiation cycle, however, lithiated HsGY can
well maintain the layered structure. Secondly, the monolayer

© 2021 The Author(s). Published by the Royal Society of Chemistry

and bilayer HsGY present strong binding energies upon the
adsorption of Li adatoms, and the adsorption interaction
between lithium and bilayer HsGY is stronger than the case of
monolayer HsGY. Thirdly, the diffusion energy barriers of Li
along the surfaces of monolayer and bilayer HsGY are lower
than the other 2D materials such as CEY and Ti;C, MXene.
Finally, monolayer and bilayer HsGY illustrate ultrahigh charge
capacities of 3378 and 2895 mA h g, respectively, which
distinctly outperform other 2D anode materials. All these
results propose that monolayer and bilayer HsGY as
outstanding anode materials of LIBs, owing to ultrahigh charge
capacity, low diffusive energy barrier, strong interaction and
high critical strain.
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