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Nowadays, lithium-ion batteries (LIBs) play a crucial role in modern society in the aspect of portable
electronic devices and large-scale smart grids. However, the current performance of lithium-ion batteries
has been unable to meet the growing expectations of society and scientific community. Herein, we have
synthetically investigated availability of 2D Ni-TABQ monolayer as anode based on DFT for LIBs applica-
tions. Our findings have demonstrated that 2D Ni-TABQ monolayer is a semiconductor with a small band
gap of 0.2eV, which suggest that the electronic property of 2D Ni-TABQ monolayer would take place
an evident shift from semiconductor property to metallic property after Li adsorption. Furthermore, we
checked the stability of 2D Ni-TABQ monolayer and investigated the viability of exfoliation from bulk
multilayer Ni-TABQ to form 2D Ni-TABQ monolayer in the light of exfoliation energy and binding energy.
We continuously studied electrochemical properties of 2D Ni-TABQ monolayer with respect of theoreti-
cal specific capacity, Li-ion diffusion barriers and open-circuit voltage. During the charging process, 2D
Ni-TABQ monolayer can achieve a high specific capacity of 722 mAh/g with an open-circuit voltage range
from 1.12V to 0.22 V. These aforementioned results make the 2D Ni-TABQ monolayer a promising anode
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The global increasing demand and severe depletion of fossil
fuels along with attendant environmental pollution and human’s
health concerns have resulted in the desire for green, clean and
abundant energy sources such as wind energy, solar energy and
tidal energy. However, such green energies are unstable and non-
continuous, which promotes the rapid development of a series of
energy storage systems. Among a variety of energy storage sys-
tems, rechargeable lithium-ion batteries (LIBs) as a kind of high-
efficiency electrochemical energy storage device, have been widely
put into use in portable electronic equipment [1-4] and large-scale
smart grids [5,6] on account of their wide voltage window, high
energy density, and excellent electrochemical performance [7-9].

Anode is one of the most important components of lithium-ion
batteries and plays a crucial role in lithium-ion batteries. However,
commercial graphite anode, whose capacity is only 372 mAh/g
[10], is not only difficult to meet people’s growing requirements
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and expectations for energy storage systems, but also to satisfy the
increasing market demand for rapid charge and discharge process
due to its disadvantageous diffusion barrier. Therefore, the perfor-
mance of conventional lithium-ion batteries based on graphite an-
ode is not prominent enough. Hence, the pursue for a new anode
material with good conductivity, large capacity and excellent rate
performance has become a research hotspot.

Organic electrode materials have caught increasing attention
owing to their unique advantages such as adjustable molecular
structure, ascendant specific capacity and economic effectiveness
[11-15]. For the past few years, conjugated coordination polymers
(CCPs) consisting of m-d conjugated organic ligands and metal
ions have been proved to be a class of active electrode materi-
als for energy storage systems. Li's group synthesized an organic
layered anode Ni-TABQ by m-d hybridization, which provides a
high capacity of about 469.5 mAh/g at 100mA/g and 345.4 mAh/g
at 8 A/g. The large capacity can be maintained for 100 cycles,
with almost 100% coulomb efficiencies [16]. Meantime, Li’s team
reported hexagonal MOF nanowire arrays, NiRu-HTP. The utiliza-
tion of NiRu-HTP in the Li-O, battery contributed to significantly
reduced charge/discharge polarization of 0.76V and exceptional
cyclability [17]. They also reported two-dimensional Fe-TABQ as
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electrode materials for lithium-ion batteries, which delivered a re-
markable specific capacity of 251.1 mAh/g and maintained capac-
ity retentions over 95% after undergoing 200 cycles at diverse cur-
rent densities [18]. Using TABQ as organic ligand and M2+ (M = Co,
Ni, and Cu) as metal ligands, Wang’'s group reported a series of
one-dimensional organic electrode materials in which 1D Ni-TABQ
showed higher conductivity and the best electrochemical perfor-
mance. 1D Ni-TABQ can be used as cathode and anode material to
construct high-performance all-organic symmetric LIB with energy
density up to 142 Wh/kg and stable cyclability of up to 100 times
at 200mA/g [19]. Besides, Wang’s group also has been successful
in synthesizing a variety of CCPs, which have been successfully
applied to ionic battery systems [20-22]. Cheng’s group reported
two isostructural two-dimensional CPs, namely [M;(pztc)(H;0)g]n
(M=Co or Ni), delivered excellent reversible capacities and sta-
ble cycling performance as anodes in lithium-ion batteries [23].
Cheng’s group also reported that linking the mononuclear com-
plex [Ni(PBIM),(HIPA)] to a one-dimensional coordination poly-
mer [Ni(PBIM)(HIPA)], via coordination bonds through a facile
bottom-up assembly approach is capable of markedly enhancing
the lithium storage capacity from 554 mAh/g to 1025 mAh/g at
100 mA/g [24]. Lately, they synthesized three two-dimensional Sn-
organic materials with enhanced lithium storage performance by
manipulation of s-aromatic conjugation of the ligands [25]. Fan’s
group synthesized multilayer COF by a facile solvothermal route.
The COF delivered exceptional potassium storage performance, in-
cluding the excellent reversible capacity of 229.5 mAh/g at 0.2 A/g
and superior cycling stability of 106.1 mAh/g at 5.0 A/g after 2000
cycles [26].

In terms of the dimensions of materials, two-dimensional mate-
rials have developed with a surprising momentum in recent years.
Since the emergence of graphene in 2004 [27], all kinds of two-
dimensional (2D) materials [28-32] with atomic thickness have
received widely attention in virtue of their distinctive properties,
such as unprecedented physicochemical properties, large specific
surface area, preeminent mechanical properties, abundant active
sites, short ion diffusion paths and good electrical conductivity.
By means of experiments as well as theoretical research, a variety
of two-dimensional materials have been proved to have excellent
performance in multifarious applications, including energy storage
systems [33-40].

Combining the advantages of organic electrode materials and
two-dimensional materials, we propose a two-dimensional conju-
gated coordination polymer 2D Ni-TABQ monolayer as a promis-
ing candidate anode material for lithium-ion batteries. 2D Ni-
TABQ monolayer not only maintains the enhanced conductivity of
bulk conjugated coordination polymer with a band gap of only
0.2 eV, but also possesses the advantageous characteristics of two-
dimensional materials, such as rapid ion migration. Furthermore,
2D Ni-TABQ monolayer has a maximum lithium storage capacity of
722 mAh/g, nearly twice that of commercial graphite anode, suit-
able open-circuit voltage range (0.22-1.12V) and superior stabil-
ity. More interestingly, we have confirmed the feasibility of 2D Ni-
TABQ monolayer exfoliation from the bulk multilayer Ni-TABQ by
calculating the atom binding energy and exfoliation energy.

Our study was based on first-principles density functional the-
ory (DFT) and was performed by Vienna ab initio simulation pack-
age (VASP) [41]. The projected augmented wave (PAW) approach
was chosen for description of the ion-electron interaction [42].
The generalized gradient approximation (GGA) in the Perdew-
Burke-Ernzerhof (PBE) functional was selected to describe the ex-
change and correlation functional [43,44]. A kinetic-energy cutoff
of 450 eV was employed for the plane-wave basis set. A5 x 5 x 1
grid for k-point sampling was used for geometry optimization
and other calculations. Both the lattice constants and atom posi-
tions were fully optimized until the residual forces were less than
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0.02eV/A. Furthermore, the convergence criterion for energy was
set to 10~5 eV. For the 2D Ni-TABQ monolayer, a vacuum space of
30A along z direction has been set in order to avoid interaction be-
tween layers. Besides, DFT-D2 method was considered in all calcu-
lations to give an account of the van der Waals interaction [45]. We
applied the climbing image nudged elastic band method (CI-NEB)
[46,47] to determine the diffusion barriers and minimum energy
pathways of Li diffusion on the 2D Ni-TABQ surface. In all of the
CI-NEB calculations, nine images were created. Bader charge code
was applied to quantify the amount of charge transfer between Li
atoms and 2D Ni-TABQ monolayer.
The atom binding energy (E,)) is defined as Eq. 1 [48]:

E}, = (6Ec + 4Ey + 4EN + 2Eo + Eni — Eni—taBo) /17 (1)

where Ec, Ey, E, Eo, Eni, and Eyjapq are the total energies of the
C atom, H atom, N atom, O atom, Ni atom and 2D Ni-TABQ mono-
layer, respectively.

The exfoliation energy per unit area E. is given by means of the
undermentioned equation [49]:

Eiso(n) — Epuiet/m
Euo) — Buu/m @

where Ej,(n) refers to the energy of an isolated n-layer Ni-TABQ
slab in vacuum (here, n=1), E  represents the energy of bulk
Ni-TABQ composed of m layers, thus E,/m corresponds to the
energy of the bulk Ni-TABQ per layer, and A is the in-plane area of
the bulk unit cell.

The average adsorption energy of the Li atoms on the 2D Ni-
TABQ monolayer is defined as Eq. 3:

Ee=

E, — Epixni-taBQ — Eni—ABQ — XELi 3)
X

where Ejjy, |2 Ni-TABQ» Eni-taBg, and Ej; represent the total energies of
the 2D Ni-TABQ monolayer adsorbed by x Li atoms, the 2D Ni-TABQ
monolayer, and the single Li atom in its corresponding bulk struc-
ture, respectively.

The theoretical specific capacity of 2D Ni-TABQ monolayer is
calculated by the undermentioned equation:

XmaxNF
¢ Mni-TABQ “@
where n indicates the number of valence electrons of the Li atom
(n=1), xmax represents the maximum concentration of Li atoms
adsorbed of 2D Ni-TABQ monolayer, F is the Faraday constant
(26,801 mAh/mol), and My;_tagq is the molecular weight of 2D Ni-
TABQ monolayer.

The open-circuit voltage (OCV) of the process can be estimated
by dint of the equation given below:

ocV = — Eviw,ni-ABQ — ELix;Ni—TABQ — (X2 — X1)ELi (5)
n(x; —x1)e

where Eix, ;2 NI-TABQ refers to the energy of Lix;;Ni-TABQ, x indi-

cates the number of Li atoms adsorbed of 2D Ni-TABQ monolayer,
n represents the valence state of Li (n=1) and Ej; represents the
energy of the single Li atom in its corresponding bulk structure,
respectively.

The charge density difference of single Li atom adsorbed at the
most favorable site on the 2D Ni-TABQ monolayer by dint of the
undermentioned equation:

AP = PrieNi-TABQ — ONi—TABQ — PLi (6)

where onj_tapq and prieni-tasq Stand for the electron charge den-
sities of the 2D Ni-TABQ monolayer before and after the adsorp-
tion of single Li atom, and p;; refers the electron charge density
of single Li atom isolated in the system by keeping the unaltered
condition and lattice parameters.
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Fig. 1. (a) Full-optimized structure of the 2D Ni-TABQ monolayer. (b) Band structure
of 2D Ni-TABQ monolayer. (c) Electron localization function (ELF) diagram of 2D Ni-
TABQ monolayer.

The phonon dispersion calculation was carried out using a
1x2x1 supercell by the PHONOPY code. The elastic constants
were calculated to verify the mechanical stability. The Visualization
for Electronic and STructure Analysis (VESTA) package was applied
for visualization of structures as well as charge density difference
[50].

First of all, Fig. 1a shows the top view of 2D Ni-TABQ mono-
layer after full optimization. Obviously, 2D Ni-TABQ monolayer is a
kind of two-dimensional material with atomic thickness (Fig. S1
in Supporting information). Then, we explored the possibility to
exfoliate an atomic monolayer from Ni-TABQ in its corresponding
bulk phase. The exfoliation energy is one of the most powerful
tools to evaluate its exfoliation feasibility. The exfoliation energy
is defined as the amount of energy required to strip away the top
layer from the surface of the bulk structure, serving as an indica-
tor for the level of difficulty of exfoliating a monolayer from corre-
sponding bulk structure. The exfoliation energy of bulk Ni-TABQ is
4.7 meV/A2, which indicates that bulk Ni-TABQ is facile to peel off.
Moreover, the atom binding energy of 2D Ni-TABQ monolayer is
5.5eV/atom, which is higher than MX3 (1.92-4.36 eV/atom, M = Sc,
As, Y, Sb, Bi; X=Cl, Br, I) [48] and MoS, (5.0-5.1eV/atom) [51,52],
which indicates stronger binding strength and weaker interlayer
interaction of Ni-TABQ. In a word, the exfoliation energy and the
atom binding energy collectively illustrate the feasibility of forming
2D Ni-TABQ monolayer and suggest that 2D Ni-TABQ monolayer
can be obtained by means of laboratory facilities, just like two-
dimensional materials that can be stripped experimentally, such as
graphene, MoS, and WS, [53-55].

As everyone knows, the electronic property of anode materials
plays a vital role in their application in rechargeable battery sys-
tems. So then, the electronic property of 2D Ni-TABQ monolayer
was calculated and discussed. Fig. 1b reveals the band structure of
2D Ni-TABQ monolayer, and it is found that 2D Ni-TABQ monolayer
is a semiconductor with a direct band gap of about 0.2eV. Such
a small band gap can suggest that the electronic property of 2D
Ni-TABQ monolayer would take place an evident shift from semi-
conductor property to metallic property after Li adsorption. The
electron localization function (ELF) diagram is an efficient tool to
analyze the bonding characteristics between atoms. The ELF value
of larger (>0.5) corresponds to the covalent bond or core elec-
trons, while the ionic bond is represented by the ELF value of
smaller (<0.5), and the ELF value of 0.5 represents the existence
of the metallic bond. As shown in Fig. 1c, the coexistence of co-
valent bonds and metallic bonds on 2D Ni-TABQ monolayer is ap-
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Table 1
Calculated in-plane planar elastic constants of 2D Ni-TABQ monolayer.
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Fig. 2. (a) The unequal sites in 2D Ni-TABQ monolayer. (b) Adsorption energies of
single Li atom adsorbed at H1 site, H2 site, H3 site and H4 site on 2D Ni-TABQ
monolayer. (c) Top and (d) side view of charge density difference of Li-adsorbed 2D
Ni-TABQ monolayer at H1 site.

parent that demonstrates the stability of 2D Ni-TABQ monolayer.
The structural stability is a prerequisite for material application
in batteries. Mechanical stability of materials is still important as
well as electronic property when applied as anode materials. In the
field of theoretical calculation, elastic constants are always power-
ful tools to verify the mechanical stability of materials. We further
calculated the in-plane planar elastic constants, G, of 2D Ni-TABQ
monolayer. As can be observed from Table 1, the elastic constants
of 2D Ni-TABQ monolayer satisfy the Born-Huang criteria (Cy;Cyp >
C122% Cgg > 0), which prove its excellent mechanical stability. It can
also be seen from the elastic constants that 2D Ni-TABQ monolayer
possesses anisotropic property (Cy; # Cyy). Furthermore, we calcu-
lated the phonon spectrum of 2D Ni-TABQ monolayer to evaluate
its dynamic stability. As shown in Fig. S2 (Supporting information),
there is no imaginary phonon mode, which justifies that 2D Ni-
TABQ monolayer is dynamically stable.

The appropriate adsorption energy of adatoms on the substrate
is an important parameter to evaluate the properties of anode ma-
terials for LIBs. Hence, after investigating the properties of 2D Ni-
TABQ monolayer itself, the interaction between Li atoms and sub-
strate was further explored to evaluate the potential of 2D Ni-TABQ
monolayer as anode material for lithium-ion batteries. In order to
conduct the following study, the most favorable adsorption site of
single Li atom on 2D Ni-TABQ monolayer was primarily detected.
According to the symmetry of 2D Ni-TABQ monolayer, a total of
three kinds of adsorption sites have been examined, namely, the
top sites of atom (M sites), the top sites of the bond center (B
sites) and the hollow sites (H sites). However, after full optimiza-
tion, it is turned out that all the M sites and B sites are unstable,
so only four unequal adsorption sites remained. As shown in Fig.
2a, these four sites are named H1 (the top site at the center of
a six-membered ring between two polymer chains), H2 (the top
site at the center of a ten-membered ring between two polymer
chains), H3 (the top site at the center of a five-membered ring of
a single polymer chain), and H4 (the top site at the center of C6
ring). The adsorption energy (E,) of single Li atom on 2D Ni-TABQ
monolayer is calculated by Eq. 3. According to the definition of
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Fig. 3. (a) Possible diffusion pathways for Li ions on 2D Ni-TABQ monolayer. (b)
Calculated diffusion energies profiles of Li ions on 2D Ni-TABQ monolayer along
different diffusion pathways. The light green, dark green and dark blue ball-chains
are migration pathways of path 1, path 2 and path 3, respectively.

adsorption energy, the more negative the adsorption energy is, the
more favorable the adsorption of Li atom on the substrate is. The
specific adsorption energies of each adsorption sites are shown in
Fig. 2b. The adsorption energies are —1.17eV (H1), —1.13eV (H2),
—0.47eV (H3), and 0.09eV (H4), respectively. The adsorption en-
ergy of Li atom adsorbed at the H1 site has the lowest energy, in-
dicating that the H1 site is the most stable adsorption site.

The development of high-efficiency batteries is highly depen-
dent on the capabilities of anode materials, especially during the
charge and discharge process, which is largely driven by the dy-
namic characteristic of electron. Furthermore, the mechanism be-
hind the adsorption behavior of single Li atom on 2D Ni-TABQ
monolayer was further investigated by calculating the charge den-
sity difference. Figs. 2c and d have shown the charge density dif-
ference of 2D Ni-TABQ monolayer after the adsorption of single Li
atom. As shown in these figures, yellow shape represents the elec-
tron accumulation and bluish shape represents electron depletion.
There is a significant electron depletion around the Li atom and
electron accumulation around substrate, indicating obvious elec-
tron transfer between Li atom and 2D Ni-TABQ monolayer. The
charge transfer between Li atom and substrate has been quantified
by means of Eq. 6, and the Bader charge analysis [56] reveals that
0.90 e is transferred from Li atom to the substrate, Li contributes
almost all valence electron and exists in the form of cation.

The rate and cyclic properties are very vital for lithium-ion
batteries which are strongly associated with the diffusion perfor-
mance of Li ions. Therefore, the diffusion behavior of Li ions on the
surface of 2D Ni-TABQ monolayer was further explored by using
CI-NEB method. According to the symmetry of 2D Ni-TABQ mono-
layer and the most stable adsorption site (H1), two diffusion paths
were initially of consideration, named path 1 and path 2, respec-
tively.

Path 1 indicates the diffusion of lithium ions between neigh-
boring H1 sites between polymer chains, and path 2 describes
the diffusion of lithium ions across chain between neighboring H1
sites. Figs. 3a and b show the top diagram of these two diffusion
paths and their corresponding relative energy profiles. It can be
seen that the interchain diffusion process path 1 is the more fa-
vorable diffusion path, with a diffusion barrier of merely 0.13eV.
Since the adsorption energy at H2 site is extremely close to that
at H1 site, interchain diffusion between adjacent H2 sites was also
taken into account, namely path 3. Path 3 has a diffusion barrier
of 0.10eV, even smaller than path 1. Such small diffusion barriers
of path 1 and path 3 prove the rapid ion diffusion rate that is ben-
eficial to the rate performance and cyclic performance, suggesting
that 2D Ni-TABQ monolayer be capable of being potential candi-
date for anode materials of Li-ion batteries. Table 2 lists the com-
parison of the diffusion barriers between 2D Ni-TABQ monolayer
and other previously reported two-dimensional materials [57-64].
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Table 2
Comparison of diffusion barriers of 2D Ni-TABQ monolayer as anode for LIBs with
available literature precedents.

Material Diffusion barrier (eV) Reference
2D Ni-TABQ 0.10-0.13

Gaz;CsNg 1.12 [57]
Si;BN 0.48 [58]
MoN, 0.48 [59]
penta-PC, 0.21 [60]
GeP3 0.50 [61]

TiOF 0.15 [62]
B,C3P 0.33 [63]
Commercially graphite 0.40 [64]

Fig. 4. Optimized structures of LixNi-TABQ with different Li concentrations.

It can be seen that the diffusion barriers of 2D Ni-TABQ monolayer
are smaller than that of other two-dimensional materials, indicat-
ing its excellent diffusion performance.

The specific capacity of anode materials is one of the vital in-
dexes to evaluate the properties of anode materials. In a rocking
chair battery, Li ions are constantly transferred between the cath-
ode and anode during charge and discharge process. Li ions are
gradually inserted into both sides of 2D Ni-TABQ monolayer to
highlight the insertion process (Fig. 4). Firstly, Li ions occupy all
the most favorable adsorption sites on one side of 2D Ni-TABQ
monolayer, which corresponds to the stoichiometric ratio of Li;Ni-
TABQ. On this basis, Li ions occupy H1 sites on the other side of
2D Ni-TABQ monolayer, labeled as Li4zNi-TABQ. This structure of
Li4Ni-TABQ is used as the initial structure to explore the most fa-
vorable adsorption site for the next layer of Li adsorption. The H3
site becomes the most favorable adsorption site instead of H1 site.
2D Ni-TABQ monolayer can successfully adsorb the second layer
of Li on one side, labeled as LigNi-TABQ. However, when the sec-
ond layer of Li is adsorbed on the other side, the adsorption en-
ergy becomes positive, indicating that 2D Ni-TABQ monolayer can-
not achieve complete two-layer Li adsorption. The stoichiometric
ratio corresponding to the maximum adsorption concentration is
LigNi-TABQ, which corresponds to the maximum theoretical capac-
ity of 722 mAh/g calculated by Eq. 4. According to the structure
of LigNi-TABQ, the average distance between the first Li layer and
the substrate, namely the adsorption height, is 1.21A, while the
adsorption height between the second Li layer and the substrate is
1.54A. Detailed structural information such as lattice parameters,
bond length, is listed in Table S1 (Supporting information).

Next, the open-circuit voltage of 2D Ni-TABQ monolayer as an-
ode material for Li-ion batteries was studied. Figs. 5a and b show
the adsorption energies and open-circuit voltage at different Li
adsorption concentrations, respectively. Apropos of the adsorption
energies, from Liy,5Ni-TABQ to the maximum adsorption concen-
tration configuration LigNi-TABQ, the adsorption energies are al-
ways negative, indicating that Li atoms are more inclined to form
Li ions rather than Li metal clusters. As for the open-circuit voltage,
for different lithium adsorption concentrations, the open-circuit
voltage ranges from 1.12V to 0.22V, and the average open-circuit
voltage is 0.57V, which meets the requirement of the anode mate-
rial for the open-circuit voltage.

Finally, the electron behavior after Li atoms adsorbed on 2D
Ni-TABQ monolayer was further studied. Fig. S3 (Supporting infor-
mation) shows the band structure of LigNi-TABQ. It can be seen
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Table 3
The charge transferred of the adsorption by single Li atom and different adsorption
concentrations of Li.

Compound Qy (e)
Single Li atom (Lig,5Ni-TABQ) 0.90
Li; Ni-TABQ 0.89
Li4Ni-TABQ 0.88
LigNi-TABQ 0.83

that during the lithium insertion process, there is a clear transition
from semiconductor property to metallic property. Table 3 shows
the charge transfer of the adsorption by single Li atom and dif-
ferent adsorption concentrations of Li. It can be seen that Li atoms
contribute almost all valence electron and exist in the form of ions.

In summary, we have discussed the prospective applicability of
2D Ni-TABQ monolayer as anode material of lithium-ion batter-
ies on the basis of density functional theory method. First of all,
the elastic constants of 2D Ni-TABQ monolayer satisfy the Born-
Huang criteria, which indicates its excellent mechanical stability.
There is no imaginary mode in phonon dispersion curve, which
justifies that 2D Ni-TABQ monolayer is dynamically stable. Then,
we have discussed the feasibility of exfoliation from bulk multi-
layer Ni-TABQ to form 2D Ni-TABQ monolayer in the light of exfo-
liation energy and the atom binding energy. Additionally, the elec-
tronic property of 2D Ni-TABQ monolayer is acceptable because of
its pretty small band gap (0.2eV). Most important of all, lithium
storage on both sides of 2D Ni-TABQ monolayer can achieve theo-
retical specific capacity of 722 mAh/g, which nearly twice that of
commercial graphite anode in terms of lithium-ion batteries. Apart
from the storage property, the diffusion property of Li-ion on the
surface of 2D Ni-TABQ monolayer is likewise preeminent due to its
exceeding favorable diffusion barriers of 0.10eV and 0.13 eV which
significantly smaller relative to many other 2D anode materials.
The open-circuit voltage of 2D Ni-TABQ monolayer is demonstrated
within the appropriate range between from 1.12V to 0.22V. Based
on our results, 2D Ni-TABQ monolayer is an excellent candidate for
anode material of lithium-ion batteries.
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