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Abstract: The efficient performance of metal-ion batteries strongly depends on electrode materi-
als characteristics. Two-dimensional (2D) materials are among promising electrode materials for
metal-ion battery cells, owing to their excellent structural and electronic properties. Two-dimensional
graphdiyne has been recently fabricated and revealed unique storage capacities and fast charg-
ing rates. The current study explores the performance of the novel phosphorated-triphenylene
graphdiyne (P-TpG) monolayer as an anode material for Li-, Na-, K-, Mg-, and Ca-ions storage via
extensive density functional theory (DFT) simulations. Our results reveal that the stable structure of
P-TpG monolayers delivers ultra-high storage capacities of ~2148, ~1696, ~1017, and ~2035 mA-h-g~!
for Li-, Na-, K-, and Ca- ions, respectively. Notably, the metallic electronic behavior is illustrated
by adsorbing metal-ions on the P-TpG nanosheets, suggesting a good electronic conductivity. The
NEB results demonstrate that P-TpG can serve as an outstanding candidate for the optimal charg-
ing/discharging process. This theoretical study suggests P-TpG nanosheets as a highly promising
candidate for the design of advanced metal-ion batteries with remarkable charge capacities and
optimal charging/discharging rates.

Keywords: phosphorated triphenylene-graphdiyne; first principles; metal-ions batteries; 2D an-
ode materials

1. Introduction

Performance improvement of energy storage devices is a demanding task of advanced
electrified instruments and vehicles. Batteries are among the primary solutions for energy
storage devices that must satisfy the high energy density, safety, and low-cost criteria [1-3].
High-performance batteries strongly depend on the invention of novel electrode materials.
Two-dimensional materials such as graphene [4,5] have gained remarkable attention as
novel electrode materials owing to their excellent mechanical and electronic properties.
Specifically, 2D Intercalation-based electrode materials have shown great performance
in batteries [6-8]. The energy density and ion diffusion rate in electrodes determine the
performance of metal-ion batteries. Graphite is a standard commercial electrode material,
which is electrochemically stable. However, it has a low ion transmission rate and charge
capacity [9,10]. Lithium-ion batteries (LIB) are classified among the best available cells due
to their high power density and long-lasting battery life [11,12]. However, the scarcity of
lithium reserves restricts their usage [13,14] and increases their price. A limited amount
of Li resources in the Earth’s crust (20 ppm) [15,16] necessitates exploring non-Li storage
systems. The importance of the non-Li rechargeable batteries should not be ignored [17].
Two-dimensional transition metal disulfides have gained great attention as anode materials
for Na-ion batteries due to their high capacities and long operation life [18]. Xie et al. [19,20]
investigated the Na, K, Mg, Ca and Al storage on MXene sheets using DFT method. They
reported high volumetric capacities for these ions. VS2 and VSe2 exhibited promising
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performances as anode material for Ca- or Na- ions batteries as well. First-principles
analysis revealed that VS2 and VSe2 have considerable charge capacities of 257 mA-h-g ™!
for Ca- or Na-ion storages, which are very promising as non-Li batteries [21]. Wu et al. [22]
investigated hierarchical MoS, /Ti3C,Tx composites structures. Their results revealed that
MOoS, /Ti3C, Ty electrodes have a good cycling stability with 250.9 mA-h-g~! at 100 mA-g~!
after 100 cycles with 88% retention of the initial reversible capacity. Mg-ion batteries have
confirmed a high cell performance using a VS; nanosheet and with 0.4 M (PhMgCl),-
AlCl3 /tetrahydrofuran (APC/THF) and 50 wt.% 1-butyl-1-methylpiperidinium chloride
(PP14Cl) as the electrolyte. These batteries exhibited 348 mA-h-g~! storage capacity at
20 mA-g~! current density and excellent rate capability with a 214 mA-h-g~! capacity
at 2.0 A-g~! current density [23]. Electrodes have an essential role in the performance
improvement of metal-ion batteries. Hence, searching for optimal electrode materials is
one of the significant research challenges in battery development.

2D monolayers and heterostructures are used in various applications [24,25] due to
their high mechanical strength, electronic, and thermal conductivity [26]. Graphene itself
has a high electronic conductivity with moderate charge capacities of 372 mA-h-g~! [10].
Extensive studies have been conducted for novel 2D materials with high electronic con-
ductivity and charge capacity [27-32] as the most critical parameters in various appli-
cations [28,33,34]. Matsuoka et al. [33] experimentally designed and fabricated a novel
graphdiyne family structure called triphenylene graphdiyne (TpG). TpG nanosheets were
synthesized using hexaethynyltriphenylene monomers within the modified liquid-liquid
interfacial method [34]. This experimental realization was motivated to investigate the
intrinsic material properties and conducting novel theoretical predictions [35-37]. Recent
studies of graphdiyne family monolayers demonstrated the semiconducting electronic
behavior and high charge capacities for metal ion storage [386—41].

Graphdiyne belongs to the class of 2D carbon allotropes that have been experimen-
tally synthesized through a cross-coupling reaction using hexaethynylbenzene [42,43].
Graphdiyne nanosheets have shown outstanding properties include electronic conductivity,
charge capacity, low thermal resistance, and high stretchability [44—49]. Recent studies sug-
gested graphdiyne nanosheets for applications include energy storage -devices [27,31,32],
electrochemical actuators [50], or catalysts [30,51]. Recent experimental studies [33,42]
synthesized graphdiyne and a novel triphenylene graphdiyne (TpG) nanosheet fabricated
by the liquid-liquid and gas-liquid interface methods. The TpG nanosheet exhibits a poly-
meric structure with excellent thermal durability (up to 250 °C). Theoretical studies [37,52]
confirmed the lattice stability of novel nitrogenated-, phosphorated-, and arsenicated-TpG
(N-TpG, P-TpG, As-TpG) nanosheets. In our recent study [53], we employed DFT cal-
culations to investigate the application of N-TpG as an anode material for Na-, K-, Mg-,
Ca-ions storages. In this study, we comprehensively investigate the potential use of P-TpG
as anode material. P-TpG monolayer has shown a lower band-gap than N-TpG, which
suggest better semiconducting electronic behavior [37,52]. We explored electronic proper-
ties, stable adsorption sites, open circuit voltage profiles, charge exchange gradient, energy
band structures, electronic density of states (DOS), storage capacity, and diffusion-energy
barriers for Li-, Na-, K-, Mg-, Ca-ions. First-principles results confirm structural stability
and electronic conductivity [37] of P-TpG nanosheet essential for application as an an-
ode/cathode material in batteries. The acquired results suggest the great performance of
this novel class of 2D materials.

2. Computational Method

We conducted first-principles DFT simulations by employing the Vienna ab-initio
simulation package (VASP) [54-56]. Generalized gradient approximation (GGA) is used
with the exchange-correlation functional of Perdew-Burke-Ernzerhof (PBE) [57]. The
unbounded free electrons in the solid occupy the higher energy levels while the lowest
ground-state energy represents the stable structure and the desired solution is the lowest
energy structure. Therefore, the energy should cut at some upper bound. While the
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free electron’s kinetic energy is the highest in a solid, the cutoff energy refers in fact to
this kinetic energy. The cutoff energy is depending on a system and should be defined
high enough to derive accurate results. The plane waves with smaller kinetic energy are
included in calculations. We use the plane-wave basis set with an energy cut-off of 500 eV.
The VESTA [58] package is used for visualizing the atomic lattice. A dispersion scheme
of DFT-D2 [59] is employed to improve the binding energy calculations by accounting for
the dispersion corrections. Periodic boundary conditions are imposed in planar directions
with a vacuum layer of 16 A along with the sheet thickness. Energy minimized structures
are obtained by the conjugate gradient method with a convergence criterion of 10~* eV and
0.01 eV/A for the energies and forces. A 3 x 3 x 1 Monkhorst-Pack [60] k-point mesh size
is employed for the finite number of points in the Brillouin zone (BZ). Compared to finer
k-point grids, the employed 3 x 3 x 1 grid yields computationally efficient and accurate
results for the adsorption energies. Gradual intercalation simulations were realized by
adding metal atoms firstly at the predicted most stable binding sites and then randomly
positioning on the surface until the full capacity is reached [28,61]. To obtain more accurate
energy values, we conduct single-point calculations using the tetrahedron method with
Blochl corrections and 5 x 5 x 1 Monkhorst k-point mesh size. Bader charge analysis [62]
is then achieved to predict the final charge capacities. Finally, nudged elastic band (NEB)
method is employed to simulate the diffusion of a single adatom over P-TpG.

3. Results and Discussion
3.1. Lattice Structure and Electronic Properties

Figure 1 illustrates the energy-minimized P-TpG monolayer with a hexagonal lattice.
The DFT algorithm employs electronic relaxation and optimized geometry structures.
The hexagonal lattice parameter and the C-P bond’s average lengths are 14.41 A and
1.74~1.78 A, respectively. Unit-cell optimization results indicate the varying bond length of
1.23~1.44 A for C-C bonds. The spatial-dependent electron localization function (ELF) [63]
qualitatively describes the chemical bonding nature. We illustrated the ELF for the pristine
nanosheet in Figure 1. It takes values between 0 and 1, indicating delocalized electrons (0),
electron gas-like behavior (0.5), and localized electron regions (1). The electron localization
intensity in the middle of the C-C bonds shows the covalent bonding features. However,
the electron localization of the C-P bonds occurs mostly around the P atoms due to the
higher electronegativity of the P atoms than C atoms.

ocC Q 0 Q 0

or

Figure 1. The atomic lattice of P-TpG monolayer. Color contours refer to electron localization function
in unit-cell.

Theoretical studies confirmed the lattice stability of novel nitrogenated-, phosphorated-
, and arsenicated-TpG (N-TpG, P-TpG, As-TpG) nanosheets. According to reported PBE
results, the band-gaps of TpG, As-TpG, N-TpG, and P-TpG monolayers have been predicted
as ~1.26 eV, ~0.47 eV, ~1.24 eV, and ~1.00 eV, respectively, which makes them attractive
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semiconductor for the application as an electrode in rechargeable batteries [37,52]. The
electronic properties of the single-layer pristine P-TpG can be found in Figure 2. It shows
the band structure along with the high symmetry I'-M-K-T" directions in the irreducible
Brillion zone. The atoms’ contribution to the band structure and electronic density of states
(DOS) have been predicted by the PBE method. The results show that the top /bottom of the
valence/conduction bands occurs at the I'-point, leading to direct band-gaps of ~0.982 eV.
P-TpG monolayer has shown a smaller band-gap value than N-TpG with ~0.982 eV and
1.24 [37,52] using the PBE method, respectively, which implies better semiconducting
electronic characteristics of the P-TpG monolayer.
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Figure 2. P-TpG electronic band structure and density of states (DOS) are estimated employing PBE
functional. The Fermi energy level is shifted to zero.

3.2. Application as Anode Materials for Li, Na, K, Mg and Ca-Ions Batteries

We focus now on the application of P-TpG as anode material for batteries. We first
estimate the adsorption-energy profiles in the most stable sites, i.e., S1, 52, S3, and 54,
depicted in Figure 3. These bonding sites satisfy the highest adsorption-energy with
minimum total energy conditions. S1 and S4 are placed inside the nanosheet plane hollow
sections, while S2 is on top of the hexagonal part, while S4 can be found out-of-plane.
The corresponding adsorption energies of Li-, Na-, K-, Mg-, and Ca-ions over P-TpG are
calculated by:

Epg =Es—Ep—Eat (1)

where (E 4;) denotes the adsorption energy, Ep is the total energy of the pristine P-TpG
nanosheet, Eg the total energy of the system after metal atom adsorption and E 4; refers to
the per atom lattice energy of the metal adatoms (At = Li, Na, K, Mg, Ca). The S1 site exhibits
the maximum adsorption energies for Li, Na, K, and Ca adatoms with —2.026 eV, —2.476 eV,
—3.013 eV, and —2.428 eV, respectively. Detailed results are presented in Table 1 for all
predicted /most stable adsorption sites. Note that the optimal adsorption energy for anode
materials should not be close to zero or take positive values. Except for the Mg adatom,
all others yield negative adsorption energy values indicating adequate bonding between
the considered adatoms and P-TpG substrates. The results indicate that the considered
configurations for the Mg atom storage are not suitable since the adsorption energies are
very close to zero or positive. For all adatoms, the highest adsorption energies were found
in the S1 site. According to Table 1, Bader charge exchange analysis revealed the transferred
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charge values (AQ) from adsorbed atoms to the substrate for all configurations. The results
illustrate that Li and Na adatoms were perfectly ionized over the P-TpG substrates.
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Figure 3. Most stable adsorption sites over P-TpG.

Table 1. Predicted most stable adsorption-sites (S1, S2, S3, S4) for Li, Na, K, and Ca adatoms over monolayer P-TpG
substrate. Epgs, Lx-y, and Lz referred to the corresponding adsorption-energy, the distance between the x and y atoms,

the out-of-plane movement of an adatom on adsorption-sites (shown in Figure 3), respectively. AQ represents the charge

transfer from a single adatom to the P-TpG monolayer according to the Bader charge analysis.

Li

Na

K

Ca

Eags = —2.026 eV
Loy = 3.280 A

Epgs = —2.476 eV
Leina = 4263 A

Epgs = —3.013 eV
Lo = 4260 A

Epgs = —2.428 eV
Lep.ca = 4226 A

S1 Lepi = 3279 A Leona = 4263 A Lepx = 4.260A Leo-ca = 4.226 A
Ly=0A Ly=0A Ly=0A Ly=0A
AQ=0.99 lel AQ=0.9% lel AQ=0.850 lel AQ=1.620 lel
Epgs = —1.703eV Eagds = —1.735eV Epgs = —2.368 eV Epgds = —1.804 eV
Lpi = 2.558 A Lpi-Na = 2.901 A Lpi.x =3.297 A Lpi.ca =2.734 A
S2 Lpo.ii = 2.559 A Lpo-Na = 2.900 A Lpo.x =3.302 A Lpo.ca =2.733 A
Most stable Lz =1678 A Ly =2.163 A Ly =2514 A Lz =2027 A
adsorption sites AQ=0.993 lel AQ=0991 lel AQ=0932 lel AQ=1510 lel
Epgs = —1.567eV Epgds = —1.794eV Epgs = —2.284 eV Epgs = —1.712 eV
Leaj = 2505 A Leona = 3255 A Lek =2.965 A Le.ca = 2408 A
S3 Lpy; =2.482 A Lpna =2819 A Lpx =3.399 A Lp.ca=2.882 A
Ly =1.024 A Ly =0216 A Ly =2397 A Ly =1819 A
AQ=0.99% lel AQ=0993 lel AQ=0912 lel AQ=1.615 lel
Epgds = —1.551 eV Epgs = —1.793 eV Epgs = —2.513 eV Epds = —1.560 eV
Lo =2.840 A Lena = 3239 A Lok =3.729 A Le.ca =2.631 A
S4 Lp.i =2.487 A Lp.na = 2.807 A Lpx =3214 A Lp.ca = 2.647 A
Lz=0A Lz=0A Lz=0A Lz=0A
AQ=0.993 lel AQ=0992 lel AQ=0910 lel AQ=1.625 lel
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The charge transfers (Ap,) between Li-, Na-, K-, and Ca-ions and the P-TpG nanosheet
determine the configurations’ efficiency. Therefore, we calculated three charge densities of
the pristine structure (ps), single adatom (p4), and system compositions (p4s):

Apg = pas —pa —Ps 2

Figure 4 shows the Bader charge analysis [62] results, which gives insight about the
charge transfer gradient variation in the presence of ions. We employ VESTA to visualize
the variation of the charge transfer gradient. According to Table 1 and Figure 4, the charge
transfer efficiencies from a single Li and Na adatom are always over 99%. These results
suggest that a single Li and Na atom adsorbs effectively over the single-layer P-TpG.
Moreover, according to Bader charge analysis results, upon the adsorption Li and Na
adatoms are in the forms of Li* and Na*, in agreement with the process in batteries, in
which metal ions adsorb over the surface.

CuPhLi 2)E = —1.703¢V C:4P(‘Nan)Eéds=—l.735§V . C, P K ) Ep,=-2368¢V  C,,P.Ca d)E,, =-1.804eV
- o o o - Q..P o o i

go) Eng =—3.013¢V " llgEAds =—2-4§8 eV

Figure 4. Charge exchange between P-TpG and single Li, Na, K, and Ca-ions for S1 and S2 adsorption sites. Color coding
represents the binding charge transfer, such that green and red show the charge losses and charge gains, respectively.

The adsorption energy evaluation—by increasing the adatom coverage—is essential
for anode materials. The average adsorption energy (Eaq ) is calculated by:

(Esm —Ep —n x Eay)
n

Eaa = ®)
where Egyy, Ep, E4¢, and n are the system’s energy, pristine-substrate, single adatom, and
the number of adsorbed-ions on the surface, respectively. Metal ions intercalation are
simulated over P-TpG by gradually and consistently increase in ions coverage. Therefore,
ions are positioned uniformly on both surfaces with a priority of predicted stable binding
sites. Due to the surface energy-dependent and stochastic nature of the ions positioning, we
constructed three different ion distributions over the considered substrate, where the lowest
energy structure was selected to calculate the average adsorption energy. Electronic self-
consistent iterations find out the ground state of the electrons at each fixed atom position.
Then, geometry optimization is accomplished using the conjugate gradient approach,
in order to reach the minimum energy configuration in which the forces on ever atoms
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fall below a predefined threshold of 10~* eV eV /A. Figure 5 demonstrates the average
adsorption energy versus storage capacity over P-TpG. The adsorption of adatoms does
not lead to new chemical bonds formation or substrate defects. According to Figure 5, at
the initial storage levels, the adsorption energy decreases suddenly and then smoothly by
increasing the adatoms’ coverage. Increasing the ion coverages leads to weaker interactions
between adsorbed adatoms and the substrate. No ion agglomerations are observed due
to the weak bonding or physisorption [64]. The Faraday equation calculates the storage
capacity (S.) for different ion coverage (1) and given by:
n-V,-F

Se= — — 4)
where n, F, V,, and m, are the number of adatoms, Faraday constant, number of valance
electrons of ion, and the unit-cell atomic mass, respectively. In this study, the ion coverage is
calculated as 4, 7, 10,18, 22, 26, 30, and 38 adatoms for different ions. For all configurations,
the absolute values of the adsorption energies decrease with increasing ion coverage.
Subsequently, the repulsive forces increase hampering the adsorption for newly coming
atoms. As shown in Figure 5, despite the low-coverage of Mg atoms, the adsorption
energy quantity approaches zero or takes undesirable positive values, making Mg not
suitable for adsorbing over P-TpG. For the remaining ions, the adsorption energies remain
negative and far enough from zero. Interestingly, for ultra-high capacities of the Ca ion,
the adsorption energy remains in the optimal range. However, the considered substrate’s
structural stability should be demonstrated for a high amount of ion adsorption. The
K adatom has shown maximum changes in the average adsorption energy. The N-TpG
monolayers followed almost the same adsorption energy trends as the P-TpG nanosheets
with different values [53].
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Figure 5. The average adsorption energy versus storage capacity for Li, Na, Mg, K, and Ca-ions
over P-TpG.
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The open-circuit voltage is another significant parameter for anode substrates. Sub-
strates with lower positive voltage (around 0.3 volts and far away from zero) could deliver
higher output voltage in a battery cell. The voltage values should not be close to zero or
take negative values; otherwise, resulting in ions clusterization and dendrites formation.
The metallic-ion-clusters reduce the electrode adsorption capacity, and dendrites lead to
thermal explosion and performance failure of batteries. The average voltage (V) can be
estimated in a coverage domain of x; < x < x;, as follows [65]:

Esm,, — Esm,, + (x2 — xl)EAt)

|
V= (2 —m)le]

©)

where x1 5, Eg My, 7 E i, and lel indicate the number of adsorbed metal ions, total energies
of the systems, single adatom energy, and the number of valence electrons, respectively.
Equation (5) calculates the theoretical average voltage of a system. The maximum change of
Gibbs free energy by an electrochemical cell is equal to the cell potential multiplied by the
total charge that can be transferred during the charging/discharging. The energy obtained
by discharging between anode with x; and x; number of adsorbed ions is equal to the
integral of the product of the cell potential(voltage) and the displaced charge. Therefore, the
theoretical average voltage could be calculated by dividing the maximum amount of work
by the maximum charge (qmax = (x2 — x1) | e|) that can be transferred theoretically. Here
lel is the charge of an adatom and is equal to one for Li, Na, K ions, and for Ca is equal to
two [34,66,67]. Figure 6 presents the open-circuit voltage profiles versus storage capacities.
The voltage values drop immediately in the first coverage step (7 ions adsorption) and
remain under the value of ~0.3. It is a desirable value for increasing the output voltage
of a cell. However, there is no experimental support for P-TpG to compare open-circuit
voltage results to our best knowledge, graphdiyne exhibited theoretical specific voltage
value between 0.12-0.25 V [66] after the first coverage step, and the fabricated device with
graphdiyne as the host active material for perovskite solar cell applications exhibits an
open-circuit voltage of 1.073 V [67].
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Figure 6. Open-circuit voltage profiles versus storage capacity of Li, Na, K, and Ca ions over P-TpG.
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a) CyPsLi}g

The P-TpG nanosheet exhibits ultra-high capacities of ~2148, ~1696, ~1017, and
~2035 mA-h-g ! for Li-, Na-, K-, and Ca- ions, respectively, while the same ion coverage for
the N-TpG substrate revealed values of ~2160, ~1296, and ~2592 mA-h- g*1 for Na-, K-, and
Ca-ions storage, respectively [53]. Besides, the P-TpG and N-TpG [53] nanosheets show
a considerably higher storage capacity compared to the charge capacities of commercial
graphite [68], and theoretical VS, /VSe; [21] 2D structures for the Li-ion storage reported
as ~372 mA-h-g~!, and ~466 mA-h-g~!, respectively.

Rechargeable batteries are continuously charged and discharged. The repeated in-
crease/decrease in ion coverage may result in some structural changes in anode materials,
which subsequently may reduce the battery performance. The structural stability of sub-
strate materials during the ion adsorption plays a critical role in the application as a battery
anode. Figure 7 depicts the stable structures of P-TpG for different ion coverages. Note that
according to the ab-initio molecular dynamics calculations [37], the P-TpG nanosheets can
stay intact at high temperatures of 2000 K, which is undoubtedly higher than the batteries’
working temperatures.

d) Co4PeCays

b) C24PsNasp ¢) C24PeKis

p-o

Figure 7. Planar and lateral view of the most stable or lowest-energy structure of P-TpG nanosheet with (a) 38 Li; (b) 30 Na;
(c) 18 K; (d) 18 Ca adatoms content.

Metallic electronic characteristics are highly desirable for electrode materials in bat-
teries to reach internal electronic resistances. Metal atoms generally have low ionization
energy and low electronegativity. Hence, they tend to lose electrons. Therefore, we con-
ducted total electronic density of states (DOS) calculations for all the configurations with
three coverage levels of 1, 18, and 38 atoms over the P-TpG for each Li, Na, K, and Ca
adatom. Figure 8 confirms that at zero-state energy (Fermi level), the DOS is not zero,
verifying the composite structures’ metallic electronic behaviour.

The ion conductivity of electrode materials is among the most crucial parameters
for the optimal charging and discharging rate. Fast charging processes are needed for
electric vehicles and mobile devices. Therefore, we studied the ion conductivity over
the P-TpG monolayer to explore Li, Na, K, and Ca ion diffusion rates. The climbing
image NEB method is conducted for two hoping paths using most stable adsorption sites
(Figure 3). Figure 9 shows the corresponding hoping diffusion paths and barrier energies
for considered ions. Path 1 and path 2 start from the S1 adsorption site while it has the
highest adsorption energy value for all considered ions. Path1 follows the hoping of the
ions to the second most stable adsorption site (52 adsorption site in Figure 3) over the
center of the C4P2 hexagonal ring jumping over the full carbon hexagonal ring and finally
to the next C4P2 hexagonal ring. Path2 tracks the hoping of the ions to the second most
stable adsorption site then jumps to the S4 adsorption site in the hallowed part and follows
the path to the top left site over the C4P2 hexagonal ring. Figure 9 depicts the predicted
images between two hopping targets and the corresponding energy variations.
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Figure 9. Energy barriers along Pathl and Path2 are predicted by the nudged-elastic band method for a single Li, Na, K, Ca
ions diffusion over the monolayer P-TpG.
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According to Table 2, the paths start from the first most stable site. The maximum
barrier energies for Li, Na, K, and Ca ions take values of 0.75, 1, 0.78, 1.42 eV, respectively.
The K ion has the lowest barrier energy for the rest of the hopping paths, which is also
lower than the Li-ion barrier energy of graphene (0.37 eV) [69]. The Li-ion diffusion over
the hexagonal ring in path 1 N-TpG (0.37 eV) [37] has a lower energy barrier than P-TpG
(0.44 eV). Diffusion energy barriers play an important role in the diffusion rate of intercala-
tion electrodes. The optimized charging/discharging rate strongly depends on the diffusive
ions kinetic on an electrode. Intuitively lower energy barriers deliver a fast diffusion rate.
However, diffusion rates can be affected by multiple diffusive ion interactions and stacking
electrode materials [70,71]. As shown in Table 2, Li and K ions are energetically preferential
ions to deliver a high diffusion rate in the first and second pathways. The stacking structure
is an important influence on ions diffusion within changing/discharging and is one of the
possible ways to enhance anode materials performance [70,71]. Bilayer structures of the
graphene [72] considered as anode material for Li-ion batteries. Their results confirmed the
higher diffusion rate in AB-stacking structure than AA-stacking structures. The dominant
potential analysis indicated stacking structure highly affected the height of potential well.
In other study, stacking structure effects of bilayer black phosphorene were investigated on
Li-ions adsorption and diffusion [73]. The AC-stacking exhibited most favorable results for
Li adsorption and diffusion. Their results revealed stacking structure has very important
effects on ion adsorption, open-circuit voltage, and diffusion and indicated appropriate
stacking structure improves the anodic behaviour of the material. Figure 9 shows various
position-dependent energy barriers for different ions. The ions choose the paths with
the lowest barrier energies for passing during charging/discharging. The porous struc-
ture of the TpG materials helps the ions’ in-plane paths, resulting in a faster charging
process. Except for the Ca barrier energy over the last part of path 1, Li, Na, and K ions
have acceptable barrier energies which make P-TpG as an excellent candidate for optimal
charging/discharging processes.

Table 2. Maximum barrier energies along Path1 and Path2 for a single Li, Na, K, Ca ions diffusion
over the monolayer P-TpG.

Maximum Barrier Energy

Ions Path 1 Path 2
0.75 0.75
Li 0.44 0.48
0.34 0.28
1.00 1.00
Na 0.25 0.26
0.32 0.14
0.78 0.78
K 0.15 0.11
0.28 0.08
1.42 1.42
Ca 0.62 0.38
1.29 0.11

4. Summary

This study investigated the possible application of P-TpG monolayer as anode mate-
rials for Li, Na, K, Mg, and Ca ion batteries. Our results confirmed the ultra-high charge
capacity of P-TpG for Li-, Na-, K-, and Ca- ions. Predicted open circuit voltage profiles
revealed the promising performance of P-TpG monolayer generally positive values be-
low ~0.3 V after the adsorption of single adatoms. The NEB results illustrated P-TpG as
electrode material can offer optimal conditions to achieve fast charging/discharging rates,
which is highly desirable for some critical applications like electric vehicles. According to
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our current and previous studies [53], the adsorption-energy of the studied ions over the
N-TpG monolayers followed almost the similar variation trends as the P-TpG nanosheets
but with different adsorption energy values. The P-TpG nanosheet exhibits ultra-high
capacities of ~2148, ~1696, ~1017, and ~2035 mA'h-g_1 for Li-, Na-, K-, and Ca- ions,
respectively, while the same ion coverage for the N-TpG substrate revealed values of ~2160,
~1296, and ~2592 mA-h- g’l for Na-, K-, and Ca-ions storage, respectively [53]. Besides, the
P-TpG and N-TpG [53] nanosheets show a considerably higher storage capacity compared
to the charge capacities of commercial graphite [68], and theoretical VS, /VSe, [21] struc-
tures for the Li-ion storage reported as ~372 mA-h-g~1, and ~466 mA-h-g~1, respectively.
The insight provided by the first-principles results highlights the outstanding prospect of
P-TpG nanosheets as an anode material for future energy storage systems.
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