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In this thesis, we carried out first-principles calculations to study the
synergetic role of a transition metal and N co-doped graphdiyne (TMN,@GDY, TM =
Fe or Co) as a host cathode material in lithium-sulfur (Li-S) batteries. The
fundamental properties were explored, including the formation of doping,
adsorbability, electronic properties, suppression and solvation of lithium polysulfide
(LS, and catalytic Li,S, decomposition. Our computations reveal that a doped
substrate is thermodynamically stable. Their metallic structures promote redox
activities during the charge/discharge process. The adsorption strengths between
Sg/Li,Sx molecules and pristine GDY are weak as Van der Waals interactions, leading
to Li,Sy shuttling easily. The adsorbability is substantially improved upon adsorption
on the doped substrates where the molecules prefer to form TM-S and Li-N
bonding. Moreover, the adsorption strength between Li,S, and the doped substrates
is stronger than the binding interaction toward electrolyte molecules, suggesting a
good suppression of the shuttle effect. The Li,S, molecules show high solubility in
the presence of an electrolyte environment, especially DME solvent, leading to
promote Li,S, dissolution. In addition, the energy barriers of the Li,S, decomposition
on the doped substrates are reduced when compared to those on pristine GDY,
resulting in accelerated phase transformation. Our thesis may suggest that the doped

substrate is a promising candidate as a novel host cathode material in Li-S batteries.
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CHAPTER |
INTRODUCTION

1.1 Lithium-sulfur (Li-S) batteries and cathode materials

Nowadays, energy consumption has substantially increased due to the
demand for human activities, such as agriculture, logistic transportation, industries,
and communications (Boundy, 2019; Bradford, 2018; Kutscher et al., 2018). However,
energy production is a critical problem because of low productivity and poor
reusability. Developing energy storage technologies has been challenging to improve
the lack of energy and enhance energy capacity. Various solid-state chemistries are
commercially used to store electric power, including fuel cells (Smith, 2000),
pumped hydroelectricity (Lu et al.,, 2017), capacitors (Hall et al, 2010), flywheel
(Faraji et al., 2017), and batteries (C. Zhang et al., 2018). Among them, the battery
cells are applied as an electric device for large-scale utilization because they are
lishtweight, more stable, and have a higher capacity than other chemistries. In
addition, rechargeable batteries are widely used for several applications such as
hybrid-electric vehicles (EVs), portable electronic devices, power plants, and mobile
phones (Liang et al., 2019; Placke et al, 2017), which they can be reusable and
sustainable, leading to saving budget and fast re-productivity.

Regarding rechargeable batteries, lithium-ion (Li-ion) batteries have attracted
attention for the past decades (Armand et al., 2008; Whittingham, 1976). These
batteries show remarkable potential with high energy capacity and power densities.
However, further development of Li-ion batteries is restricted due to the ability and
engineering-designed limitations (Goodenough et al.,, 2013). Various emerging
alternative energy storage is currently proposed for next-generation battery systems
to substitute the conventional Li-ion cells, such as sodium-ion (Na-ion) batteries (Ni
et al., 2017), sodium-sulfur (Na-S) batteries (Wang et al., 2017), Na-air batteries (Khan
et al., 2020), lithium-air batteries (Aurbach et al, 2016), and vanadium redox

batteries (He et al., 2022). Nevertheless, most of them are still under development



because some critical battery issuers have not been improved. Thus, a
comprehensive understanding of the behaviors and phenomena in the battery cell is
significant for further developing and obtaining better battery performance for the
commercial community.

Rechargeable Li-S batteries have been one of the promising next-generation
energy storage for a decade (X. Liu et al., 2018). The theoretical specific capacity and
energy density are as high as 2600 Wh ke and 1672 mA h g¢*, respectively (Ji et al.,
2009; Yin et al., 2013). Such potentials are higher than those of other commercial
batteries, including Ni-H batteries (80 Wh kg™, 100 mA h g¢*), Zn-air batteries (1086 Wh
kg, 820 mA h ¢), and Li-ion batteries (387 Wh kg*, 155 mA h ¢!) (Barghamadi et al.,
2013; Ma et al., 2015). Moreover, sulfur material as the component of the cathode
side is commonly found in natural resources with its environmentally friendly,
leading to low cost and non-toxicity (Canfield, 2001). A lithium-metal anode is also
lishtweight, with a highly negative redox potential of -3.04 V vs. standard hydrogen
electrode (SHE). These advantages bring Li-S batteries to stand out, attracting most of
the attention as a new promising battery in the future.

Li-S batteries are electrochemical cell with high gravimetric energy. The redox
mechanism involves the reaction between lithium ions (Li*) and sulfur molecules
(Sg), where Sg is an allotrope of sulfur crystals with the highest stability in nature. The
schematic diagram and corresponding voltage profiles of the Li-S cell are shown in
Figure 1.1. The complete redox reaction is shown in following

Sg + 16e + 16Li" €> 8Li,S,
where Li,S is lithium sulfide molecules as the final product during the discharge
process. The reduction reaction involves Li" extracted from the lithium metal anode
to diffuse through an electrolyte solvent to react with Sg on the cathode side. The
complex forms of this interaction are lithium polysulfide (LiPS) with an empirical form
of Li,S, where x = 1, 2, 4, 6, and 8. The elementary reactions of this reduction
mechanism can be shown below (Barchasz et al., 2012; Moy et al., 2014),
Sg + 2e + 2Li" = Li,Sg
3Li,Sg + 2e” + 2Li* = 4Li,Se
Li,Sg + 2e + 2Li" = 3Li,S,



Li,Ss + 2€ + 2Li* = 2Li,S,

Li,S, + 2e + 2Li* = 2Li,S.
The physical properties of LiPS species are basically separated into two groups
regarding their molecular size, including the long-chain LiPSs (Li,Sg, Li,S¢, and Li,Sq)
and the short-chain LiPSs (Li,S, and Li,S). The long-chain molecules possess high
solubility in an electrolyte solvent and high conductivity, whereas the short-chain
molecules show a solid phase with high resistivity and low solubility (Mikhaylik et al.,
2004).

(a) discharge charge (b) 5
e’ e =2
e 2\)-3\ Address
§ 30F polysulphide solubility
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Figure 1.1 (a) The general geometry of Li-S cell with its charge/discharge process. (b)
Voltage profiles of Li-S cells (Manthiram et al., 2014).

The significant problems in Li-S batteries consist of low Coulombic efficiency,
short-term cycle utilization, and sluggish redox reactions, as shown in Figure 1.2 (Wild
et al., 2015). When long-chain LiPSs (Li,Sg, Li,Se, and Li,S4) dissolve in a solvent, they
can diffuse to move nearby the electron-rich lithium anode surface with the help of
gradient concentration and an internal electric field between electrodes. This
phenomenon of polysulfide transport is called the “Shuttle effect.” Such soluble
molecules can react with lithium atoms at the surface, receiving additional electrons
directly, to undergo the decomposition reactions to form smaller LiPSs (Li,S, and
Li,S), leading to the growth of Li,S film formation at the anode surface, resulting in
low Coulombic efficiency (Bresser et al., 2013; Huang et al., 2015; Mikhaylik et al.,
2004). For the cathode side, the Li,S phase provides high-volume expansion within
the electrode. This may cause the battery to swell. The electronic resistivity of Li,S is

higher than 10'* ohm-m, resulting in the problematic Li-ion diffusion with a low



diffusivity of 10" cm? s’ It leads to an increase the internal resistance and prohibits
further redox reactions. During the change process, the Li,S conversion requires
enormous activation energy to overcome an energy barrier for phase transformation
with sluggish redox activities (Assary et al., 2014). Another problem is also presented
on the anode side, such as lithium dendrite, which can destroy a separator, leading
to a short circuit (Pang et al., 2018). These critical problems inhibit Li-S batteries to
exposes to commercialization. Therefore, several research has attempted to improve
these issuers by searching for a novel promising host cathode material for Li-S

batteries.
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Figure 1.2 Summary of the effect on electrodes, including the lithium polysulfide
shuttle, polysulfide dissolution, and insoluble phase SEI formation on the anode side

(Wild et al., 2015).

1.2  Two-dimensional graphdiyne (GDY) material

A suitable cathode material can improve to suppress the LiPSs shuttling and
promote phase transformation. One of the essential features of host cathode
materials is a good conductor because the sulfur material (Sg) is an insulator with
poor electron accessibility on the cathode side, which a host cathode can be able to
distribute electrons to Sg for the redox activities (Eftekhari et al., 2017). Furthermore,
the preliminary properties of cathode material should have at least three features

(Eftekhari et al, 2017): (i) high surface area for the accommodation of sulfur



molecules and good electronic mobility, (i) high chemical interaction of Sgand the
products of LiPSs, which is able to confide the LiPSs within the cathode to suppress
the shuttle effect, and (iii) good catalytic material to help the acceleration of the
redox reaction during charge and discharge process. According to this consideration,
there are several promising host cathode materials for this battery, including carbon
nanomaterials (Lee et al., 2017), Inorganic compounds, e.g., metal sulfides and metal
oxides (Xia et al., 2016), organic-based materials, e.g., conductive polymers and
covalent organic frameworks (Zhao et al., 2016), and selenium sulfides (Eftekhari,
2017).

Most of the host cathodes for Li-S batteries are somehow based-carbon
materials because of simple preparation by carbonization, lost cost, and generality.
Various common forms have been applied to the host cathode material, such as
spheres (Zhu et al., 2015), porous (Deng et al., 2016), nanofibers (Z. Zhang et al.,
2016), nanotubes (Wu et al., 2014), aerogels (X. Li et al, 2016), and three-
dimensional interconnected (Rehman et al., 2016). Such carbon allotropes-based
cathodes provide different battery performances for Li-S batteries. For instance,
porous carbon exhibits a specific capacity of 675 mA h ¢ at a 0.1 C rate (Ghazi et al.,
2016). Multiwalled carbon nanotubes provide 1450 mA h ¢' at a 0.2 C rate.
Meanwhile, carbon microgels show 1132 mA h ¢! at a 0.1 C rate (Mentbayeva et al.,
2016). Although the development of the cathode shows growing interest in the Li-S
batteries, it is still to be further ordered to obtain better performance.

One of the new low-dimensional carbon materials for the cathode is
graphdiyne (GDY) which is one of the 2D-carbon allotropes built by the combination
of sp- and sp*hybridized carbon atoms (G. Li et al., 2010). It is the repeating network
of diacetylenic linkage connected to the benzene rings. Such planar provides a
porous region with uniformly distributed pores of 5.42 A and a sizeable empty area of
6.30 A% as illustrated in Figure 1.3 (Cranford et al., 2012). This allotrope was first
proposed by Haley, Brand, and Pak in 1987 (Baughman et al., 1987). Afterward,
experiments have been successfully synthesized since 2010, which offer the lattice
parameter of the GDY unit cell with 9.458 A, and many fundamental properties have

been explored (G. Li et al., 2010).



(a)

Figure 1.3 (a) chemical Lewis’s structure of graphduyne (GDY). (b) Full atomistic
model of GDY depicting the triangular pore (Cranford et al., 2012).

The investigation of electronic properties shows that GDY is a semiconductor
with a small direct band gap of 0.46 eV at the gamma point. GDY has an intrinsic
electron mobility of 20.81 X 10* cm? V! S, and the magnitude of hole mobility is
lower (1.97 x 10 cm? V! S*) at room temperature (Gao et al., 2019). Moreover,
other works demonstrate that GDY material provides high nonlinear optical
susceptibility, uniformly distributed pores, and low thermal conductivity; see
references (R. Liu et al., 2017). These impressions have pumped GDY up to attract
significant attention for several applications such as energy storage and conversion,
water remediation, gas separation, metal-free catalysis, and gas sensor.

In an energy storage technology framework, 2D-GDY material has been
fabricated to apply as a battery host electrode. Experimental works have suggested
that GDY is a promising energy storage material for Li-ion batteries and capacitors (H.
Du et al.,, 2016; Jang et al., 2013). First-principles computation reveals that diffusion
of Li" on both in-plane and out-plane GDY provides high ion mobility with a
moderate activation barrier of 0.53 - 0.57 eV (H. Zhang et al., 2013). Since 2017,
cathode material based on sulfide graphdiyne (SGDY) has been designed for Li-S
batteries, as shown in Figure 1.4. SGDY was prepared by a thermal synthesis
production, where GDY powder and sublimed sulfur were mixed in a quartz mortar,
then the mixture was heated at 350 °C for 3 hours in a tube furnace under an Ar
environment. The results show that SGDY provides the first cycle reversible specific
capacity of 960.9 mAh g*, high reversibility, and almost 100% Coulombic efficiency.
Moreover, the SGDY cathode exhibits superior cycle stability with a high reversible



capacity of 821.4 (at 0.5 C) and 713.7 (at 1 C) mAh g™ upon 100 cycles, as shown in
Figure 1.5 (H. Du et al., 2017).

5 \,_ SGDY. 10 nm Y
Figure 1.4 (a) The schematic of the preparation process of sulfide graphdiyne (SGDY).

(b) SEM image of GDY. (c) TEM image of GDY. (d) HRTEM image of GDY. (e) SEM image
of SGDY. (f) TEM image of SGDY. (g) HRTEM image of SGDY (H. Du et al., 2017).

Although the sulfur cathode based on sulfide graphdiyne (SGDY)
demonstrates excellent electrochemical performances such as high capacity, superior
rate stability, and high Coulombic capacity, the SGDY composite still has some
problems with shuttle effect and weak adsorption strength with sulfur materials. The
first-principle calculation reveals that the adsorption energy between Sg and pristine
GDY monolayer is 0.410 eV which can be classified as the van der Waals interaction,
suggesting low Sg confinement within the cathode (Cai, 2020). In addition, the
adsorption strength between long-change LiPS species (i.e., Li,Sg, Li,Ss, and Li,Sg) is in
the range of 0.573 - 0.662 eV as weak physisorption (Cai, 2020). This adsorptivity
cannot suppress the LiPSs solubility, leading to the shuttle effect. Thus, the main
challenge in utilizing GDY as the host cathode is to design the carbon atoms capable
of effective chemical adsorption with Sg by increasing the electron-rich at an active

site on the cathode surface.
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Figure 1.5 (a) The 2" and 3ed charge/discharge of SGDY cathode at 0.1 C (1 C = 1672
mA ¢?). (b) CV curve at a scan rate of 0.1 mV s™%. (c) Rate performance. (d) Cycling

performance of SGDY cathode at current densities of 0.5 and 1 C (H. Du et al., 2017).

1.3  Transition metal and nitrogen co-doping

Structural modification of 2D materials is one of the efficient strategies to
alter the uniformity of change distribution to promote chemical interaction with Ss.
The possible way to intensify the adsorptivity of GDY from weak to strong binding is
an atomic substitution of carbon atoms with other elements. Nitrogen doping is a
common foreign element to substitute in a carbon material and has been widely
used in carbon maodification for Li-S batteries. For instance, nitrogen (N)-doped
mesoporous carbon-based cathode shows a specific capacity of up to 1585 mA h ¢*
at a 0.1 C rate (Y. Liu et al,, 2016 ). Meanwhile, nitrogen-rich carbon nanotube
/graphene also exhibits 1314 mA h g* at a 0.2 C rate with high-capacity retention
(Ding et al., 2016). These doped N atoms with higher valance electrons are electron
donors interacting with the travel Li atoms as electron acceptors in the LIPS
molecules. Based on Lewis’s acid-base theory, the electron donor with higher
electronegativity acts as the Lewis based, whereas the electron acceptor with lower
electronegativity acts as the Lewis acid, leading to a strong chemical interaction. For

other dopants, boron (B)-dopant on porous carbon leads to a positive polarization of



carbon substrates and provides strong chemical interaction with Sg and LiPSs (Yang et
al., 2014). However, other dopants (e.g., F, S, P, and Cl) are unfeasible to enhance
the adsorptivity effectively and cannot inhibit the Llithium polysulfide shuttling.
Moreover, some works suggest that only N and O doping can improve the
chemisorption between the cathode substrate and LiPS molecules (Eftekhari et al,,
2017).

Although the adsorptivity is improved upon N doping, there is still the
problem of the shuttle effect and capacity fading when the batteries are used a lot.
Both experiment and theoretical works show that only N doping cannot suppress
LiPS shuttling. Therefore, co-doping is one of the possible ways to intensity the
chemical interaction to obtain more effective N-doping. For example, cobalt (Co) and
N co-doped graphene substrates have been synthesized to apply as host cathode for
Li-S batteries. The experimental results reveal that the Co-N-C center behaves as a
bifunctional electrocatalyst to contribute to the (de)formation of LiPS form, which
yields a gravimetric capacity of 1210 mAh ¢* (Z. Du et al., 2019). In addition, its first-
principles calculation suggests that the LiPSs decomposition on the co-doped
substrate provides a more minor activation energy barrier (1.4 eV) during discharge
compared to that on the N-doped substrate (2.3 eV), as shown in Figure 1.6. Other
computations reveal that the single-atom Fe and N co-doped graphene alters the
adsorption with LiPS molecules, which can inhibit the dissociation of LiPSs into
electrolyte solvents (J. Wang et al., 2019). This is because of the synergetic role
between transition metal (TM) and nitrogen in promoting the chemical interaction of
the TM-S and Li-N bond. Interestingly, the energy barrier of LiPS decomposition is
reduced in the presence of TM and N co-doping, accelerating the phase
transformation during the (dis)charge process. Hence, the combination between TM
and N substitution on a carbon material expectedly provides a significant impact on

enhancing the battery performance in Li-S batteries.
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Figure 1.6 (a) HAADF-STEM image of Co-N doped graphene. (b) CV of symmetric cell
with Co and N doping, N doping, and Co doping on graphene for Li-S battery. (c)
Evolution of the intensities of peak B and peak D. (d) Energy profiles for LiPS on N-
doped and Co-N-doped graphene (Z. Du et al., 2019).

Recently, incorporating transition metals, including Co (X. Wang et al., 2019)
and Fe atom (Si et al., 2019), in the N-doped GDY have successfully been fabricated
as a novel electrocatalyst for both the oxygen reactions (ORR) and hydrogen
evolution reactions (HER). The Schematic illustration of the synthetic procedure is
shown in Figure 1.7. Co and Fe are much attention to because of their excellent
catalytic activity for LiPS phase transformation. The material characterization reveals
that C atoms in the GDY structure were substituted by N atoms, whereas Co
atoms/clusters were trapped on the GDY surface. However, such TM and N co-doped
GDY have not been applied yet as host cathode materials for Li-S batteries.
According to the previous mention of the exciting properties of GDY and co-doping,
there motivated good attention to the use TM and N co-doped GDY to be a

promising host cathode as a new candidate material for Li-S batteries.
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1.4 Research objectives

Here, we studied the properties of pristine GDY and the TM and N co-doped
GDY material as a host cathode for Li-S batteries using the standard computation
methods, including the density functional theory (DFT) approach and ab-initio
molecular dynamics (AIMD) simulation. The doped GDY models were constructed by
doping N and TM (Co and Fe) atoms to find the most stable structural configuration.
Two main aspects were investigated: (i) the adsorptivity of Sg and LiPS molecules on
the pristine and doped GDY monolayer to assess the ability to suppress the
polysulfide shuttling, and (i) the thermodynamic and kinetic behaviors of the

decomposition reaction of small LiPSs.
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1.5 Scope and limitations

In this thesis, all calculations were carried out using the spin-polarized DFT
method via the plane-wave technique implemented in the Vienna ab initio
Simulation Package (VASP 5.3) with the frozen-core projector-augmented wave (PAW)
approach to treat the electron-ion interaction. The exchange-correlation functional
was described by the generalized gradient approximation of Perdew-Burke-Ernzerhof
(PBE). Even though obtained theoretical results in the framework of the DFT study
(e.g., the total energy of a system, mechanical properties) provides an outcome
accurately, corresponding electronic properties with especially band energy gap are
underestimated smaller than experimental reports. This underestimation occurs from
the intrinsic self-interaction error in the PBE approximation. However, electronic
density of state (DOS) and band structure calculation still provides satisfactory results
to explain an electronic feature of electron states and the other essential
characteristics. In addition, the DOS-related electronic structure cannot simply be
directly related to macroscopic conductivity.

The charge distribution on atoms and the amount of charge transfer were
analyzed via the Bader charge calculation. This method considered the Bader
volume of an atom enclosed to estimate the zero flux regions and determine the
net charge on particles. However, the assigned charge was not distinguished by an
integer number.

Nudged elastic band (NEB) approach is applied to find the minimum energy
pathway (MEP), which passes over the energy barrier between the initial and final
state for the catalytic decomposition path of LiPS dissociation and diffusion path of
Li-ion to describe the ability of phase transformation during the charging process. It
should be noted that the curvature of MEP possesses a limit of saddle points. Our
NEB calculation was given five images as an intermediate configuration between the

initial and final states.
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CHAPTER Il
FIRST-PRINCIPLES METHODS

In this chapter, we will elucidate the theoretical and computational approaches
at the core level of the implementation in this work. The computational tool is
beneficial to provide a basic explanation of solid-state chemistries. Here, we will first
introduce the fundamental equation of quantum mechanics with the Schrédinger
equation for many-body particle systems to discuss how the solid-state material is
discussed from the atomic perspective (section 2.1). Secondly, the development of
density functional theory (DFT) as a computational quantum modeling will be
described (section 2.2). The electron density and its roles will be reviewed. Next, the
approximated approach used for the exchange-correlation functional will be explained
in section 2.3, followed by the discussion of the wave function and pseudopotential
(section 2.4). Moreover, based on the dynamic study, the introduction of the ab-initio
molecular dynamics (AIMD) simulation will be described (section 2.5). Finally, the
summary of the computational details in this work, set in the Vienna Ab initio

Simulation Package (VASP), will be elucidated in section 2.6.

2.1  Many-body Schrédinger equation

The behavior of atomic nucleus and interacting electrons in a lattice solid-state
system is fully described by quantum mechanics, which derives from the Many-body
Schrédinger equation. The so-called time-independent Schrédinger equation as a
simple form to explain such particle behavior in the system is

HY({R,); ) =EY{R,;T}) (2.1)
where H is the Hamiltonian operator, \P({f?/;r}- 1) is a wavefunction, £is a energy of the
system, A, is a position of nucleus /, and 7 is a position of an electron i. The
Hamiltonian operator for the many-body system consists of both kinetic and potential

energy terms; the kinetic operator (7), the potential operator of nucleus-nucleus
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interaction (V/,,), the potential operator of electron-electron interaction (//_), and the

potential operator of nucleus-electrons interaction (V. ), which can be written as
H=T4+V, +V_+V, (2.2)

From the above equation, the kinetic energy operator can be described as the

following

= Z—W Z—vz (2.3

- 2m

where m, is a mass of nucleus /vvlth M particles, and m_ is a mass of an electron with

e

N particles in the system. For the term of potential energy, the potential operator of

the interaction between arbitrary two nuclei at position

. 1 zZe
Vi = il (2.4)
> ame, | R, —R, |

where Z,and Z, are the atomic number of nuclei | and J, respectively. While the

potential energy operator of the electron-electron interactions at positions 7, and 7,

!

is similar as shown in above

2

I/AEE‘:Z ] f’—_ (2.5)

> 47[80 "; _l’/ |

For the last tern in Eqg. 2.2, the total potential operator of the interaction between

nucleus | and electron | can be presented as the foLLowing

USRI

/1/147[8|R—/’|

(2.6)

Although the time-independent form is more simplified, it is still complicated and
difficult to solve the exact solution. In the solid-state system with several particles,
there is the high dimensionality of ¥ .

The Born-Oppenheimer approximation (Born et al., 1927; Cederbaum, 2008)
has been proposed to reduce the complexity of the Schrédinger equation by cutting
the terms of kinetic and potential operators of the nucleus. This principle assumes
that the motion of the nucleus in the system is languid and that the difference in mass
between a nucleus and an electron is massive. In addition, the potential energy of

nucleus-nucleus interaction is treated to be constant, where the degree of freedom of
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an electron is taken into account. Therefore, the reduced Hamiltonian operator

becomes
= —Z —vz U+, (2.7)
= 2m,
or
N hZ
D Y O D
/=1 zme , > 4”8 |f /=1 /=1 4”8 |R _fl
Therefore, we obtain the reduced Schrodmger equation as
HYUZY = EY{RY (2.9)

Despite this simplification, solving W ({7 }) remains difficult. The increase of N electrons
in the system affects the rapid expansion of dimensionality ¥ . If two electrons with
the same spin interchanges positions, much turn side (“exchange” property) is
governed by the Pauli exclusion principle. Moreover, the influence of motion of
surrounding electrons in the system affects each other (“correlation” property). Such
complex phenomena also lead to difficult tasks in solving the solution. Therefore, the
several approximation principles were further developed to obtain a simpler form of

the Schrédinger equation for electrons in the lattice system.

2.2  Hartree-Fock approximation

Although Schrodinger equation is helpful to describe the behaviors of particles
in many-body quantum systems, it is only useful for the small systems due to the high
complexity. Many approaches have been proposed to simplify the approximated
Schrodinger equation. John C. Slater (1900-1976) (Slater, 1930) proposed the simple
approximate expression for a wavefunction of a multi-fermionic system and the mean-
field approaches. Hartree proposed the simple approximation method to solve the
solution of Schrédinger equation, but the Hartree approach still provided a significant
inaccuracy. Hartree-Fock method (1930) (Fock, 1930; Hartree, 1928) was determined to
estimate the Schrédinger equation by regarding the Slater determinant to yield the

Hartree-Fock wave function and energy of the system, where the Hartree-Fock

wavefunction , ¥ ({7 "}, can be written as
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vi () ) ()

v, v,y ()
HF e— 1
Py =—=| . - : (2.10)

I

v )y () ey, ()
Where N is the total number of electrons. This wavefunction is taken into account the
antisymmetric property and the Pauli exclusion principle. The electrons can
interchange the position that accurately switches the corresponding columns in the

determinant. The Hartree-Fock Hamiltonian can be presented as the below equation,

h A . .
—— VI + ) D =Ep @) 21D
2m

e

where V" and |/:.X are the Hartree and exchange potential operators, respectively.

/

Therefore, the Hartree-Fock potential operator, v |/:.H +|/:.X, is the combination

!

between V" and I/A,X, where can be written as a function of the Hartree-Fock density,

/

,0,./#(7,7’), as the following

oo € jmf>
/ Are,

—p" (7,7
— (2.12)

5 -

=

The first term deals with the total Coulomb repulsion potential and the last term is

the fermionic exchange effect. The Hartree-Fock approximation is more accurate than

the Hartree one. However, it does not consider the correlation effect of the electron

interaction in the system. At the present, the analytical form of the correlation has not

been found. The Hartree-Fock wavefunction equation is useful for the small system

but useless with the increase of particles in the system.

2.3  Density functional theory

Density functional theory (DFT) is a modeling method for ab-initio quantum
mechanics, which is basically studied the fundamental properties of atoms and
electrons in the many-body system. The electron density is the main concept of the

DFT approach, which expresses the exchange-correlation energy from the Hohenberg-
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Kohn theorems. Meanwhile, Kohn-Sham's equation developed the electron density

and the single-particle wavefunction.
2.3.1 Electron density

The concept of the DFT scheme considers the total electron density, p(r),
instead of the particles in the systems. This concept contributes to obtaining a more
simple approximation of the Schrédinger equation than the Hartree-Fock

approximation. The electron density can be written in terms of the wavefunction:
p(7) =D v, ()| (2.13)

where this electron density does not have the interaction with each other. Some
literature replaced , (7') by orbital ¢ (7), indicating a noninteracting electron system

(the so-called Kohn-Sham orbitals).
2.3.2 The Hohenberg-Kohn theorems

In 1964, Hohenberg and Kohn (Hohenberg et al., 1964) proposed the two
theorems, that identified the character of electron density as an essential factor in the
DFT approach, where both theorems involved the wavefunction, Hamiltonian, and

external energy, as follows:

® The first theorem: the external potential /. (7)is determined within

ext

a trivial additive constant by a ground-state electron density p(r).

® The second theorem: the minimal ground state energy of the system
E[p(r)] thatis the functional of electron density can be calculated in
terms of the dependent-internal energies £, [p(r)] and the
independent-external potential £_.[p(r)], as follows:
ELp(M=F,lpr+E, . [p()] (2.14)
Where the derivative of the total energy functional depended on p(r)
can be considered by variation principle:
L, Lp(r)]
N p=p,
2.3.3 The Kohn-Sham equation

=0 when N= J.,O(f)df (2.15)

In 1965, Kohn and Sham (Kohn et al., 1965) proposed the simple concept for

solving the many-body problem derived from the independent electron
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approximation. This concept assumes that each electron in the system moves liberally,
where the average potential field is attributed to the interaction between electrons
and nuclei in the system. Depending on the 2"¢ Hohenberg-Kohn theorem as Eq. 2.14,
the total internal energy, £, [p(r)], can be written as

Fulp(r =T [p(r+ £, [p(r)]+E£,.[p(r)] (2.16)
where 7. [p(r)] is a non-interacting kinetic energy, £_ [p(r)]is the energy of two
electrons interaction and is the energy of the interaction between an electron and the

present nucleus. These correct terms in the Eq. 2.16 can be written as a function of

the electron density as

lpPI==) —V*
= 2m
1 1 (1) p(r)e”
Elp(FN=— ”p T o
2 4re, |n—7]
and
1 & pf)z, e
ELlpPl=—> & (2.17)

dre, = |R—T|
For the final right term in the Eq. 2.14, the total external energy, £_,.[p(r)], is
complained by
ELpFN=T, [pFN+E [pFl+ £ [ p(F)] (2.18)

where 7_[p(r)] is a interacting kinetic energy, £,[p(r)] and £ .[p(r)] are the
exchange and correlation energy, respectively. However, in DFT approach, the term of
external energy does not have the exact uniform. We will call all energy term of the
external energies as the exchange-correlation energy, £, [p(r)]. Therefore, the total
energy of ground state can be written as

ELpN=T [ pEN+E[p(PN+E, [ p+E, [ p(F)] (2.19)
From above equation, we obtain the potential operator that corresponds to the
ground-state total energy (so-called the effective potential operator; V. [p(F)I,
depended on the electron density. Therefore, the simplified Schroédinger equation can
be presented as

2
{—’ +V, [p(?)]}l’fs (F)=E¥E(r) (2.20)
2



25

We can call the Eqg. 2.20 as Kohn-Sham equation, where ‘P,KS(F) is Kohn-Sham orbital,

E,is the energy as an eigenvalue, corresponding to LP/.KS(F). V., [p(F)] is the effective

potential operator comprised of

V., o=V, [pPN+V [ pFN+V, [p(F)]
1

(7) R
S A Z VU o] (221)

2°\|r —/’ ’ /=1 |R
where V,[p(7)] is the Hartree potential operator, expenenced by the total potential

od ==f the electron density in the system at position 7, [p(7F)] is the external

Vo

potential operator of the interaction between an electron and nucleus at position 7,

and the last term V, [p(F)] is the exchange-correlation potential operator, which

relates to the exchange-correlation energy as

(o= ) 222
op(r)

The exchange-correlation term does not have the exact form because we

V,

XC

cannot know an analytically total energy form, including an interacting kinetic energy,
exchange energy, and correlation energy. It is important to find the approximated

exchange-correlation energy to solve the Kohn-Sham equation.
2.3.4 Exchange-correlation functional

In DFT functional when dealing with Kohn-Sham approach, all energy
operators and a wavefunction are known exactly, unlike the un-known term of the
exchange-correlation (XC) operator, which is the main problem of this theorem. Even
though the XC energy is less than 10% of the total energy, it involves identifying
materials properties. There are many attentions to propose the approximation of this
energy term as a function of electron density. The XC energy can be treated to be
local functionals of electron density in spherical three-dimensions. The local XC energy

per electron can be written as the follow

pXC(r r )dFJ

£, [p(Fl= (2.23)

27 |7 =7
Then the common XC energy functional is the combination over the whole space of

electron density, multiplied by the &, [p(r)]:
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E lpFN= f p(Fe, (7, p)aF (2.28)
Recently, there are two most popular XC functionals that have been used,
including the local density approximation (LDA) and the generalized gradient
approximation (GGA). For the LDA, it can be the exact form for homogeneous electron

gas. The XC energy of the LDA can be written as

ELT J o(r gf([gA (Mlar (2.25)

However, this XC energy functional cannot be applied well for the real system due to
the inhomogeneous behavior. To obtain more accurate XC energy functionals, GGA
corrected this inhomogeneous character with general formula, regarded the density

gradient as a follow
E p(F Ip gXC (r),Vp(rdr (2.26)

This £y [p(F)] is different from £, [p(F)] because it is no simple functional form.
Many different forms of GGA functionals have been proposed and widely used,
including PW91, Perdew and Wang 1992 (John P Perdew et al., 1992), and the PBE,
Perdew, Burke, and Ernzerhof, 1996 (John P. Perdew et al., 1996). In this thesis, we

focused on the PBE functional which its XC energy density can be written as

PBE ¢ ., (A N\ -
Exe Lp(r),Vp(rl=——| — | n’(r)F(x) (2.27)
a\ 1T
where
a |V,0(7)|
Fx)=14+a— X = (a and b are constant)

14 x> A
X n® (F)

The energy density in Eq. 2.27 can be substituted in Ec. 2.26 to get the XC energy
functional, E)/:?E[p(f)], then the corresponding XC potential of PBE is
SEE [ p(F)]

op(r)

2.3.5 Wavefunction and pseudopotential

(2.28)

PBE
[

Vie Lp(r)]=

The pseudopotential (PP) approach was proposed by Heine in 1970 for
classifying electrons in the system. The materials normally consist of large-thousand

electrons, leading to difficult and complicate calculation for DFT. The PP approach is
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able to manage this problem by classifying electrons into two groups, including core
electrons and valence electrons. The core electrons are generally the electrons in the
inner shells closed to the nucleus. Such core electrons stay in deep potential and
static under all transitions. For the valence electrons, they are the electrons staying
away from the nucleus, which have abilities for bond formation, electric construction,
and ionization. We might simply remove the less-influent core electrons and consider
only the likely-free valence electrons. This approach is called frozen-core
approximation.

We investigated the wavefunction and potential energy of two systems, where
the first one considers all electrons (core and valence electrons) in the system while

the second one considers only valence electrons. Therefore, we obtain the all electron

wavefunction, l//.AE(rA), and all electron potential, V" [p(F)]. On the other hand, for

the second system, we receive the pseudo-wavefunction, l//,PP(?) , and
pseudopotential, Vpp[p(F)]. Thus, the Kohn-Sham equation can be written, based on
the PP approach as

1 2 5 PP PP PP
[——V +V [p(?)]i|l)yl, A =&W () (2.29)
2

Figure 2.1 illustrates a pseudo wavefunction and all electron wavefunction with

their corresponding pseudo- and all-electron potentials. The suitable ¥/ (F) has to
meet the definitions as follows:
® The proper rc (the cutoff distance) of the atom must be appropriate
and make core part (r < r) which is similar between the all- and pseudo-
wavefunction.
® The eigenfunction of all electron wavefunction and pseudo
wavefunction must be the same.
® The pseudo wavefunction and pseudopotential must be smooth with

all electron wavefunction and all electron potential at r = rc.

® Net charges are not unchanged into the sphere at the redial rc.
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Figure 2.1 Schematic of pseudo wavefunction and the corresponding potential
compared with those of all electron wavefunction and its potential (Modified from

(Lee, 2016)).

2.3.6 Self-Consistent Field approach

In the DFT, the calculation of solution is interrelated during electron densities,
Kohn-Sham approach, and Kohn-Sham Hamiltonian. The electron densities are
calculated by the Kohn-Sham orbitals. Afterward, the electron densities will calculate
the Kohn-Sham Hamiltonian, followed by the calculation of new electron densities
and new Kohn-Sham orbital using Kohn-Sham Hamiltonian, and so on. This cycle is
called self-consistency. We must search Kohn-Sham orbitals, bringing to a Kohn-Sham
Hamiltonian to obtain new electron densities. Repeating all steps continues until
receiving the appropriate Kohn-Sham orbitals. Figure 2.2 shows the flowchart of self-

consistency.

® (onstruct the initial electron density and calculate the exchange-

correlation energy.
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® (alculate the effective potential operators to obtain Kohn-Sham

Hamiltonian.

® Solve the Kohn-Sham equation by substituting the effective potential

to obtain the Kohn-Sham orbitals and eigenvalues.

® Use the new Kohn-Sham orbitals to calculate the new electron

densities

® Stop iteration when the energy change and electron density value

become less than a stopping criterion.

® Use the suitable electron densities to calculate force and update
position to obtain the minimized total energy for further calculation of

materials properties.

Trial p(7), Exc[p(7)]
|
Evaluate Hyg
|
Solve Kohn-Sham Eq.

Hgsi(T) = gahi(T)
Solution: New {y;(7)}

New p(7)

CorVEEEE Converged/Yes

Calculate forces and update ion positions

Converged/No Converged/Yes

Energy and other properties

Figure 2.2 The scheme of self-consistency iteration for solving the Kohn-Sham
equation and obtaining the calculated total energy and other properties (Modified

from (Lee, 2016)).
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2.4  Climbing image nudged elastic band (CI-NEB) method

The nudged elastic band (NEB) is a method to find the minimum energy path
(MEP) and the corresponding barrier energy during the initial and final states of interest,
where both initial and final states must optimize to get the relaxed configurations. The
initial band (image) nudges along the MEP toward the saddle points, appearing energy
barrier.

The NEB approach is performed by considering a force projection to bring the
images toward the MEP, consisting of the saddle points. There are the involved forces
between saddle points, including spring and interatomic forces, projected along the
band. The DFT method help to find the MEP with the electronic minimization, where
the lower-force direction is inducted by the electronic minimization from DFT
calculation for the next nudsing.

The CI-NEB (Henkelman et al., 2000) is determined to ensure that one of images

located in the highest activation energy barrier, / examined, where the force on

max ?

this image is given by

/™ —— _VE(R/.W ) + ZVE(R/.W ) I

' max

=—VE(R, _)+2VER )T, T, (2.30)

2.5 Ab initio molecular dynamic simulation

Ab initio molecular dynamic (AIMD) is a method applying the combination
between quantum mechanics and classical molecular dynamic. In resent, quantum
molecular dynamics are categorized into two types, including Born-Oppenheimer
molecular dynamics (BOMD) and Car-Parinello molecular dynamics (CPMD), which can
be described as following

2.5.1 Born-Oppenheimer molecular dynamics (BOMD)

BOMD is generally proposed by considering the classical molecular dynamics

(CMD) and density functional theory (DFT) in which this technique uses an interacting
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force between ions calculated from DFT, as mentioned in section 2.3.6. The calculated
force from DFT provides an accuracy more significantly than that from CMD, based on
Newton’s law. The calculated force from DFT is brough to calculate relevant
parameters, including position R (t), velocity vV (¢), and acceleration (¢) of atoms in
a system, where can be calculated from velocity-Verlet algorithm (VWA) (Swope et al,,
1982) as following

_ R 1
Rit+A)=R@E)+v At +—3 (AL
2

= VV(R(t + A?))
Vitt+A)=—=—

m m

1
ait+At)=vt)+—=(@G@)+alt+ AD)At (2.31)
2

To solve the above equations, we have first to know initial condition, i.e., £(0), v (0)
and 3(0). In the case of solid material, 7 (0)is an initial position of each atom, while

initial velocity is involved with thermal energy as shown below

1 3
—mv (0) =—k,T (2.32)

B

2 2
where &, is Boltzmann’s constant (1.38 X 10% J/K). From Eq. 2.32, ¥ (0) of all atoms

does not define directly because it can be represented by temperature, while a(0) is
guessed for an initial value.

2.5.2 Car-Parinello molecular dynamics (CPMD)

The calculation of BOMD is classified into two steps. Firstly, an interacting force
between atoms is calculated from DFT which involves with only electrons in the
system. Finally, such a force becomes an input to solve the equation of motion in Eg.
2.31, which involves with only atoms or ions in the system. On the other word, there
is separation of calculation steps obviously between in term of electrons and in term
of ions, which spends more time to finish each step. Therefore, CPMD method helps

to reduce the calculation time, which aggregates both steps into one step.
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For CPMD, the Lagrangian of any system, consisting of N ions and N, electrons,
can be written as

:—Z/l///? + szwf (F)[* =Ty, (F),R]

/=1 =1

+Z/\ UV’ v, (717 — 5, ] (2.3%)

/,j=1

where w s fictious electron mass, A is Lagrange multiplier, and 6, is Kronecker delta
which is equal to 1 for i = j and is equal to zero for i # j. Form Eq. 2.33, the first term
of the right hand side is kinetic energy of ions, while the second term is kinetic energy
of electrons, the third is the total energy calculated from DFT, and the final term is an
energy calculated from Kohn-Sham orbitals with orthogonal properties.

The equations of motion related to this Lagrangian (Martin, 2020) can be written

as
SE &
yy),(?,t)z——*+2/\ﬁy/j(7,z‘) (2.34)
5W/' J=1
oo Y L of
=0’ o (2.35)
OR

/

where both above equations are obtained from solving Newton’s law, which can find
solution using Verlet integration (Martin, 2020; Swope et al., 1982), where Khon-Sham
orbital and position of atoms as a function of time (Martin, 2020) can be respectively

represented as

v, (rt+ A =2y, (7, t)—y, (7t —At)

(At | .
———| Hy, (7 z‘)—Z/\ v, (7,t) (2.36)
U
~ ~ ~ (At
R (t+At)=2R (t)—R (t —At)+——F (2.37)

M

/
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2.6  Summary of computational details

All calculations were carried out using the spin polarized DFT method as
implemented in the Vienna ab initio Simulation Package (VASP 5.3) (Kresse et al., 1996a,
1996b). The frozen-core projector augmented wave method was used to describe the
electron-ion interaction (Blochl, 1994). The valence electrons of Li 2s, C 2s2p, N 252p,
S 3s3p, Co 3dds, and Fe 3dds were taken into account in a plane wave basis with a
kinetic energy cutoff of 600 eV. The exchange-correlation functional was described by
the generalized gradient approximation of Perdew-Burke-Ernzerhof (PBE) (John P.
Perdew et al., 1996). Weak Van der Waals interactions between the adsorbates (Sg,
Li,S,) and the substrates (GDY, TMN,@GDY) were partially corrected using the DFT-D3
method with Becke-Jonson damping (Grimme et al., 2010; Grimme et al., 2011). To
avoid interaction between periodic images, the unit cell of GDY was expanded to a 2
X 2 supercell with a vacuum gap of 20 A along the z-direction. The 2X 2 supercell is
large enough to avoid spurious interaction between adsorbates in their periodic images
as the difference of the adsorption energies calculated using the expanded 3X3
supercell is within 0.01 eV. The Brillouin zone integrations were carried out sing the k-
point sampling of Monkhorst-Pack scheme (Monkhorst et al., 1976) as 3X3X 1 for
structural optimization and 7 X7 X 1 for electronic density of states (DOS) calculations.
The ground-state energies were obtained by solving Kohn-Sham equation self-
consistently until the energy difference was within 10 eV. For structural optimization,
the force convergence criterion was set to 0.02 eV A, The charge distributions were

analyzed using Bader charge decomposition scheme (Tang et al., 2009).
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CHAPTER IlI
STRUCTURAL AND ELECTRONIC PROPERTIES

Before exploring the role of the GDY substrates for Li-S batteries, we first
investigated the atomistic structures and the electronic properties of pristine and co-
doped GDY. Here, we chose the GDY monolayer as the substrate model to study in
this work. The structural and electronic properties of pristine GDY were discussed in
section 3.1. Although transition metal and nitrogen co-doping on GDY have been
successfully fabricated in the experiment, the doped GDY structures are still unclear.
They have not been determined yet at the molecular level. To better understand
comprehensively, the computations were utilized to find possible structural
configurations of favorable doping sites of the doped transition metal (Co and Fe)
and nitrogen dopants. The computational investigations, including co-doped
configurations, electronic structures, and charge distributions, were explained in

section 3.2.

3.1  Pristine graphdiyne monolayer
3.1.1 Geometric structure

Single-layer GDY belongs to the hexagonal lattice with the P6/mmm space
group. A unite cell of monolayer GDY consisted of 18 carbon atoms, including one
benzene ring and three diacetylenic linkages (—C=C—C=C—) connecting neighboring
rings. The calculated lattice parameters of GDY unit cell are a = b = 3.455 A, a = B =
90° and y = 120° which is in good agreement with the experimentally measured
value of 9.458 A and the computationally calculated report of 9.46 A with DFT-PBE
calculation (Luo et al.,, 2013). To study the adsorption of the molecules on the
substrates, the GDY unit cell was expanded to a 2X2 GDY supercell with its
expanded lattice constant of 18.92 A, which is large enough to avoid self-interaction

between neighboring periodic images as the difference of the adsorption energies
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calculated using the expanded 3 X3 supercell is within 0.01 eV, as shown in Figure
3.1. It should be noted that the theoretical prediction of d-spacings of GDY (100) and
GDY (110) planes are 8.21 and 4.74 A, respectively (Gao et al., 2019). Here, we set the
vacuum space along the z-direction with 20 A. The calculated C—C bond distance in
the benzene ring is 1.432 A, and that in diacetylenic linkages are 1.369 and 1.232 A
which can be categorized as a single and triple C—C bond. Such calculated distances
are consistent with previous computational calculations with 1.43, 1.40, and 1.23 A,

respectively (Pei, 2012).

Figure 3.1 Geometric structure of 2X2 GDY supercell with its lattice constant and C-

C bond distances.

3.1.2 Electronic properties

The electronic structure of pristine GDY was explained by analyzing the partial
density of state (PDOS), as shown in Figure 3.2a. Our computations reveal that
monolayer GDY possesses the narrow band gap of 0.47 eV, which can be classified as
a semiconductor material. Such value is consistent with the previous first-principles
calculation (DFT-PBE) with the band gap of 0.47 eV (Li et al,, 2014). It should be
noted that the calculated band gap is underestimated lower than the measured
band gap (0.6 — 1.0 eV) of the experimental study (Ketabi et al., 2017) because of the

well-known self-interaction error in DFT calculation that does not include the
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intrinsic energy from many-body electron interaction. The PDOS shows that C 2p
orbitals are dominant near the valence band maximum (VBM) and the conduction
band minimum (CBM), where the C 2p, hybridized carbon atom locates at the Fermi
level. This implies that the major change in electronic features and optical properties
of pristine GDY are governed by C 2p, orbitals.

The electronic band structure of monolayer GDY is shown in Figure 3.2b. It
indicates the direct band gap at the gamma point of the first Brillouin zone. The
highly dispersive band edge position, especially around gamma point (T), provides
the light-effective mass of charge carriers (i.e., electrons and holes), leading to rapid
electronic transport. It should be noted that the electronic structure obtained by
DFT calculation cannot accurately obtain the transport property of materials.
However, the calculated band structure affects the calculation of effective mass and
charge carrier mobility. The effective mass is calculated as following equation,

1 2£(k)
m* 'k’
where E(k) is the energy of an electron at k point, 7 is the Planck’s constant 6.58 X

(3.1)

107 eV s. The previous DFT-PBE reports the effective mass of GDY material (Long et
al., 2011; Pei, 2012). They suggested that the effective mass in the conduction band
(m*) and valence band (m*,)) is symmetrically equal in the same direction, where
such effective mass along M-T' and K-I' directions is 0.077my and 0.080 m,,

respectively, where my is the mass of single electron.
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Figure 3.2 (a) Projected density of state (PDOS) of pristine GDY and (b) corresponding

electronic band structure.
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3.2 Transition metal and nitrogen co-doped graphdiyne
3.2.1 Geometric structure

In the experimental preparation of TM and N co-doped GDY, melamine was
used as a nitrogen source, whereas Co(NOs),-6H,0 and FeCl;-6H,0 were used as Co
and Fe sources, respectively, for doping on GDY structure. The mixtures were
calcined at a high temperature of around 400 — 900 °C under an argon gas
environment. The results of characterization using the X-Ray photoelectron
spectrometer (XPS) technique show the successful substitution of N and TM atoms
deposited on GDY sheet with the concentration of N atom in the range of 2.99 - 5.39
at. % and that of TM atom at least 0.47 at. %, see more details in (Wang et al., 2019)
and (Si et al,, 2019). Although the number of TM content was small, XPS spectra
confirmed in the fact that both Co and Fe atoms form the chemical bond with the
substrate nearby N atom sites.

Here, in computation, the possible configurations of the TM and N co-doped
GDY were explored where a single TM atom was added, and the number of N atoms
was varied from 2 to 4 atoms with concentrations of 2.78 — 5.56 at. % that close to
the experimental concentrations. To obtain the most stable of the co-doped
substrates, the thermodynamic stability was analyzed by calculating the formation
energy (E) of each configuration which was calculated as the following equation,

E. =EM+N, @GDY)— iE(Nz) — EGM) — E@GDY)+ xE(Q)  (3.2)
2

where E(TM+N,@GDY) represents the total energy of co-doped GDY with TM atom
(TM = Co or Fe) and x N atoms, E(N,) is the total energy of isolated nitrogen gas,
E(TM) is the total energy of a single metal atom, E(GDY) is the total energy of perfect
GDY, and E(C) is the total energy per carbon atom of perfect GDY. It should be noted
that a lower Er value means higher thermodynamic stability.

Three different N substituted at C atom sites on monolayer GDY, including
two C sites on diacetylenic linkages, and one C site on the benzene doping sites are
ring. However, N doping on the benzene ring is unstable due to the high energy
barrier of formation. Therefore, in this thesis, we considered the N substitutions on

the linkages, and a single TM atom was trapped near the doped N position on the N-
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doped GDY. The formation energies and corresponding co-doped configurations are
illustrated in Figure 3.3, where the Ef value is shown in parentheses. The
concentrations of N doping are 2.78%, 4.17%, and 5.56% for 2, 3, and 4 doped N
atoms on GDY. The formation energy calculation reveals that the CoN,@GDY and
FeN,@GDY are the most stable configuration with the lowest formation energy of -
2.41 eV and -2.00 eV, respectively. The other structures are significantly less stable
where their formation energies are more at least 0.32 eV compared to the most

stable configurations.
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CoN,@GDY  CoN,@GDY-1 CoN,@GDY-2  CoN,@GDY  CoN,@GDY  CoN,@GDY-1
(-2.41eV) (0.49 eV) (0.33 eV) (1.35eV) (1.78 eV) (2.80eV)

FeN,@GDY  FeN,@GDY-1  FeN,@GDY-2 ~ FeN;@GDY  FeN,@GDY  FeN,@GDY-1
(-2.00 eV) (0.32eV) (0.69 eV) (1.60 eV) (1.92 eV) (2.56 eV)

Figure 3.3 The possible configuration of the transition metal and nitrogen co-doped
GDY. Note that the corresponding formation energy of each configuration is shown in
parentheses. C, N, Co, and Fe atoms are represented by brown, grey, blue, and gold,

respectively.

Furthermore, to confirm the stability of TM adsorption on N-doped GDY, we
assessed the adsorption strength (E,gsmv) of adsorbed TM atom in CoN,@GDY and
FeN,@GDY substrate using the following equation,

E iy = ETMN, @ GDY) — E(N, @GDY) — £(TM) (3.3)

where E(TMN,@GDY), E(N,@GDY), and E(TM) denote the total energy of TM adsorbed
N,@GDY monolayer, N-doped GDY, and isolated Co or Fe atom (TM = Co or Fe),
respectively, as shown in Table 3.1, The finding indicates that N,@GDY provides

effectively chemical interaction to the trapped TM atom with the adsorption energy
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of -6.64 eV and -8.94 eV for Co and Fe adsorbed on N,@GDY, respectively. The
average distance of the TM-N bond is 1.82 A, while that of TM and the nearest C
atom is 1.86 A, and both values can be categorized as a covalent bond. This suggests
that CoN,@GDY and FeN,@GDY systems are suitable for this study’s substrate
models.

We further examined the thermal stability of the chosen doped models using
AIMD simulation with NVT ensemble at 300 K for 10 ps. The k-point sampling was
decreased to 2X2X1 for the reduced computations. As shown in Figure 3.4, the
AIMD simulation suggests that the doped GDY are still intact, where the adsorbed TM
atom vibrates weakly around their equilibrium position without ejection. The
comparative energy profiles show small changes, and the structures are not

decomposed along the AIMD simulation time.

Table 3.1 Formation energy (E¢), Adsorption energy of M atom (E,q), @ bond distance
of M-C bond (Ly.c), a bond distance of M-N bond (L), charge transfer (Qy) of M
atom to N-GDY.

parameters CoN,@GDY FeN,@GDY
Ec(eV) -2.41 -2.00
Fags (V) -6.64 -8.94
Lyec (A) 1.86 1.86
L (R) 1.82 1.83

Qu (e) -0.61 -0.72
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Figure 3.4 The variation of total energy as a function of time along AIMD simulation
at 300 K and corresponding initial and final configurations of (a) CoN,@GDY and (b)
FeN,@GDY.

3.2.2 Electronic properties

Generally, a host cathode material is expected to have good electrical
conductivity. A metallic host cathode can effectively provide electron accessibility to
contribute to the kinetic redox activities. Here, we analyze the PDOS of the co-doped
GDY substrate to reveal the electronic properties change upon doping by Co and Fe
impurity atoms. Compared to the PDOS of pristine GDY, PDOS of both co-doped GDY
exhibits metallic features with appearing electron states at the Fermi level, as
illustrated in Figure 3.5. The Fermi level is shifted to higher energy in the conduction
band region because it has additional electrons from TM and N atoms partially

occupied in the empty conduction band, which is consistent with the calculated
band structure. The PDOS exhibits the strong hybridization between TM 3d states

and C 2p states around VBM and CBM, while a small peak of N 2p states also
hybridized with TM 3d states suggesting strong chemical interaction between TM-N
and TM-C bond. This supports the explanation of the adsorption energy of TM
adsorbed on N-doped GDY. In addition, we tested the electronic structure of the
doped GDY with the applied Hubbard U correction; we calculated their PDOS using
the PBE+U method. The U values for Fe and Co are 5.21 and 6.18 eV, respectively
(He et al., 2012). As described in APPENDIX A, these calculated PDOS of Co and Fe
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doped N,@GDY still exhibit a metallic behaviour, allowing us to use only the PBE

method studied in this work.

CoN,@GDY FeN,@GDY Total
I —— Co3d — C2p

—— Fe3d — N2p

Figure 3.5 Geometric structure of (a) CoN,@GDY and (b) FeN,@GDY. (c-d) the
corresponding projected density of state (PDOS) and band structures of (a)
CoN,@GDY and (b) FeN,@GDY, respectively. Color code: brown; C, white; N, blue; Co,

and yellow; Fe.

Moreover, we also consider Bader charge distribution in the co-doped GDY, as
shown in Figure 3.6. The result reveals a large amount of electron transfer from the
adsorbed Co (0.61 |e]) and Fe (0.72 |e]) to the N-doped GDY. The N atom behaves as
the electron acceptor with a large negative charge around -1.21 |e| and -1.23 |e| in
CoN2@GDY and FeN2@GDY substrate, respectively, whereas TM and the nearest C
atom act as an electron donor. The combination between the acceptor and donor

atoms at the active site on the substrate may enhance the adsorption strength of
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LiPS molecules where the TM atom has a vacant valance orbital to receive an extra
electron from a travel molecule (e.g., LiPS molecules). In contrast, the N atom may
represent strong the interaction with the lower electronegative atoms. Overall, the
electronic behavior of GDY is improved upon doping with TM and N dopants from
semiconductors to be metallic, which could facilitate the redox kinetic process of the
cathode using the charge and discharge process. Similar effects have been reported
in a previous computational work that TM doping increases the conductivity of the

C,N host and improves the redox activity of Li-S batteries.

CoN,@GDY FeN,@GDY
Figure 3.6 The Bader charge distribution of CoN,@GDY and FeN,@GDY.
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CHAPTER IV
ADSORPTIVITY AND SUPPRESSION OF POLYSULFIDE SHUTTLING

In the previous chapter, we considered the possible configurations of
transition metal and nitrogen co-doping on graphdiyne material and investigated their
electronic properties. Therefore, the CoN,@GDY and FeN,@GDY are the best co-
doped systems to use as substrate models in this study. Next, we further determined
the adsorption strength of substrates toward the Sg and LiPS molecules to explore
the role of doped atoms on the suppression of the LIPS shuttling. Firstly, the
optimized molecular structures of Sg, and LiPS are discussed in section 4.1. Secondly,
the interaction between the molecules and the substrates is explored by calculating
adsorption energies and analyzing Bader charge distribution, as explained in section
4.2. Afterward, corresponding electronic properties upon adsorption are also
examined via analyzing PDOS, as discussed in section 4.3. Finally, the prevention of
the shuttle effect on the substrates is explored by comparing the adsorption energy
of soluble LiPS molecules to the substrates and the binding energy of soluble LiPS

molecules to electrolyte molecules in section 4.4.

4.1  Sulfur and lithium polysulfide molecules

Sulfur is a typical molecular crystal, where the orthorhombic a-sulfur is the
most stable form at room temperature and standard pressure (Meyer, 1976; Steudel,
1996). In this work, we chose a single Sg molecule as a basic model representing the
most stable sulfur phase to determine the adsorption on the substrate, which is
similar to previous DFT calculation that used an Sg molecule to study as well (Cai,
2020; Wasalathilake et al., 2018; Q. Zhang et al., 2015). The most stable form of
sulfur allotrope is a buckled octa-sulfur Sg ring with a Dggq point group symmetry, as
shown in Figure 4.1. The calculated bond distance of the S-S bond is 2.06 A, and the

S-S-S angle in the Sg molecule is 109.42°, which is consistent with previous DFT-
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B3LYP computation with S-S bond and the angle of 2.07 and 108.9°, respectively
(Wang et al., 2013). Other analysis reveals the various low index surface in Sg crystal
providing the information that Sg (100) is the surface orientation with the lowest
formation energy of 11 meV/A? which the intermolecular interactions in Sg crystal
are van der Waals with no broken cycloocta ring (Arneson et al., 2018).

Figure 4.1 illustrates the optimized geometry structure of several LiPS species,
Li,S, where x = 1, 2, 4, 6, and 8. The Li,Sg and Li,S¢ molecules are respectively, the
first and second products of the redox reduction reaction, which forms to be a
cluster ring, while Li,S4 has a C; symmetry with an appearing three-ring structure.
Previous computation suggested that the large LiPSs (Li,Sq, Li S, Li,Sg) prefer forming
a 3D-spherical structure instead of a 1D-long chain due to higher stability (Wang et
al., 2013). Meanwhile, Li,S, is a tridimensional monocyclic ring with Cs symmetry. The
Li,S is the final product of the discharge process which is the most stable structure
with C,, symmetry. The corresponding bond distance and the angle are illustrated in
Table 4.1. The S-S bond lengths tend to increase, whereas those of Li-S bond
decrease with increasing Li/S ratio. Overall, our optimized structures of Sg and LiPS
molecules are in good agreement with previous calculations (Cai, 2020; X. Liu et al.,

2018; D. Wang et al., 2019).

Table 4.1 Geometric parameters of optimized LiPS species.

LiPSs S-S bond (A) Li-S bond (A) LisS-Li angle ()
S 2.06 s -

Li,Sg 2.01-2.17 2.38-2.66 69.68

Li,S 2.6-2.10 2.33-2.39 68.87

Li,Ss 2.08-2.11 2.30-2.38 73.23

Li,S, 2.19 2.22 95.60

LixS - 2.08 126.36
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Figure 4.1 The relaxed molecular structures of Sg and LiPS species. Li and S atoms

are represented by green and yellow spheres, respectively.

4.2  Adsorptivity on pristine and doped substrates

The adsorption strength between the molecules and the GDY substrate is
basically expected to be moderate in the range of 1 eV to 4 eV (L. Zhang et al,
2018). The weak interaction cannot confine LiPS products on the cathode, resulting
in the dissolution into a liquid solvent. In contrast, the too-strong interaction
prevents the further spontaneous process of the kinetic redox reaction. To assess the
anchoring effect, we explored the interfacial binding between them adsorbents and
the substrates. We searched for the energetically preferential adsorption sites,
regarding various possibility of the available positions on the substrate such as bridge,
top, and hollow sites. Subsequently, the adsorption energy, E.q, was calculated as
follows equation (Lin et al., 2019), to qualify the interaction strength,

E . =E(S,/Li,S —+sub)—E(sub)—E(S, /Li,S)) (4.1)

where E(Sg/Li,S,+sub) means the total energy of the adsorbed Sg/Li,S, systems,
E(sub) is the total energy of the substrate, and E(Sg/Li,S,) is the total energy of an
isolated Sg/Li,S, molecule, x = 1, 2, 4, 6, and 8. It should be noted that the more
negative E,4s mean stronger adsorption strength.

Using Bader charge calculation, we also calculated the degree of charge
transfer (AC/) between the molecules and the substrate by as the following

equation,
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Ag = gladsorbed S,/ Li,S,)—qlisolated S,/ Li,S.)  (4.2)
where qgladsorbed S,/ Li,S )and g(isolated S,/ L/,S )denote the total Bader
charge of Sg/Li,S, (x = 1, 2, 4, 6, 8) after and before adsorption on substrates,
respectively. The negative value indicates that the electrons transfer from the
adsorbate to cathode material, whereas the positive one is the opposite. The
correlation between adsorption energies and degree of charge transfer are shown in

Figure 4.2.
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Figure 4.2 Correlation between Sg/LiPSs adsorption energy and degree of charge

transfer to substrate. The adsorbate species are represented as color gradient where
these adsorbates adsorbed on pristine GDY (green color), CoN,@GDY (blue color), and
FeN,@GDY (orange color).

To begin with the adsorption on pristine GDY, the optimized adsorption
configurations of the Sg/LiPS adsorbed on GDY substrate are shown in Figure 4.3a. We
find that the most preferential adsorption site of the molecules is at the hollow site
of the large triangle pore. The adsorption energy of Sg¢ molecule is -0.44 eV where its
molecular orientation is horizontal to the GDY plane with an equilibrium distance of
3.52 A It implies the weak adsorption associated with van der Waals interaction
suggesting that pristine GDY maybe not good accommodation for surfer cathode. For

LiPSs adsorption, the large LiPS molecules were adsorbed by the adsorption energy
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of -0.84 and -0.64 eV for the Li,Sg and Li,Se, respectively. Meanwhile, a smaller LiPS
size, Li,Sq provides a slightly higher binding of -0.67 eV. Such LiPS adsorption
strengths are intrinsically classified as physisorption due to higher value than -1 eV,
where the binding orientations are horizontal adsorption with a single Li atom in LiPS
toward the GDY substrate. Compared to other 2D-carbon substrates, the large LiPS
adsorbed on pristine graphene provides the E,q in the range of -0.6 to -0.8 eV (Yin et
al., 2016). The chemisorption is presented in both the adsorbed Li,S, and Li,S
molecules with their adsorption energy of -1.33 and -1.48 eV, where such molecules
favorably adopt the vertical adsorption facing Li atoms to the GDY plane. In addition,
the equilibrium adsorption distance between the trapped molecules and the
substrate reduces when Li/S ratio increases with 2.39, 2.25, 1.73, 1.72, and 1.59 A for
LiSg, LisSe, LiSs, LisS,, and Li,S adsorption on pristine GDY. It manifests that the
stronger the adsorption strength is the shorter the equilibrium distance. Overall, the
trend of the amount of charge transfer from the LiPS molecules to the pristine GDY
substrates is increased when the adsorption energies are stronger. The adsorbed Sg
obtains small additional electrons from the pristine GDY with at most 0.001 |e|,
implying weak van der Waals interaction. The amount of electron migration is up
when the GDY substrate adsorbed the LiPS molecules with Li/S decreased, where
Aq are 0.076, 0.034, 0.154, 0.407, and 0.658 le| for Li,Sg, Li,Ss, LinSs, LinS,, and LiS
molecule, respectively. Such values are consistent with their adsorption strength.
However, their adsorptions are still weak physisorption, leading to promote LiPS

dissolution easily.
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Figure 4.3 Top and side views of the most stable adsorption configurations of Sg and
LiPSs on (a) pristine GDY, (b) CoN,@GDY, (c) FeN,@GDY. Brown, C; light blue, N;
yellow, S; green, Li; blue, Co; gold, Fe. Charges of each Li atom, all S atoms, and the

substrate are labelled in green, yellow, and brown numbers, respectively.

Next, we examine the binding between Sg/Li,S, and the doped substrates.
Various preferential -~ adsorption sites were explored, and the most stable
configurations of Sg/Li,S, adsorbed on the doped substrates are shown in Figure
4.3b,c. One of the S atoms in Sg molecules could form the TM-S bond to the doped
substrates with the bond distance of 2.11 A and 2.16 A for Co-S and Fe-S bond,
respectively, which can be classified as covalent interaction. For LiPS adsorption, the
adsorbed Li,S, even faces their S toward TM with the TM-S bond distance at most
2.20 A, whereas their Li toward one of N atoms on the doped substrates with the Li-
N bond distance at most 2.04 A, for adsorption on both CoN,@GDY and FeN,@GDY.
Table 4.2 shows the change of atomistic bond distance of S¢/Li,S, upon adsorption
on the doped substrates. the Li-S and S-S bonds are distorted owing to strongly
chemical Li-N and TM-S bonds. The Li-S bond lengths are increased in all LiPS
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molecules because of Li toward to react N at the substrate. Notably, the Li-S bond
distance of Li,S adsorbed the doped substrates is longest, leading to being strongest
Li-N bond and adsorption which is a good agreement with the result in Figure 4.2.
The bond distances of Li-S bonds are mostly increased by at least 0.12 A, whereas
those of S-S bonds in are decreased by at least 0.11 A upon adsorption (see more
details in Table 4.1 and 4.2). In particular, some S-S and Li-S bonds in the adsorbed
Li,Sg on the doped GDY are broken with their breaking distance of 2.53 and 4.17 A,
respectively. This agrees with the experimental observation that, during the discharge
process, Li,Sg readily accepts electrons and quickly transforms to other phases (Chen

et al., 2015).

Table 4.2 Geometric parameters of Sg and LiPS after adsorption on MN,@GDY.

LiPSs CoN,@GDY. FeN,@GDY

S-S bond (A) Li-S bond (A) S-S bond (&)  Li-S bond (A)

Se 2.05-2.15 - 2.02 - 2.13 -
Li,Se 2.02 - 2.08 238 - 2.66 1.99-2.09  257-301
Li,S 2.05 - 2.06 2.39 - 2.40 232-243  2.37-240
Li,Sq 2.04 - 2.08 2.37 - 2.54 202-203  243-249
Li,S, 2.08 2.88 - 2.34 2.1 2.32-236
Li,S - 234 -2.35 - 2.37

As shown in Figure 4.2, the adsorption energies are substantially enhanced
upon adsorption on the doped substrates. The adsorbed Sg convinces the chemical
interaction with E,4 of -1.60 and 1.47 eV on CoN,@GDY and FeN,@GDY, respectively.
For polysulfide adsorption, the calculated E,4 values on CoN,@GDY are -1.37 eV, -
2.87 eV, -3.63 eV, -2.89 eV, and -3.45 eV, while those on FeN,@GDY are -1.42 eV, -
287 eV, -2.17 eV, -3.15eV, and -3.95 eV, for Li,Sg, Li,Ss, LirSs, LisS, and Li,S,
respectively. Such interaction can be improved because of the presence of both TM
and N dopants. The synergetic role of both dopants can be described by considering
the Lewis acid-base theory, where TM behaves a Lewis acid as an electron acceptor

while S acts as a Lewis base or electron donor. The TM atom receives the outer-
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most valance electrons from the S atom where the interacted S is the most
electron-rich site near Li atoms in LiPS molecules. Meanwhile, the N atom with high
electronegativity (3.04) preferentially binds with the lower electronegative Li atom
(0.98).

To get better understanding of adsorption strength, we further analyzed
Bader charge analysis of the adsorption systems as shown in Figure 4.3 and APPENDIX
A. They reveal that Li atoms on the adsorbed LiPS molecules show a positive charge
of +0.9 |e|, whereas the net charge on S atom chains exhibit a negative charge in the
range of -1.5 |e| to -1.0 |e|. The electrons on the adsorbed LiPS molecules transfer to
the substrates. Notably, the net charge on S atoms tend to be decreased while the
net charge on the doped substrates is prone to be increased with Li/S ratio
increasing, suggesting that the adsorption strengths of short LiPS chains are stronger
than those of long LiPS chains. In addition, the adsorptions of LiPS molecules on the
FeN,@GDY are slightly stronger than those on the CoN,@GDY because the stronger
Lewis acid of the doped Fe atom with higher number of unoccupied 3d states than
those of the doped Co atom, leading to better interaction between the LiPS
molecules and the doped substrates. This explanation is in good agreement with
previous DFT-PBE calculations that the doped TM atom on the N-doped graphene
with higher number of unoccupied 3d states strongly bind to the LiPS and Sg
molecules (L. Zhang et al., 2018).

As a result, this is worth mentioning that CoN,@GDY and FeN,@GDY induce
the chemical interaction with Sg molecules, leading to good accommodation. In
addition, the adsorptions of LiPS molecules are considerably increased because of
the synergetic role of both TM-S and Li-N bonds. Such strong interaction may
promote the prevention of LiPS dissolution and the suppression of shuttle.
Compared to other cathode substrates for Li-S batteries, LiPS adsorbed on TM doped
C,N exhibits the same character where the doped TM binding with S and N binding
with Li with the adsorption energies in the range of -2.5 to -5.0 eV (Lin et al., 2019). It
also suggests that Co@C,N monolayer is the best host material. Likewise, a single-
atom TM and N co-doped graphene enhance their adsorption energies toward LiPS

molecules with E,4 in the range of -0.75 to -4.00 eV (L. Zhang et al., 2018). Their
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computations reveal that CrNj@graphene and FeNj@graphene show possible good

performance for the Li-S batteries.

4.3  Electronic properties upon adsorption

To better understand the binding characters between LiPS molecules and the
substrates, we further assessed their projected density of state (PDOS) and Bader
charge distribution. As illustrated in Figure 4.4a, the band gap of GDY after and before
Sg adsorption is nearly identical, indicating weak interaction. Unlike this, the state of
LiPS adsorption tends to shift to lower energy, increasing interaction strength. The
overlapping of states at the same position occurs from S-C orbitals which are more
dependent than Li-C orbitals. Thus, the hybridization between GDY carbon and LiPS
sulfur is responsible for increasing adsorption energy. In addition, the mid-gap state of
S orbital in LiySq, Li,Sg, and Li,Sg predominantly appears around the Fermi level.
However, they occurred mid-gap is unreasonable for hybridization with C orbitals in
GDY due to small perturbation in C orbitals, suggesting that GDY remains low
conductivity to Li,Sg and Li,Ss. In contrast, Li,S; adsorption promotes better
electronic conductivity because of the appearing state in the GDY conduction band
at the Fermi level. Li,S, and Li,S adsorption modify state at the Fermi level after
their adsorption, which is beneficial to provide higher conductivity and easier
eradicating Li,S residue in the cathode during the charging process.

Figure 4.4b,c displays the DOS of Sg and Li,S, adsorption on the doped systems.
Apparently, the DOS of the doped systems upon adsorption still maintains good
conductivity. This provides an advantage in accelerating the redox reaction for Li-S
batteries. The electron state of the TM orbital can play a critical role in strongly
hybridizing to S orbital at the same peak position, whereas Li-N overlapping is
relatively low. This can manifest that the chemical interaction of the S-M and Li-N
bonds is strong and weak, respectively. However, the peak of Li orbital in Li,Sg rises
outstandingly to overlap N orbital in FeN,@GDY, which can answer why the
adsorption energy of Li,Sg on FeN,@GDY is stronger than CoN,@GDY. This finding is
essential to explain that transition metal atom possesses strong interaction with S in

the adsorbates. The analysis is in good agreement with the PDOS of the adsorbed
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systems that the overlap between Li and N states is negligible because of no
covalent bond formed (see Figure 4.5) Therefore, only N doping in GDY still is not
sufficient to improve the adsorption mechanism of this battery, which is constant
with previous information. Their metallic properties of the substrates after Li,S, and

Li,S adsorption effect to prolong more life cycle and increase Coulombic efficiency of

Li-S battery.
(a) GDY (b) CoN,@GDY (c) FeN,@GDY
Total S3p Sg Total S3p— Co 3d Se Total S3p—Fe3d S,
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Figure 4.4 Projected density of state (PDOS) of Sg/LiPSs adsorption on (a) pristine

GDY, (b) CoN,@GDY, and (c) FeN,@GDY. The Fermi level (Ef) is adjusted to 0 eV.

Overall, we analyzed the PDOS and charged transfer upon adsorption that
the doped TM site behaves as the Lewis acid character binding with the Lewis base S
atoms, while the doped high electronegative N site interacts with a Li atom through
an electrostatic Coulombic force. The combination of TM and N active sites
considerably improves the interaction of Sg and LiPS molecules, leading to enhancing
the battery performance of the cathode in Li-S batteries. Furthermore, such PDOS of
the doped substrates with the molecule adsorption unravels the maintained metallic

structures of the host cathode that promotes additional electron-rich facilitating



56

redox reaction activities during the charge and discharge process (Y. Wang et al.,

2019).
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Figure 4.5 Bader charge distribution upon adsorption (left panel) and corresponding
partial density of state (right panel) of Li and N for (a) Li,Sg and (b) Li,S adsorbed
CoN,@GDY, and (c) Li,Sg and (d) Li,S adsorbed FeN,@GDY.

4.4  Suppression of shuttle effect

As we discussed in chapter I, the shuttle effect is a critical problem in fading
the performance of Li-S batteries. Such a phenomenon stems from the dissolution of
soluble LiPS molecules (i.e., Li,Sg, LiSs, and Li,Sy) in the solvent. Both experimental
and computational works suggest that the strong interaction between the electrolyte
molecules and the LiPS molecules is the main cause leading to LiPS dissolution and

shuttle effect (Hofmann et al., 2014; M. Liu et al., 2017; Xu et al., 2017). To prevent



57

such processes, enhancing the adsorptivity on the electrode substrates is a promising
way to restrict the motion of LiPS molecules (Q. Zhang et al., 2015). In this section,
we further explored the efficiency of the pristine and doped GDY systems to prevent
polysulfide shuttling.

We initially discussed the common electrolyte used as a liquid solvent for Li-
S cells. We chose 1,2-dimethoxyethane (DME) and 1,3-dioxolane (DOL) as ether-
based electrolyte solvents in this work. DME is colorless and miscible with water,
which is experimentally synthesized by the thermodynamic reaction between
dimethyl ether and ethylene oxide (Claggett et al., 1977). Meanwhile, DOL is a
heterocyclic acetal containing the dioxolane ring prepared by the combination of
aldehydes acetalization and ketones ketalization with ethylene s¢lycol. Both
electrolytes are commonly used as liquid electrolytes for Li-S batteries (Chang et al,,
2002). These electrolytes are compatible with the standard salt (LiTFSI) and exhibit
poor solvation to LiPS as compared with the carbonate-based electrolytes (Choi et
al., 2008; Kim et al., 2004; Scheers et al., 2014)

We examined the adsorption of soluble LiPS molecules on the pristine and
doped GDY substrates by introducing the explicit solvent molecules. Here, the Li,S¢
was chosen as representative soluble LiPS molecule, that tends to dissolve owing to
its weak adsorption strength as explained in section 4.2. Moreover, the experimental
work reported that Li,Sg is immediately conversed to smaller intermediate forms,
while Li,S¢ is more stable, and exists for a long time before further transformation
during the charge and discharge cycles (Chen et al., 2015). The optimized co-
adsorbed systems include the adsorbed Li,S¢ molecule on the substrates surrounded
by added DME or DOL electrolytes from one up to four molecules, as shown in
Figure 4.6. Both solvent molecules favorably bind with the adsorbed Li,S4 molecules,
where the O atoms on the solvent molecules interact with the Li atoms on the Li,Sg
toward the solvent media. One Li,S4 molecule adsorbed on the substrates can
coordinate with 3 electrolyte molecules in the first solvation shell, where some Li
atom is able to form Li-O bonds at most two bonds. The Li-O distances are in the
range of 1.95 — 2.10 A. The fourth electrolyte molecule stays at the outer solvation

shell with a farther Li-O distance longer than 3.84 A.



58

(a)

GDY [ AR/ [N Ady H:;HX 1*«.}1‘1

1DME 2DME 3DME 4DME
i o SS0- 7y 430
(o] Qg o
1DOL g 2DOL g 3DOL g 4DOL

(b)
CoN,@GDY : .
1oME | B 2omE | B Y a0ME | RAe Y 4DME

& ok 3 e s

0oL | 4 °°0‘t1 2D0L < 3poL < apoL

© . L
FeN@GDY |\ sy A1 Kol /| Fl i #;3,/%

1DME 2DME s 3DME 4ADME

‘ **‘? | iy Q“?Q‘ aﬂ.g o

1DOL d 2DOL ‘ C 3DOL ‘C 4DOL

Figure 4.6 The co-adsorption configurations of 1 to 4 DME(s)/DOL(s) in the system of
Li,S¢ adsorbed on (a) GDY, (b) CoN,@GDY, and (c) FeN,@GDY. Color code: gray, GDY;
brown, C; light blue, N; yellow, S; green, Li; white, H; blue, Co; gold, Fe; red, O.

To explore the prevention of polysulfide shuttling, we further calculated two

involved energies in the co-adsorption systems: (i) the adsorption energies, £

ads single

between the adsorbed Li,S¢ molecule and the substrates, and (i) the binding

energies, £, between that Li,S4 molecule and the surrounding electrolyte

b,single »

molecules. Both energies were calculated in the same configuration corresponding to
the co-adsorption systems shown in Figure 4.6. As schematically shown in Figure 4.7a,

The corresponding £ can be calculated as follow (Kamphaus et al., 2016);

ads ,single
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E =F£, . (Li,S,+sub)—E

ads single single

(sub)—E

single

(Li,S,)  (4.3)

single

where £

single

(Li,S, =+ sub) is the calculated single-point energy of the adsorbed Li,Sg
substrate obtained from the optimized solvated co-adsorbed configuration but

(sub) and £

single

removing the electrolyte molecules. E (Li,S,) are the calculated

single
single-point energy of the substrate and an individual Li,S¢ molecule, respectively.

The binding interactions between the Li,S¢ and the electrolyte molecules, £, are

,single ?
calculated using the following equation,

E =E, .. (Li,S,+elec)—E

b,single single

(Li,S,+elec) and E

(elec) — £

single

(Li,S,)  (a.4)

single

where £ (elec) are the calculated single-point energy of

single single

the optimized Li,S4 surrounded by electrolyte molecules but removing the substrate
and the calculated single-point energy of electrolyte molecules, respectively. Then,

the £ and £

ads single

bsinge WETe compared to determine the dissolution of the Li,Sg

is more substantial (more negative) than the £, the

b,single »

molecule. If the £, .
adsorption prevails where the shuttle effect is suppressed, otherwise the dissolution
is predicted. It should be noted that the additional electrolyte molecules do not
directly interact with the adsorbed Li,Ss molecule (see Figure 4.8).

In both DME and DOL, the pristine GDY is ineffective electrode material to
suppress the polysulfide shuttling because the interaction between the adsorbed
Li,S¢ molecule and the solvent is stronger than the adsorption of such Li,S4 on the
GDY substrate, as shown in Figure 4.7b. The interaction energies tend to increase
negatively with the increase of solvent molecules in the systems. The bind energies
range from -0.85 to -2.74 eV, whereas the adsorption energies are relatively constant
at around -0.5 eV. The dissolution of Li,S is expected even at low contact with one
surrounding electrolyte molecule. The stronger interaction toward the liquid solvent
induces the dissolution of the soluble LiPS, resulting in the shuttle effect.

The LiPS dissolution can be effectively prevented by introducing TM and N
dopants on the GDY substrate. As shown in Figure 4.7b, the adsorption strength
between Li,S¢ and the doped substrates is improved up to -3.35 eV, where it was
adsorbed on the TM-N center on the GDY substrate, suggesting that the combination
between TM-S and Li-N bonds is significantly stronger than the Li-O bonds. Therefore,

the enhanced adsorptivity significantly reduces the shuttling of the LiPS molecules.
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In addition, our computation suggests that the candidate host cathode material for
Li-S batteries should have the adsorption energy between the LiPS and the substrate
of at least -3.0 eV to dramatically suppress the dissolution of LiPS molecules. It
should be noted that we studied only the adsorption on the GDY monolayer system
to explore the suppression. The required adsorption strength to suppress the
dissolution may vary if we consider the LiPS adsorption in other systems such as
multilayer systems. Previous computational studies of graphene- (Kamphaus et al,,
2016) and GDY-based electrodes (Cai, 2020) showed that the adsorption strength can
be improved by reducing the interlayer spacing. For example, in the case of Li,Se, the
interlayer spacing should be in the range of 6.00 — 9.00 A approximately to better
confine the LIPS molecule and limit the direct electrolyte contact within two
molecules, as shown in Figure db-c for the co-adsorption system of Li,S¢ adsorbed
CoN,@GDY in the presence of 4 DMEs/DOLS, respectively. Larger interlayer spacing up

to 9.00 A leads to greater exposure of more electrolyte molecules.
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CHAPTER V
SOLUBILITY AND DISSOCIATION OF POLYSULFIDES

In the previous section, we assessed the ability to suppress of anchoring
effect of TM and N doping. Our computations reveal that both CoN,@GDY and
FeN,@GDY can effectively prevent the dissolution of soluble polysulfide molecules.
In this chapter, using ab initio molecular dynamic (AIMD) simulation, we further
considered the solubility of soluble LiPS molecules in the liquid electrolyte solvent
to study their behaviors in non-effective suppression, as discussed in section 5.1.
Moreover, the reduction products at the final discharge process, namely Li,S, and
Li,S, are the insulative solid phase with low electronic conductivity. Their dissociation
during charging is difficult due to the high activation energy for the phase conversion
changing from LiPS to Sg. Here, we also studied the effect of TM-N doping as a
catalyst center to promote the phase transformation of Li,S, and Li,S, as discussed in

section 5.2.

5.1  Solubility of the soluble LiPS in an electrolyte solution

The intermediate reduction products, especially long-chain LiPS molecules
(Li,Sg, Li,Se, and: Li,Sa), possess high solubility in electrolyte solvents. Here, we
investigated the behavior of soluble LiPS species in ether-based electrolyte solvents,
including DME and DOL, to study the solubility using AIMD simulation. The
simulations were carried out with the NVT ensemble of the Nose-Hoover thermostat
with a time step of 5 fs for five ps at 300 K. To lower the expense of the calculations,
we used Gamma-point only for k-point sampling with an energy cutoff of 450 eV. In
our models, one Li,S, molecule (x = 4, 6, or 8) was added at the center of the cubic
box with a size of 15 X 15 X 15 A%, Afterward, electrolyte molecules were randomly
packed into the box, where they were located surrounding the added LiPS molecule.
The number of the added electrolytes was calculated regarding the liquid density of
DME (0.87 ¢ cm™) and DOL (1.06 g cm™) at room temperature. It should be noted
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that both electrolytes were optimized using DFT calculation before packing, and their
geometric structure and bond distances between atoms are consistent with previous
DFT-PBE calculations.

After the simulation finished, the dynamically lowest energy configurations
from the AIMD simulation were chosen to relax using the DFT method in order to get
the ground-state energies and the optimized structures. We calculated the solvation
energies, Eq, of the soluble LiPS molecule in the DME and DOL solvent to examine
the efficiency of dissolution of the LiPS molecule, which was calculated by using the
following equation,

£

sol

=£

LiPS+solv

— £

LiPS

— £

solv

(5.1)

where £,,., ., is the total energy of the optimized system of the LiPS molecule

surrounded by solvent molecules, £,

is the total energy of an isolated LiPS (Li,Sg,
Li,Se, or Li,Sq) molecule, and is the total energy of the optimized solvent molecules
(DME or DOL) in the system.

The optimized geometric dissolution configurations are shown in Figure 5.1a-f.
Our computations reveal that there is no decomposition of the dissolved LiPS
molecules because they still maintain their molecular structures throughout the
AIMD simulation for 5 ps, indicating good thermodynamical stability in the electrolyte
solutions. However, some bond distances between Li and S atoms on the LiPS
molecules are elongated in the range of 2.27 - 2.65 A because of the interaction
between the Li atoms on LiPS and O atoms on the nearest electrolyte molecule. We
also observed that one LiPS molecule (Li,Sg, LisSe, or Li,Ss) can directly interact with
at most 3 DME or 5 DOL molecules in the first solvation shell, whereas the others are

in the outer solvation shell with a far distance of more than 5 A.
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(a) DME+Li,Sq (b) DME+Li,Sg (c) DME+Li,S,
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Figure 5.1 Low-energy configurations of a-c) DME- and d-f) DOL-solvated LiPSs as

obtained from AIMD simulations. Illustrations in the ball-and-stick model represent
electrolyte molecules in the first solvation shell, whereas the wireframe models are

the outer solvation shell.

To identify the intermolecular structure, we further calculated the radial
distribution function (RDF) for the DME and DOL solvent systems. The RDF calculation
of Li,Sg in DME and DOL solvent was analyzed as the example case, as shown in
Figures 5.2a and 5.2b, respectively. The peaks of Li-S RDFs in both solvent systems
are quite different due to the molecular geometry during simulation. Such two
outstanding peaks of Li-S RDFs exhibit the interaction between Li and S atoms at 2.47
and 3.50 A, suggesting their close interaction along the simulation time. No
decomposition of LiPS molecules may stem from the strong bonding of electron-rich
atoms at the edge of the polysulfide chain interacting with positive charge Li atoms.
For the Li-O RDFs, the Li ions closely interact with O atoms on the DME/DOL
molecules at around 1.9 A. The other RDFs of Li-C/H and S-C/H/O do not show any
significant interaction, which is in good agreement with the previous computation

(Kamphaus et al., 2017).
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As shown in Figure 5.2c, the analysis of the solubility of soluble LiPS
molecules exhibits that the solvation energies are more negatively increased when
the size of LiPS molecules increases, suggesting significantly vital interactions in the
electrolyte media. In particular, the large LIPS molecule, Li,Sg, is able to easily
dissolve in the electrolyte with the solvation energies of -3.75 eV and -3.04 eV in
DME and DOL solvents, respectively. This explanation is in good agreement with the
experimental investigations that the solubility depends on the molecular size of LiPS
molecules (Mikhaylik et al, 2004). Furthermore, the solvation energy in the DME
solution is basically more negative than those in the DOL solution, indicating that
soluble LiPS better dissolve in the DME solution, leading to the undesired shuttle
effect.

(a) Li,S¢+DME - (b) Li,s,+DOL
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Figure 5.2 The corresponding radial distribution functions (RDFs) of Li and S bonding
to elements on electrolyte molecules in (c) DME and (d) DOL systems. (¢) their

corresponding solvation energies.
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5.2  Dissociation and diffusion of Li ions on LiPS

In chapter 4, we exhibited that the TM and N doping on GDY substantially
enhances the adsorption strength toward LiPS molecules, which can inhibit the
dissolution of long-chain LiPS molecules, leading to suppression of the shuttle effect.
Here, we further examined the impact of TM-N doping on GDY substrate to improve
the catalytic performance to enhance the sulfur utilization by investigating the
decomposition of short-chain LiPS molecules, including LS, and Li,S. The slow
phase transformation of the short-chain LiPS molecules is the main reason for rapid
capacity decay, poor sulfur usage, and low-term cycle of Li-S batteries (Assary et al,,
2014). This difficult transformation is attributed to the high decomposition energy
barrier of the LiPS dissociation mechanism leading to a kinetically sluggish oxidation
reaction during charging. For this reason, reducing the activation energy with the help
of a good catalysis material is an excellent way to facilitate the phase conversion
process and contribute to the kinetic oxidation reaction. Herein, we investigated the
decomposition mechanisms of short-chain LiPS molecules on the pristine and doped
GDY substrates using CI-NEB calculation in VASP code. Furthermore, we also study
the diffusion of the extracted Li-ion from the small LiPS molecules traveling on the
substrate to assess ion mobility.

The energy profiles and corresponding reaction coordinates of the
decomposition of Li,S, and Li,S are shown in Figure 5.3. There is a 2-reaction step,
including (i) the delithiation of Li on LiPS molecules (A—B), and (i) the diffusion of
the extract Li ion to the favorable adsorption site (B=—C). As shown in Figure 5.3a,
the Li-S bond breaking of Li,S, into LiS, and Li is difficult on the pristine GDY with the
high decomposition energy barrier (E,) of 0.86 eV. The decomposition products are
unstable because the relative energy state of the products is higher than that of the
precursor with endothermic reaction energy (E) of 0.73 eV. This difficult
decomposition may stem from two bond breaking of Li-S bonds on the Li,S,
molecule (see Figure 5.3c). For the following step, the Li diffusion requires a small
energy barrier of 0.11 eV with nearly thermoneutral reaction energy. It suggests that
the delithiation process is the rate-determining step for the phase transformation on

the pristine GDY with the effective barrier of 0.86 eV.
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The difficult delithiation process of Li,S, is dramatically improved with the
presence of a doped TM-N center on GDY. This is because the weakened Li-S
interaction on the molecules easily induces Li-S bond cleavage. Overall, the
decomposition energy barrier is decreased on the doped GDY compared to that on
the pristine one. As shown in Figure 5.3c, the Li2S2 on the doped GDY undergoes the
decomposition reaction, yielding LiN and LiS,-TM intermediates, where the extracted
Li moves down in the favorable site at the triangle GDY pore. Notably, the energy
profiles for CoN,@GDY and FeN,@GDY are quite different, where the delithiation on
the FeN, center shows endothermically up-hill for its delithiation process (E, = 0.29
eV, E, = 0.41 eV) and the diffusion process (E, = 0.20 eV, E, = 0.40 eV), where the
overall reaction energy is 0.49 eV with the effective barrier of 0.69 eV (0.29 + 0.40).

For the Li,S, decomposition on the CoN,@GDY, the delithiation of the Li-S
bond exhibits a small barrier of 0.13 eV with the exothermic reaction energy of -0.86
eV owing to the formation of stable products. The delithiation of the Li-S bond in the
CoN2 system is more thermodynamically durable than that in the FeN, system
because the delithiation products move to the most favorable adsorption site into
the triangle pore of CoN2@GDY. In contrast, the position of the extract Li-ion in the
FeN2 system locates at 0.96 A above the GDY plate, as shown in Figure 5.4. The
following diffusion of Li-ion is an up-hill process with the diffusion barrier of 0.50 eV,
which equals the reaction energy of diffusion. The overall effective barrier is the Li-N
bond breaking of 0.51 eV with the overall exothermic reaction energy of -0.36 eV. To
sum up, the role of TM-N doping decreases the decomposition energy barrier from
0.86 eV for the pristine GDY to 0.69 eV and 0.50 eV for FeN,@GDY and CoN,@GDY,
respectively.

For the decomposition of Li,S, the energy profiles and corresponding reaction
coordinates are shown in Figure 5.3b,d, respectively. Overall, the decomposition of
Li2S is thermodynamically and kinetically more favorable than Li,S,. The delithiation
of Li-S bond breaking on the pristine GDY provides the small decomposition energy
barrier of 0.42 eV with the exothermic reaction energy of -0.34 eV. The stable
decomposition products stem from the formation of chemical S-C interaction on the

GDY linkage, where the S-C bond distance is 1.75 A. The computation through the
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Bader charge analysis suggests the electron migration with 1.3 e from the S atoms to
the GDY substrate, which is higher than the charge transfer for Li2S adsorption on the
GDY (0.7 e). For the Li-ion diffusion step, Li moves to the next preferential site with
the barrier of 0.54 eV by the reaction energy of 0.49 eV. The overall reaction energy
is quite endothermic by 0.15 eV with an effective barrier of 0.54 eV for the Li-S bond
breaking. Here, the rate-determining step is the Li diffusion instead of the delithiation,
which is different from the previous reports that the decomposition of Li-S bond
breaking is kinetically difficult (Y. Wang et al., 2019; Zhou et al., 2020). In addition,
the stable formation of the Li-C bond may be the main contribution to improving the
kinetics. The sp C atoms on the acetylenic linkage of pristine GDY could be the origin
of the facile decomposition of the short-chain LiPS molecules. Compared to the
other host cathode materials, our result suggests that the effective barrier of Li2S
decomposition on GDY (0.54 eV) is lower than that on the graphene (1.81 eV), which
is consistent with the experimental investigation that GDY cathode shows a higher
capacity, 713.7 mA h ¢-1 at 100 cycles (Du et al., 2017), than that of graphene
cathodes, 662 mA h g-1 at 100 cycles (B. Wang et al., 2012), for the Li-S batteries.
With the introduction of the doped TM-N center, the decomposition reaction
of Li,S is thermodynamically and kinetically more favorable. As illustrated in Figures
5.3b and 5.3d, the delithiation process comprises two-reaction steps where the Li-S
bond is elongated and reorganized on the Li,S molecule, taking place before the
cleavage of the Li-S bond. These steps are dramatically exothermic with small
decomposition barrier for both FeN, (E, = -0.65 eV, E, = 0.13 eV) and CoN, (E, = -0.94
eV, E, = 0.16 eV) systems, followed by the endothermic reaction of the Li-N bond
breaking with higher barrier for FeN, (E, = 0.52 eV, E, = 0.53 eV) and CoN, (E, = 0.50
eV, E, = 0.52 eV) systems. Both systems provide stable products than the precursor,
where the exothermically effective reaction energies are 0.13 and 0.44 eV for FeN,
and CoN, systems, respectively, which are more favorable than the endothermic
reaction energy for the pristine GDY (0.15 eV). Compared to the effective reaction
barrier for the pristine GDY (0.54 eV), the doped substrates provide the unchanged
effective barrier of the FeN, (0.53 eV) and CoN, (0.52 eV) systems. We also compare

the effective barriers with that decomposition for Li2S molecules on the other
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cathode materials such as V,CO, with 0.43 eV (Y. Wang et al., 2019), SnS, with 0.50
eV (Zhou et al.,, 2017), and Ti,CS, with 1.51 eV (B. Wang et al., 2012). Furthermore,
the Li,S, and Li,S decomposition on the doped GDY is energetically more favorable
than those on the Co- and Fe-Nd@graphene, where the total reaction energies of the
doped GDY are at least 1.03 eV (Zeng et al., 2019; L. Zhang et al., 2018). Here, our
computations reveal that the CoN,@GDY and FeN,@GDY promote the phase
transformation and contribute to the decomposition, leading to more S utilization

and long-term cycling for the cathode in Li-S batteries.
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Figure 5.3 Potential energy profiles of (a) Li,S, and (b) Li,S decompositions on GDY
(green line), CoN,@GDY (blue line), and FeN,@GDY (yellow line), and their
corresponding intermediates for (c) Li,S, and (d) Li,S decompositions. The labeled
numbers at the intermediate states indicate their relative energies, whereas the

numbers in parentheses denote the energy barriers.
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(b)

Figure 5.4 Top and side views for dissociation of Li-S bond of Li,S, on (a) CoN,@GDY
and (b) FeN,@GDY. These configurations are the same as site B in Figure 5.3c. Brown,

G light blue, N; yellow, S; green, Li; blue, Co; gold, Fe.

We also investigated other decomposition pathways of Li,S, and Li,S on the
doped systems, as shown in Figure 5.5. It should be noted that these different paths
are energetically less favorable than the presented decomposition reaction, as
shown in Figure 5.3. For the other high-energy paths, the delihiation process of Li-S
bond breaking is an endothermic reaction by the decomposition energy barrier of
more than 1 eV, where the reaction energies of both Li,S, and Li,S are in the range
of 0.89 - 0.91 eV, suggesting that the reduction products are unstable than their
precursors. The extracted Li ion travels across the acetylenic linkage, adsorbing on
the favorable sites on the neighboring triangle GDY pore. The computation shows
that the delithiation process of Li,S on both doped systems is nearly identical and
has a decomposition barrier of around 1.27 eV. At the same time, those of Li,S, are
slightly different, where CoN,@GDY provides the reaction energy (0.88 eV) and
corresponding barrier (1.15 eV) smaller than FeN,@GDY.
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Figure 5.5 Another reaction path of catalytic decomposition of (a) Li,S, and (b) Li,S,
and corresponding energy profile of (c) Li,S, and (d) Li,S, respectively, on CoN,@GDY
(blue line) and FeN,@GDY (yellow line). Color code: gray, C; light blue, N; yellow, S;
green, Li; blue, Co; gold, Fe.

Moreover, we also explored the Li diffusion on the pristine GDY, as shown in
Figure 5.6. In this case, we can assume that this diffusion happens far from the TM-N
doped center in the doped systems. Our computation reveals that the Li-ion
migrates to the next favorable adsorption site in the same triangle pore with a small
diffusion barrier of 0.10 eV. Meanwhile, the diffusion barrier is increased up to 0.61 eV
when the Li-ion diffuses jumping across an acetylenic linkage to the neighboring
pore. Such calculated diffusion barriers are slightly similar to those for other 2D-
carbon cathode, such as graphene with 0.48 eV (H. Zhang et al., 2013) and graphyne
with 0.72 eV (Sun et al., 2012), using DFT-PBE calculation. However, these moderate
barriers are still lower than the initial operating potential of 3.45 volts for the

charging process (Yang et al., 2012).
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Figure 5.6 Diffusion of Li-ion along path a (red dash line) and path b (blue dash line),
left panel. The corresponding energy profile along the path a (red solid line) and
path b (blue solid line), right panel. Color code: brown, C; green, Li.
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CHAPTER VI
CONCLUSIONS

In this thesis, using a first-principles method, the role of transition metal (TM)
and nitrogen co-doping on graphdiyne (GDY) as a 2D-based cathode material for Li-S
batteries was studied. We explored the structural and electronic properties of the
doped GDY to find the most energetically favorable configurations of TM (Co, Fe) and
N-doped GDY. Two main aspects were investigated: (i) the ability of the adsorption
between the reduction produced (Li,S,, x = 1, 2, 4, 6, and 8) and the substrates to
assess the suppression of polysulfide dissolution, and (i) the thermodynamically and
kinetically catalytic decomposition of short-chain LiPSs (Li2S2 and Li2S) on the pristine
and doped GDY.

The computations reveal that the constructed substrate models of CoN,@GDY
and FeN,@GDY are energetically stable by the lowest formation energies of -2.41 and
-2.00 eV, respectively, where the TM center interacts with the two nearest C atoms
and two substituted N atoms, which their doping concentration is consistent with
experimentally characterized reports. In addition, the AIMD simulation suggests that
both doped systems are still intact throughout the simulation time, leading to good
stability for the TM-N-doped GDY. The electronic structures of the host GDY is changed
from a semiconductor to become metal upon doping, where the additional electron
on the doped substrates increases which can promote good redox activities during the
charge/discharge process.

The adsorption strength of Sg and LiPS molecules on the pristine GDY is weak
van der Waals interaction for the long-chain LiPSs and strong interaction for the short-
chain LiPSs. The GDY-based electrode is ineffective material to inhibit the dissolution
of soluble LiPSs in both DME and DOL solvents, leading to the shuttle effect. In
contrast, the adsorptivity of the substrate is substantially improved upon doping by
TM and N impurity. The doped TM atom behaves as a Lewis-acid site that receives

electrons transferred from S atoms on the LiPS molecules, while the doped N atoms
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bind with Li on the adsorbates through electrostatic interaction. Such a synergetic
binding contributes to the large charge migration from the adsorbates to the doped
substrates, therefore, increasing the adsorption efficiency. This increased adsorption
strength can dramatically suppress the dissolution of the long-chain LiPSs into the
solvent, where the adsorption of the LiPSs on the doped substrates is stronger than
the interaction between the LiPSs and the surrounding electrolyte molecules. Based
on our results, we can suggest that the adsorption energy should be stronger than -
3.00 eV to obtain significant suppression of the LiPS shuttling.

In the case of LiPS dissolution, the AIMD simulation reveals that the dissolved
LiPSs interact with the solvent via Li-O bonds, where there is no decomposition
throughout the simulation time. The longer chain LiPS is the higher the solubility in
the ether-based solvent, especially DME. This high solubility of LiPSs may induce the
shuttle effect.

Finally, the thermodynamic and kinetic decomposition of Li,S, and Li,S was
investigated. We find that the decomposition on the pristine GDY is not energetically
favorable and kinetically slow due to the high decomposition energy barrier and
positive reaction energy. The catalytic activities were improved with the help of TM-N
doped catalytic sites, which significantly reduce the barrier and provide stable
reduction products. For the Li,S, decomposition, the pristine GDY exhibits
thermodynamically unstable (E, = 0.74 eV, E, = 0.86 €V), whereas the CoN,@GDY shows
better catalytic behavior (E, = -0.36 eV, E, = 0.50 eV). For Li,S decomposition, both
FeN,@GDY (E, = -0.13 €V, E, = 0.53 eV) and CoN, (E, = -0.44 eV, E, = 0.52 eV) show good
catalytic electrode as composed to the pristine GDY (E, = 0.15 eV, E, = 0.54 eV).

Overall, based on our computation, we could suggest that the presence of
both TM and N doping on the 2D-carbon GDY not only prevents the dissolution of the
shuttle effect by enhancing the adsoroptivity of the adsorbates and the doped
substrates but also promotes the LiPS decomposition by reducing the decomposition
barrier, facilitating fast phase transformation during the charging process. Therefore, the
FeN,@GDY and CoN,@GDY can be promising good candidates for the host cathode

material of Li-S batteries.
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APPENDIX A
THE DOS WITH DFT+U AND BADER CHARGE DIFFERENCE

Al Density of state with DFT+U calculation

We calculated the PDOS of the doped substrates, using GGA+U functional
where the applied U values for Fe and Co single-atom adsorbed GDY are 5.21 and
6.18 eV, respectively (He et al., 2012). These calculated PDOSs show that the
electronic character of the doped GDY was still metallic, which is similar to those
with PBE method as shown in Figure 3.5 in the main manuscript, suggesting that the

electronic properties was not changed using GGA+U or PBE method comparatively.
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Figure Al The projected density of state (PDOS) of (a) CoN,@GDY and (b) FeN,@GDY,
using DFT calculation with GGA+U method.
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A.2  Bader charge difference between before and after adsorption

We analysed the charge distribution of each atom in LiPS molecules and

substrates according to the adsorption systems as shown in Figure 2b-c, using Bader
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Ocharge analysis. The Bader charge difference (Ag) upon adsorption can be
calculated as the following:
Ag = g, (adsorbed) — q , (isolated)

where g, (adsorbed) and q, (isolated)are the amount of Bader charge of X atom in
substrates or LiPS molecules after and before adsorption, respectively (X = C, Co, Fe,
N, Li, and S atoms). Note that the Ag of C atom is the average Bader charge
distribution, whereas other atom species are individual charge distribution. The
positive and negative Ag mean the charge accumulation and depletion,
respectively. The labels of each atom are consistent with labeled atoms as shown in

Figure S1 and S2. The corresponding charge difference are illustrated in Table Al.

Table A1 The Bader charge distribution after adsorption*.

) CoN,@GDY FeN,@GDY
species
S LiSs  LiSe LSy LiS, Li,S Se Li,Ss Li,Ss Li,Sq Li,S, Li,S
Col/Fel | +0023  -0044  +0011  +0.024  +0.010  -0.037 -0.058 -0.025 -0.086 -1.107 -0.041 -0.072
N1 +0.033 40014  -0.056  -0.085 -0.084 -0.135 +0.031 -0.022 -0.053 +0.002 -0.100 0.117
N2 +0.041 40031 -0.032  +0.029  +0.035  +0.038 | +0.034 +0.046 -0.004 +0.998 +0.007 +0.010
Cove -0.002  +0.004  +0.004  +0.005  +0.011  +0.013 | -0.001 +0.004 +0.006  +0.006 +0.011 +0.013
Li1 - +0.009 0005  -0.001  +0.011  +0.001 - +0.002 0.008 -0.005 +0.001 +0.003
Li2 - 0.012  -0.003 0.006 0.012 0.017 4 0.010 -0.005 -0.008 -0.012 -0.016
S1 +0.001 0182  -0.052  -0.005  -0.080 -0.730 -0.004 -0.291 -0.058 -0.007 +0.002 -0.686
S2 #0013 -0023 0229 0223  -0471 = +0.001 -0.070 -0.183 -0.203 -0.463
S3 +0.018  +0.047  -0.037  -0.045 - - -0.001 +0.072 -0.032 -0.079
S4 -0.001 0051  -0.085  -0.023 - - -0.003 +0.099 -0.078 -0.021
S5 -0.002 0154  +0.062 - - . -0.019 -0.164 +0.066
S6 +0.051 +0.072  +0.084 - - - +0.104 +0.176 +0.029
S7 -0.021 0.023 - - - - -0.032 -0.043
S8 -0.019 +0.046 - - - - -0.032 +0.169

*Note that the red numbers represent the amount of Bader charge distribution for
the atom(s) in substrates(LiPSs) where contact with nearest other atom(s) from
LiPSs(substrates). For example, Li2 in Li,Sg adsorbed CoN,@GDY binds N1 atom, or S2
in Li,S¢ adsorbed CoN,@GDY binds Col atom.
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ABSTRACT: While lithium-sulfur (Li-S) batteries are considered
the next-generation energy storage devices, several issues inhibit
their commercialization, including poor conductivity, shuttling of
lithium polysulfides (LiPSs), and sluggish decomposition of small
LiPSs. Here, we illustrate through first-principles modeling that
doping graphdiyne (GDY) with transition metal (Co, Fe) and
nitrogen (TM-N) effectively suppresses the shuttle effect and
enhances sulfur utilization by promoting dissociation of small
LiPSs. We find that the TM-N doping provides additional electrons
to the substrate, which could improve the redox activity of the
substrates. The additional electrons also improve charge transfer
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between the substrate and adsorbate that enhances the LiPS adsorption. Electronic structure analysis reveals that the strong
interactions originate from the formation of TM-S bonds and electrostatic attractions between Li and N. Such strong adsorptions
prevail in the interaction between the LiPSs and electrolyte molecules; hence, the doped GDY could effectively prevent the
dissolution of LiPSs and inhibit the shuttle effect. Moreover, the doped GDY substrates exhibit small barriers of Li—S and Li—N
bond breaking that facilitate the decomposition of small LiPSs. This implies that TM-N-doped GDY promotes kinetics of LiP$
transformation, which increases sulfur utilization and diminishes capacity fading upon charge—discharge cycles. From the
computational viewpoints, the TM-N-doped GDY substrates are considered promising cathodes of Li-S batteries. This work serves
as a useful guide to rationally design high-performance two-dimensional (2D) carbon-based cathode materials for Li-S batteries.
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See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

KEYWORDS: lithium-sulfur batteries, graphdiyne material, density functional theory, first-principles method, polysulfide solubility

1. INTRODUCTION

Rechargeable batteries have been widely used as efficient
energy storage devices for several applications ranging from
portable electronic devices to electric vehicles.' Among various
kinds of batteries, lithium-sulfur (Li-S) batteries have been
considered as next-generation rechargeable batteries’™* due to
their high theoretical specific capacity of 2600 Wh kg™' and
energy density up to 1672 mA h g='.>° These values are much
higher than the commercially used Li-ion batteries (387 Wh
kg™, 155 mA h g™'), Ni-H batteries (80 Wh kg™', 100 mA h
¢ "), and Zn-air batteries (1086 Wh kg™, 820 mA h g™").”* In
addition, the electrode materials are inexpensive since sulfur is
naturally abundant.”

Upon the discharge process of the batteries, Li ions diffuse
from the anode to react with Sg (the most stable form of
sulfur) at the cathode to form lithium polysulfides (LiPSs)
with various Li/$ ratios of Li,S, (x = 2, 4, 6, 8). Properties of
LiPSs and their interaction with electrode materials play an
important role in determining the performance of the batteries.
For instance, the high capacity of the batteries can be
attributed to the formation of stable LiPSs at the electrode.'”""
However, deep discharging leads to the formation of

© 2022 American Chemical Society

V ACS Publications 9722

electrically insulated and highly stable LiPSs including Li,S,
and Li,S. Delithiation of such phases is difficult, resulting in
permanent internal resistance, capacity fading, low sulfur
utilization, and poor cyclability.'> Moreover, soluble long-chain
LiPSs such as Li,Sg, Li,Ss, and Li,S, can dissolve into the
electrolyte and diffuse back to the anode where the reduction
of LiPSs occurs. Such a self-discharge process leads to a
lowering of Coulombic efficiency, which is called the “shuttle
effect”.” ™" These problems are major issues inhibiting the
commercialization of Li-§ batteries.

Many efforts have been devoted to preventing the shuttle
effect and achieving long-term cycling stability. One possible
solution is to find cathode materials that effectively
accommodate Sy and LiPSs with good electronic conductiv-
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Figure 1. Optimized structure of (a) pristine GDY, (b) CoN,@GDY, and (c) FeN,@GDY, respectively, and (d) their corresponding projected
density of state (PDOS). Fermi level is adjusted to 0 eV. Brown, C; light blue N; blue, Co; gold, Fe.

ity.m Fc!llowing these characteristics, carbon-based materials
with different microstructures have been widely regarded as
promising candidates such as graphene,'”™* carbon nano-
tube,”"?? porous carbon,””* and graphdiyne.z‘i’l(’ Among
them, graphdiyne (GDY) has been considered as an effective
cathode material since its layered structure can provide good
accommodation for Sg and LiPSs.””*”** The sp- and sp*
hybridized carbon within the nyLr is the source of good
electronic conductivity (2 56 X 1071 S m™") and high carrier
mobility of 2 x 10° em® v s7.2** It has been reported that
the GDY cathuck. provides a ﬂrst cycle specific capacity of
960.9 mAh g~ nnd an almost 100% Coulombic efficiency with
high reversibility. *! Nevertheless, the pristine GDY cathode
still suffers from the shuttle effect due to the weak adsorption
of S¢/LiPSs.*”

Recently, there have been attempts to improve the
adsorption of Sg/LiPSs on the GDY cathode. Computational
studies suggested that doping GDY with B, N, or Cl can
significantly improve adsorption strength and charge transfer
between Sg/LiPSs and the cathode materials. RN addmon,
incorporating transition metals (TMs) such as Co”! and Fe™
in the N-doped GDY could further improve adsorptivity and
therefore suppress the shuttle effect. Such materials have
successfully been synthesized yet applied for cathode materials
of Li-S batteries. Previous computation also suggested that Co-
doped C,N and Fe-doped N-graphene are promising cathodes
on both good anchoring and catalytic effect for Li-S
batteries.”* " TM and N co-doping induces strong interaction
between Li and N, whereas the hybridization of TM and S
atoms in the LiPSs leads to the formation of chemical bonds,
which in turn increases adsorption capacity. Moreover, their
electronic structures reveal enhanced electronic conductivity
upon doping, *

Herein, the aim of this work is to use first-principles
modeling based on density functional theory to illustrate that
TM-N-co-doped GDY is a promising candidate as cathode
materials of Li-S batteries. Two main aspects were explored:
(i) the ability to suppress the shuttle effect and (i) the
enhanced kinetics of decomposition of small LiPSs. To do this,
we constructed the TM-N-doped GDY model where the
doping sites and compositions were varied to yield TMN,@
GDY (TM = Co or Fe, x = 2, 3, or 4). Then, we calculated
their density of states to study their electronic properties
including bonding characters and electronic conductivity.

9723

Next, we adsorbed Sy and LiPSs on the substrates and
analyzed the electronic structures upon adsorption. The
adsorption energies between the Sy/LiPSs and the substrates
are compared with the binding energies between LiPSs and
electrolyte solvents to determine their ability to prevent the
shuttle effect. Finally, we calculated the decomposition
energies and barriers of small LiPSs to study the enhanced
kinetics of LiPS transformation, which reflect the cyclability
and sulfur utilization of the cathodes. The findings in this work
provide insights into the effect of TM-N co-doping on the
prevention of the shuttle effect and the enhanced sulfur
utilization of the GDY cathodes. The obtained insight serves as
a guide for developing two-dimensional (2D) carbon-based
cathode materials of Li-S batteries.

2. COMPUTATIONAL DETAILS

All calculations were carried out using the spin-polarized DFT
method as implemented in the Vienna Ab initio Simulation
Package (VASP $.3).""*" The frozen-core projector aug-
mented wave method was used to describe the electron—ion
interaction.*' The valence electrons of Li 2s, C 252p, N 2s2p, S
3s3p, Co 3d4s, and Fe 3d4s were taken into account in a plane-
wave basis with a kinetic energy cutoff of 600 eV. The
exchange-correlation functional was described by the general-
ized gradient approximation of Perdew—Burke—Ernzerhof
(PBE)."”” Weak van der Waals interactions between the
adsorbates (Sg, Li,S,) and the substrates (GDY, TMN,@
GDY) were partially corrected using the DFT-D3 method with
Becke—Johnson damping.**** To avoid interaction between
periodic images, the unit cell of GDY was expanded to a 2 X 2
supercell with a vacuum gap of 20 A along the z-direction. The
2 x 2 supercell is large enough to avoid spurious interaction
between adsorbates in their periodic images as the difference of
the adsorption energies calculated using the expanded 3 X 3
supercell is within 0.01 eV. The Brillouin zone integrations
were carried out usmg the k-point sampling of the
Monkhorst—Pack scheme™ as 3 x 3 X 1 for structural
optimization and 7 X 7 X 1 for electronic density of states
(DOS) calculations. The ground-state energies were obtained
by solving Kohn—Sham equation self-consistently until the
energy difference was within 107° eV. For structural
optimization, the force convergence criterion was set to 0.02
eV A\ The charge distributions were analyzed using the
Bader charge decomposition scheme.*®

https://doi.org/10.1021/acsaem 2c01395
ACS Appl. Energy Mater. 2022, 5, 9722-9732
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Relative stabilities of doped structures were assessed by
computing the formation energies, E; as follows™

Ep = E(TMN,@GDY) — %E(Nz) — E(TM) — E(GDY)

+ xE(C) o)

where E(TMN,@GDY) represents the total energy of co-
doped GDY with one TM atom (TM = Co or Fe) and x N
atoms, E(N,) is the total energy of an isolated N, molecule,
E(TM) is the total energy of a single metal atom, E(GDY) is
the total energy of perfect GDY, and E(C}) is the total energy
per carbon atom of the perfect GDY.

To study the stability of LiPS molecules in the electrolyte
solvents, we carried out ab initio molecular dynamics (AIMD)
simulations of large LiPS molecules dissolved in 2-dimethoxy-
ethane (DME) and 1,3-dioxolane (DOL) solvents. The
simulations were carried out using the NVT ensemble of
Nose—Hoover thermostat with a time step of § fs for 5 ps at
300 K. To lower the expense of the calculations, we used I'-
point only for k-point sampling with an energy cutoff of 450
eV. The volume of the explicit solvent system was set to 18 X
15 x 15 A? containing one LiP$ molecule at the center of the
box surrounded by the solvent molecules. The number of
solvent molecules was calculated corresponding to the density
of liquid solvent of DME (0.87 g cm™?) and DOL (1.06 g
cm™?) at room temperature.

3. RESULTS AND DISCUSSION

3.1. Geometric and Electronic Properties of Pristine
and Co-Doped GDY. A pristine GDY monolayer comprises a
series of sp- and sp*hybridized carbon atoms. Its 2D structure
is derived from graphene with two units of acetylenic linkages
(—C=C~-, sp components) that connect two adjacent sp’
carbon atoms, as shown in Figure la. Its unit cell exhibits a
hexagonal symmetry with the experimentally measured lattice
parameter of 9.458 A."” From the unit cell, we constructed a 2
% 2 supercell containing 72 C atoms to use as a model
substrate where its optimized supercell parameter of 18.924 A
agrees with the experimental value of 18916 A The
calculated bond distances of sp® carbon (1.432 A) and the
acetylenic linkages (1.396, 1.232 A) also match with those
reported in the previous DFT-PBE study™ with differences
less than 0.1%.

Although the TM-N-co-doped GDY materials were
successfully synthesized, their structural information regarding
the doping sites of both metal and nitrogen remains unclear.
Characterizations using X-ray photoelectron spectroscopy
(XPS) reveal possible configurations of nitrogen atoms at
acetylenic linkage with the concentration of nitrogen in the
range of 2.99—5.39%, where the transition metal, Co or Fe, can
be adsorbed nearby the doped N sites. Hence, in this work, we
considered various configurations of TM- and N-co-doped
GDY where the number of N atoms was varied from two to
four atoms yielding the N concentrations of 2.78—5.56%
corresponding to the synthesized concentrations. 25 Compu-
tations reveal that the preferred configurations involve two N
atoms substituted at the acetylenic linkage next to the sp?
carbon where the TM atom strongly binds with two N atoms
and two sp C atoms, as shown in Figure 1b,c, and discussed in
Supporting Information Section S1. Such configurations
exhibit the lowest formation energies of —2.41 and —2.00 eV
for CoN,@GDY and FeN,@GDY, respectively. The other
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configurations with different numbers of doped N atoms are at
least 0.32 eV less stable (see SI Section S1).

In addition, we calculated the adsorption energies, E, 4, Ty, of
TM on the N-doped GDY to determine the stability of TM
anchoring using the following equation*’

Eqymm = Ernn ey — Ex@eoy — Erm (2)

where Enypy oy En oy and Eqy denote the total energy of

TM-N-co-doped GDY, N-doped GDY, and an isolated Co or
Fe atom, respectively. We find that the TM atom effectively
anchors to the N-doped GDY at the N doping sites as shown
by their strong adsorption energies for both Co (Eg,mm =
—6.64 V) and Fe (E,g4.1y = —8.94 eV). Therefore, such
configurations of CoN,@GDY and FeN,@GDY were used as
the doped substrate models.

We further examined the thermal stability of the chosen
doped models using AIMD simulation with the NVT ensemble
at 300 K for 10 ps. As detailed in SI Section §2, the result
reveals that both CoN,@GDY and FeN,@GDY are still intact
with the vibration of the adsorbed TM atom around the
equilibrium position, suggesting good stability of the TM-N-
doped substrates.

To explore the effects of TM-N doping on the electronic
properties of the host cathodes, we calculated and analyzed
their projected density of states, PDOS, (Figure 1d) and band
structure (Figure 54). The PDOS and band structure of
pristine GDY exhibits a semiconducting character with a direct
band gap of 0.47 eV, which is consistent with previous DFT-
PBE calculation.™ The calculated band gap is lower than that
of the experimental value (0.6—1.0 eV)’' due to the well-
known self-interaction error of the DFT formalism. In
addition, to test if the electronic structure of the doped GDY
could be changed with the applied Hubbard U correction, we
calculated their PDOS using the PBE + U method. The U
values for Fe and Co are 5.21 and 6.18 eV, respectively.”” As
described in SI Section 54, the PDOS exhibit their Fermi level
in the band, which is consistent with those calculated using the
PBE method. Upon doping, extra electrons from the TM and
N dopants partially fill in the conduction band leading to the
shifts of Fermi level into the conduction band. which is
consistent with the calculated band structure (Figure S4). The
features of the top of the valence band and bottom of the
conduction band show significant hybridization between TM
3d and C 2p states with non-negligible contribution of N 2p
states suggesting strong interactions between the TM- and N-
doped GDY. From the atomistic viewpoint, the TM-N co-
doping provides additional electrons that could facilitate redox
processes of the cathode upon charge—discharge cycles.
Similar effects have been reported in a previous computational
work that TM doping increases the conductivity of the C,N
host and improves the redox activity of Li-S batteries.’

3.2. Adsorption of Sg/LiPSs on the Pristine and
Doped GDY. Next, we examined the adsorption of Sy and
LiPSs on the pristine and doped GDY to explore the effect of
doping on the prevention of the shuttle effect. The greater the
adsorptivity is, the less likely the LiPSs is to redissolve into the
electrolyte. First, we searched for the most stable adsorbed
configurations and adsorption sites. The optimized molecular
structures of Sy and LiPSs are detailed in SI Section SS5. The
adsorption energy, E, 4, can be calculated using the following
equation,™ where all stable adsorbed configurations and their
adsorption energies are summarized in Figure 2

https://doi.org/10.1021/acsaem 2c01395
ACS Appl. Energy Mater. 2022, 5, 9722-9732
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Figure 2. Top and side views of the most stable adsorption configurations of S5 and LiPSs on (a) pristine GDY, (b) CoN,@GDY, and (c) FeN,@
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Eygs = B uipssrsab — Baun = Esyvipss (3)

where Eg 1 ipsosan 1 the total energy of the adsorbed Sg/LiPSs
systems, E,, is the total energy of the substrate, and Eg_ypg, is
the total energy of an isolated Sg/LiPSs molecule.

For the adsorption on the pristine GDY substrate, we find
that most favorable adsorption sites are at the hollow site of
the large triangle pore, as shown in Figure 2a. The adsorption
energies of Sy (—0.44 eV) and large LiP$ molecules, including
Li,S, (—0.81 eV), LisSg (~0.64 V), and Li,S, (—0.67 cV),
indicate relatively weak interaction between the molecules and
the pristine GDY, as shown in Figure 2d. Stronger adsorption
is predicted for small LiPS molecules where the adsorption
energies of Li,S, (—1.33 V) and Li,$ (—1.48 eV) are much
stronger. It can be seen that increasing the ratio of Li/S in the
LiPS molecules improves the adsorptivity. In other words,
LiPSs at late discharge states (Li,S, and Li,S) bind more
strongly with the GDY host.

We analyzed the charge distribution of LiPSs and the GDY
substrate to further describe the increased adsorptivity along
the discharge process. As shown in Figure 2a, before the
discharge process, the Sg molecule weakly adsorbs on the GDY
substrate (E,4, = —0.44 eV) with negligible charge transfer less
than 0.01 e. During the early discharge process, Li reacts with
Sy to form Li,Sg and Li,Se, which bind more strongly to the
substrate. Two Li atoms in the Li,Sg and Li,S; molecules
consistently exhibit a positive charge of +0.9 e per atom where
their electrons are mainly accumulated at the electronegative S
atoms with a total charge of —1.7 e and slightly transferred to
the substrate of up to —0.1 e, The preferred adsorbed
configurations of Li,S; and Li,S, exhibit the paralleled
orientation where only one Li atom is interacting with the
substrate.

At intermediate and late discharge states, the cathode
contains higher Li concentrations with a formation of smaller
LiPSs including Li,S,, Li,S,, and Li;S. We find that Li in these
small LiPSs still maintains its positive charge of +0.9 e per
atom. However, electrons from the positively charged Li are
now distributed at S in the LiPS molecules (varied from —1.1
to —1.6 e) and at the GDY substrate (varied from —0.2 to —0.7
e). This is because smaller LiPS molecules contain lower
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amounts of electronegative S that they cannot hold the
electrons of Li and therefore the excess electrons are
transferred to the substrate. The charge transfer leads to
strong Coulombic interaction between the positively charged
Li and the negatively charged GDY that these LiPSs have their
two Li atoms binding with the substrate. The adsorption
strength corresponds well with number of electrons trans-
ferred, as shown in Figure 2d. The smaller the LiPS molecule,
the greater the amount of charge transferred and the stronger
the adsorption. Nevertheless, the adsorptions on the pristine
GDY substrate are still relatively weak, especially for the large
LiPS molecules.

Adsorptivity is substantially improved upon doping. As
shown in Figure 2b,c, Sy/LiPSs prefer to strictly adsorb at the
TM and N doping sites. The adsorption energies of all
molecules become significantly stronger by at least —1.60 and
—1.47 eV for adsorption on CoN,@GDY and FeN,@GDY,
respectively, as illustrated in Figure 2d. Also, the improved
adsorptivity correlates with the degree of charge transfer. Such
strong interactions can be attributed to the presence of both
TM and N active sites, which play synergistic roles in
improving the stability of the adsorbed molecules. As shown in
Figure 2b,c, the adsorbed structures reveal that the doped TM
atom acts as a Lewis acid site that binds with an electron-rich §
atom of the LiPS molecules, whereas the electronegative N
atoms strongly interact with the Li atom(s) of the LiPS
molecules (see more details in SI Section $6). The structures
of the adsorbed Sy/LiPSs are changed compared with their
isolated molecules (see Figure S6). The bond distances of Li—
S bonds are mostly increased by at least 0.12 A, whereas those
of §—S bonds in LiPSs are decreased by at least 0.11 A upon
adsorption (see Tables S1 and S2). In particular, some S$—$
and Li—$ bonds in the adsorbed Li,S; on the doped GDY are
broken with their breaking distance of 2.53 and 4.17 A,
respectively. This agrees with the experimental observation
that, during the discharge process, Li,Sy readily accepts
electrons and is depleted quickly by transforming to other
phases.” Moreover, it can be seen that adsorptions on the
FeN,@GDY are somewhat stronger than those on the CoN,@
GDY. This may be due to the higher numbers of unoccupied
3d states of Fe, which makes Fe the better Lewis acid, leading

https://doi.org/10.1021/acsaem 2c01395
ACS Appl. Energy Mater. 2022, 5, 9722-9732
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to strong Lewis acid—base interaction between the molecules
and the doped substrates. This explanation is consistent with
the previous DFT-PBE calculations that transition metals, on
the N-doped graphene, with lower unoccupied 3d orbitals
weakly bind to the LiPS molecules as demonstrated through
the series of firstrow transition metals (Cr to Cu).”’
Interestingly, our calculated results of these co-doped GDY
display better adsorptivity (1.4—3.9 eV) than those reported in
previous theoretical studies within DFT-PBE description
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where the reported adsorption energies on TM-N-co-doped
graphene are in the range of 0.9-2.5 eV for large LiPS
molecules.”*®

To obtain insights into the bonding characters between
molecules and the substrates, we further analyzed their PDOS.
As shown in Figure 3a, PDOS of the adsorbed pristine GDY
systems exhibits only a small overlap between the adsorbed
molecular states (Li 2s and S 3p) and the C 2p states of the
substrate. Such negligible overlaps imply no chemical
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interaction between the adsorbed molecules and the GDY
substrate. In contrast, adsorptions on the doped GDY exhibit
significant hybridization between the S valence states and the
doped TM 3d states. One example includes the PDOS of Li,S,
adsorbed CoN,@GDY, which displays a large overlap of S 3p
and Co 3d states in the energy range of —0.8 to 1.5 eV (Figure
3b). The other example is the Li,S; adsorbed FeN,@GDY
system showing the overlap of § 3p and Fe 3d states in the
energy range between —0.7 and 0.8 eV (Figure 3c).

In addition, the adsorption is enhanced by the electrostatic
interaction between positively charged Li and the highly
electronegative N site on the substrate. Bader charge analysis
reveals that Li in LiPS molecules exhibits a positive charge of
+0.9 e, whereas the doped N sites display negative charge in
the range of —1.1 to —1.2 e for the doped GDY systems (see SI
Section $7). The analysis is consistent with the PDOS of the
adsorbed systems that the overlap between Li and N states is
negligible since no covalent bond is formed.

Overall, we illustrated through the PDOS and charge
analyses that the doped TM center acts as a Lewis acid site
that strongly binds with the S moieties, whereas the doped N
sites and Li interact via a Coulombic force. Such combined
TM-N active sites significantly improve the adsorption of Sg
and LiPS molecules, which could further enhance the capacity
of the electrode. In addition, the PDOS of the doped systems
with Sy/LiPSs adsorption reveals relatively populated states at
the Fermi level, suggesting that the systems are electron-rich,
which can facilitate the redox reaction of the lithiation
process.™

3.3. Suppression of Shuttle Effect by TM-N Anchor-
ing. The strong interaction between the electrolyte molecules
and the LiPSs is the major contribution leading to LiPS
dissolution and the shuttle effect.” ™™ One strategy used to
inhibit such processes is to enhance the adsorptivity between
the LiPS molecules and the electrode substrates.”® As
discussed in the previous section, TM-N co-doping improves
the adsorption strength between the LiPSs and the GDY
substrates. In this section, we further explored how TM-N
doping can help suppress the shuttle effect.

Herein, we examined the adsorptivity of LiPSs on the
pristine and doped GDY substrates in the presence of the
electrolyte molecules. The Li,S; molecule was chosen to
represent the LiPSs that are prone to dissolution due to its
weak adsorption energy, as illustrated in the previous section,
In addition, it has been experimentally reported that Li;Sy is
quickly transformed to other LiPSs, whereas Li,S, is more
stable and generally found during the charge—discharge
cycles‘53 We chose 1,2-dimethoxyethane (DME) and 1,3-
dioxolane (DOL) as ether-based electrolyte solvents since they
are commonly used as liquid electrolyte for Li-S batteries.
These electrolytes are compatible with the standard salt
(LiTFSI) and exhibit poor solvation to LiPS compared with
the carbonate-based electrolytes.”” ™' The co-adsorbed sys-
tems include the adsorbed Li;S; molecule on the substrates
surrounded by up to four molecules of DME or DOL
electrolyte. Additional electrolyte molecules do not directly
interact with the adsorbed Li,S; molecule (see SI Section S8).
As shown in Figure 4, the DME/DOL molecules prefer to bind
with the Li,S4 molecule through the Li—O interaction, where
one Li,S; molecule can coordinate with three electrolyte
molecules in the first solvation shell. The Li—O distances are in
the range of 1.95-2.10 A. The fourth electrolyte molecule
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stays at the outer solvation shell with the Li—O distance farther
than 3.84 A,

To systematically determine the suppression of the shuttle
effect, we compare the adsorption energies between the Li,Sg
molecule and the substrate with the effect of surrounded
electrolyte molecules, E g With the binding interaction
energies between the Li,S; and the electrolyte molecules,
Ep ingler 25 schematically shown in Figure 42.°> The
corresponding E g, g can be calculated as follows

Eogosinge = Eango(LizSs + sub) — Eyo g (sub)
= Eqingte(LiySg) (4)

where Esmg}e(uzss + sub) is the calculated single-point energy
of the adsorbed Li,S4 substrate obtained from the optimized
solvated co-adsorbed configuration but removing the electro-
lyte molecules. . (sub) and E,.(LiySs) are the calculated
single-point energies of the substrate and an individual Li,S¢
molecule, respectively. The binding interactions between the
Li;84 and the electrolyte molecules, By, g, are calculated using
the following equation

El:,singlz = Esmgle(]"ilsé + elec) — Eaingle(CIcC)
= g (LisSg) (8)

’mgk_(Lilsﬁ + elec) and E“mgwc(elec) are the calculated
single-point energy of the optimized Li,Sq surrounded by
electrolyte molecules but removing the substrate and the
calculated single-point energy of electrolyte molecules,
respectively. Then, E g . and B, were compared to
determine the dissolution of the Li,S¢ molecule. If E, g g. is
stronger (more negative) than Ejgingles adsorption  prevails,
where the shuttle effect is suppressed, otherwise the dissolution
is predicted.

As shown in Figure 4b, the pristine GDY is considered an
ineffective electrode material to inhibit the shuttle effect
because the interaction between the Li,S4 and the electrolyte is
stronger than those of the adsorption on the substrate at all
electrolyte contents for both DME and DOL electrolytes. As a
result, the dissolution of Li,34 is expected even at low contact
of one surrounding electrolyte molecule.

The shuttle effect can be significantly suppressed with the
help of TM-N doping. As shown in Figure 4b, while the
binding energies are maintained in the range of —0.85 to —2.74
eV, the adsorption strength between the Li,S¢ molecule and
the substrates is greatly improved by at least —3.35 eV upon
TM-N doping. Thus, the enhanced adsorptivity dramatically
lowers the dissolution of the LiPS molecules. Based on our
computations, to effectively prevent the dissolution, it is
suggested that the adsorption strength between the candidate
cathode material and LiPS molecules should be more negative
than —3.0 eV. It is noted that, in this study, we only explored
the suppression of the shuttle effect on monoclayer GDY
substrates. The required adsorption strength to suppress the
dissolution may vary if we consider the LiPS adsorption in
other systems such as multilayer systems. For example,
previous computational studies of LiPS adsorptions on
gmphene62 and GDY-based electrodes™ reported that the
adsorption strength can be improved by reducing the interlayer
spacing. As shown in Figure 4c,d, the vertical distance of
electrolyte adsorption on the substrate could be used to
suggest that the interlayer spacing should be in the range of 6—

where E
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9 A. Such interlayer gaps can confine the Li,S; molecule and
limit the direct electrolyte contact with up to two electrolyte
molecules in the first solvation shell. The interlayer spacing
larger than 9 A leads to greater exposure of more electrolyte
molecules, which could lead to the dissolution of LiPSs.

3.4. Solubility of the Soluble LiPS in Electrolyte
Solution. As previously discussed, the dissolution and
shuttling of large LiPSs from the cathode to the anode leads
to a low Coulombic efficiency of the batteries."”* To better
understand the behavior of LiPS dissolution, we study the
solvation of large LiPS molecules in the DME/DOL
electrolytes by carrying out the AIMD simulations. Low-
energy configurations were chosen from the AIMD results for
further geometry relaxation using DFT to obtain the ground-
state structures and energies, As shown in Figure 5, one LiPS

(a) DME+L,S, (d) DOL+Li,S,
o ‘-

¢ 5 Sy S
R s R

(b) DME+LLS;
b ]

by

() DOL+Li,S;
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‘?’:\; 1 ‘wﬁf \
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#DME DoL

Figure 5. Low-energy configurations of (a—c) DME- and (d—f)
DOL-solvated LiPSs as obtained from AIMD simulations with (g)
their corresponding solvation energies. lllustrations in the ball-and-
stick model represent electrolyte molecules in the first solvation shell,
whereas the wireframe models are the outer solvation shell.

molecule (Li,Sy, Li,Ss or Li,S,) can directly interact with at
most three DME or five DOL molecules in the first solvation
shell. We calculated the solvation energies, E,,, to determine
the interactions between the dissolved LiPS molecules and the
electrolytes as follows

E, = Epps = By (6)

ol = Eripssole

where Ejjpg is the total energy of the optimized LiPS
molecule surrounded by solvent molecules, E;;p5 is the total
energy of an isolated LiPS (Li,Sg Li,Sy or LiyS,) molecule,
and E,, is the total energy of the optimized solvent molecules
(DME or DOL) in the simulation box.

As shown in Figure 5a—f, the optimized LiPS molecules still
maintain their molecular structures without any dissociations
of chemical bonds indicating good stabilities in the electrolyte

9728

environment. Nevertheless, elongations of Li—$ bonds, in the
range of 2.27—2.65 A, are observed due to strong interactions
between the Li moieties and the O atoms of the electrolyte
molecules as illustrated through highly negative E,; in Figure
5g. Such strong interactions signify the solubility of LiPS
molecules in the electrolyte media. Generally, E,; tends to be
more negative at high § contents, indicating that the large LiPS
molecules can be easily dissolved in the electrolyte. The
calculated results agree very well with the experimental
observations that the solubility tends to increase with the
molecular size of LiPSs."” In addition, the E,; in DME are
generally more negative than those in DOL electrolyte,
implying that LiPSs better dissolve in the DME electrolyte.
The high solubility of LiPSs in DME may promote LiPS
dissolution, leading to an undesired shuttle effect.

3.5. Dissociation and Diffusion of Li lons from the
End Products of LiPSs. We have shown in the previous
sections that TM-N doping significantly improves adsorptivity
of the GDY substrates and effectively prevents the dissolution
of large LiPSs and the shuttle effect. In this section, we further
investigated the role of TM-N doping to enhance sulfur
utilization by studying the decomposition of small LiPSs. As
discussed earlier, the irreversible phase transformation of small
LiPSs is the main reason for capacity fading, low sulfur
utilization, and the low-cycle life of Li-S batteries.'” Such
difficult conversion of small LiPSs originates from the high
activation energies of LiPS decomposition leading to slow
oxidation kinetics of the charge process. As a result, lowering
the activation energies with the help of catalysts is expected to
accelerate the phase transformation process and promote
oxidation kinetics. Here, we study the decomposition
mechanisms of small LiPSs including Li,S, and Li,S on the
pristine and doped GDY using the CI-NEB method. In
addition, we explored the catalytic role of the doped TM-N
centers toward decomposition kinetics.

As shown in Figure 6a,b, the decomposition of Li,S, and
Li,$ is a two-step process including (i) dissociation of Li—$
bonds (A — B) and (ii) diffusion of Li to the stable adsorption
site (B — C). Note that the presented mechanisms are the
most favorable pathways, whereas other high-energy paths are
detailed in SI Section S9. Computations reveal that, over the
pristine GDY, the bond breaking of Li,S, is difficult that it has
to overcome a high barrier (E,) of 0.86 eV with an
endothermic reaction energy (,) of 0.73 eV. This is because
this step involves breaking two Li—S bonds, as shown in Figure
6¢. The subsequent step of Li diffusion exhibits a much lower
barrier of 0.11 eV with a nearly thermoneutral reaction energy.
It is obvious that the Li—S bond breaking is the rate-
determining step where the overall process displays an effective
barrier of 0.86 V.

The presence of doped TM-N center greatly improves the
kinetics of the difficult decomposition process by weakening
the interaction within the Li,S, molecule and changing the
decomposition mechanism. First, the strongly adsorbed Li,5,
on the doped GDY weakens the Li—S bonds, in turn lowering
the barrier of Li—S bond breaking yielding the LiN and LiS,-
TM intermediates, as shown in Figure 6c. Next, for Li to
diffuse, the Li—=N bond breaking must take place where the Li
atom moves to the stable adsorption site. Interestingly, the
FeN; and CoN, active sites affect the dissociation quite
differently. In particular, dissociation on the FeN, system
exhibits all uphill processes for both Li—$ (E, = 0.29 ¢V, E, =
041 eV) and Li—N bond breaking (E, = 0.20 eV, E, = 0.40
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€V). The overall process yields a reaction energy of 0.49 eV
with an effective barrier of 0.69 eV (0.29 + 0.40) for Li,S, on
FeN,@GDY.

In contrast, for the CoN, doped system, the dissociation of
Li—S bonds on Li,S, displays a small barrier of only 0.13 eV
with an exothermicity of 0.86 eV due to the formation of stable
intermediate. The subsequent step of Li—N bond breaking is
endothermic by 0.50 eV, where the barrier is of the same
magnitude (0.51 eV). The overall reaction energy is
exothermic by 0.36 eV, where the effective barrier is limited
by the Li—N bond breaking of 0.51 eV. The dissociated Li in
the CoN, system is more stable than that in the FeN, system
because it moves to the most stable site into the triangle pore
of the CoN, system. On the other hand, in the FeN, system,
the Li atom locates at 0.96 A above the triangle pore (see
Figure S12). To conclude, TM-N doping changes the Li,S,
decomposition mechanisms and reduces its effective barrier
from 0.86 eV for the pristine GDY to 0.69 and 0.50 eV for
FeN, and CoN,@GDY, respectively. The overall reaction
energy is also reduced from 0.74 eV on the pristine GDY to
0.49 and —0.36 eV for FeN, and CoN,@GDY, respectively.

Unlike Li,S,, decomposition of Li,S is thermodynamically
and kinetically more favorable even when the reaction takes
place in the absence of the TM-N centers. As shown in Figure
6b, the Li—S bond breaking on the pristine GDY exhibits a
lower energy barrier of 0.42 ¢V with an exothermicity of 0.34
eV. Such a relatively easy step is due to the formation of a
stable Li-S intermediate where S chemically binds with the sp
C of the GDY substrate with the S—C bond distance of 1.75 A,
as illustrated in Figure 6d. Bader charge analysis reveals that
the decomposed Li,S exhibits greater charge transfer to the
substrate (1.3 e) compared with the adsorbed state (0.7 e).
The greater degree of charge transfer well correlates with the
highly stable decomposed Li,$ intermediate. The subsequent

step, Li diffusion, is energetically uphill by 0.49 eV with a
barrier of 0.54 eV. The overall decomposition process is
slightly endothermic by 0.15 eV with an effective barrier of
0.54 eV belonging to the Li diffusion step. The results are
interesting because the rate-limiting step is not the Li—S bond
breaking which is typically reported as a kinetically difficult
step for Li,S, decomposition in this study and Li,S$
decomposition on other studied cathode materials.”** We
find that the formation of stable LiS-GDY intermediate
through the strong S-C(sp) bond is the main contribution to
such enhanced kinetics. Note that the sp C presented in the
acetylenic linkages is one of the unique properties of GDY that
could be the origin of the facile decomposition of small LiPSs,
In particular, our study reveals that the effective barrier of Li,S
decomposition on GDY (0.54 eV) is significantly lower than
that on graphene (1.81 eV),*" suggesting the better trans-
formation of LiPSs and high S utilization. This is consistent
with the experimental results that the GDY cathode exhibits a
higher energy capacity (713.7 mA h g™ at 100 cycles)’" than
graphene cathodes (662 mA h g' at 100 cycles).*®

In the presence of the doped TM-N centers, the Li,S
decomposition is thermodynamically more favorable. The TM-
N doping changes the behavior of Li,$ adsorption, resulting in
alternative decomposition mechanisms. As shown in Figure
6b,d, Li—S bond cleavage is now a two-step process where the
Li—S bond elongation and reorganization of the Li,S molecule
take place before breaking the Li—$ bond. These steps are
strongly exothermic with small barriers for both FeN, (E, =
—0.65 eV, E, = 0.13 eV) and CoN, (E, = —0.94 ¢V, E, = 0.16
eV) systems. The following step of Li—N bond breaking is
endothermic with higher barriers for FeN, (E, = 0.52 eV, E, =
0.53 eV) and CoN, (E, = 0.50 eV, E, = 0.52 eV) systems.
Overall, both systems yield thermodynamically favored
products where their reaction energies are exothermic by
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0.13 and 0.44 ¢V for FeN, and CoN, systems, respectively,
which are more favorable than the endothermic reaction
energy for the pristine GDY (0.15 eV). Its kinetics remains
unchanged as the effective barriers of the FeN, (0.53 eV) and
CoN, (0.52 eV) systems are very similar to that of the pristine
system (0.54 eV). Our calculated effective barriers are
comparable to those calculated for Li,S decomposition in
other cathode materials such as V,CO, (0.43 eV),”* SnS, (0.50
eV)," and Ti,CS, (1.51 eV).”" In addition, the decomposition
of Li,S, and Li,S on the doped GDY is energetically more
favorable than those on the Co/FeN,@graphene where the
overall reaction energies of the doped GDY are at least 1.03 eV
more favorable.””™ The calculated results suggest that the
TM-N-doped GDY facilitates the decomposition of small LiPS
molecules, which could improve energy density, cyclability,
and § utilization of the electrode.

In addition, Li diffusion on the pristine GDY was also
considered (see SI Section S10). It is reasonable to assume
that such diffusion occurs far from the active site in the doped
systems. From the result, Li ion diffuses with a small diffusion
barrier of 0.10 eV for movement among nearby favorable sites
in the same triangle pore. The barrier is much higher (0.61 eV)
for Li to jump across an acetylenic linkage to the next triangle
pore. The calculated barriers are in a similar order to those
DFT-calculated values of the 2D carbon-based cathode
materials including graphene (0.48 eV)® and graphyne (0.72
eV)."” Nevertheless, such moderate barriers should be easily
overcome at an operating potential of 3.45 V for initial
charging conditions. o

4. CONCLUSIONS

In this work, we used a first-principles method to study the role
of TM-N doping on (i) the suppression of shuttle effect and
(i) promotion of small LiPS decomposition on GDY-based
electrodes of Li-S batteries. The constructed models are based
on the experimentally characterized TM (Fe, Co)—N-co-
doped GDY where the TM center binds with two C atoms and
two substituted N atoms at the acetylenic chain. The models
are further used for the adsorption study of Sg/LiPSs and co-
adsorption of Li;Ss with electrolyte molecules. The calculated
results reveal that TM-N-doped GDY systems exhibit
improved adsorptivity of Sg/LiPS molecules. In particular,
the TM center acts as a Lewis acid site that binds with the S
atoms while the doping N atom interacts with Li of the
adsorbate via electrostatic attraction. Such a binding mode
induces greater charge transfer between the molecules and the
substrates, thus increasing the adsorption strength. The
increased adsorptivity of the doped substrates helps suppress
the LiPS dissolution into the electrolyte, which is determined
by comparing the adsorption energy and electrolyte—LiP$
binding energy. Based on our results, it is suggested that the
doped substrates effectively suppress the dissolution of LiPSs
where the adsorption energies should be stronger than —3.00
eV. Finally, the catalytic role of TM-N centers on the
decomposition of small LiPS was determined. We find that
the decomposition of Li,S, and Li,S on the pristine GDY is
thermodynamically unfavorable and kinetically sluggish. The
doped TM-N centers act as catalytic sites that weaken the Li—
S bonds and alter the decomposition mechanisms, which in
turn improves their kinetics. In particular, the highly
endothermic reaction of Li,S, decomposition on pristine
GDY (E, = 0.74 eV, E, = 0.86 €V) has become thermodynami-
cally favored and kinetically more facile in the presence of

CoN, center on the substrate (E, = —0.36 ¢V, E, = 0.50 ¢V).
Interestingly, the decomposition of Li,S on the pristine GDY is
already kinetically facile but thermodynamically challenged (E,
=0.15 eV, E, = 0.54 eV). The presence of TM-N catalytic sites
makes such processes thermodynamically favorable where their
fast kinetics are maintained for both FeN, (E, = —0.13 eV, E, =
0.53 eV) and CoN, (E, = —0.44 eV, E, = 0.52 eV) systems.
Overall, it is suggested by our computational study that the
TM-N doping not only suppresses the shuttle effect by
increasing the adsorption strength of LiPSs and the substrate
but also facilitates small-LiPS decomposition by improving
their thermodynamics and kinetics properties. Therefore, the
TM-N-co-doped GDY can be considered potential electrode
materials for Li-S batteries.
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Lithium-sulfur (Li-S) batteries are among the next generation of rechargeable energy
storage technologies due to their high theoretical specific capacity and energy density. However,
critical problems inhibit their commercialization, including the shuttle effect of lithium polysulfide
(LiPS) and the difficult kinetics of phase transformation during charge/discharge process. A search
for novel host cathode materials has challenged to improve these problems. In this work, density
functional theory and ab initio molecular dynamic simulations were employed to explore the role
of transition metal and nitrogen-doped graphdiyne (TMN-@GDY, TM = Co or Fe) as a cathode
material in Li-S batteries. Our computations reveal that TM and N doping induces the change of
electronic structures of GDY host from semiconductor to metallic. The shuttle effect is efficiently
suppressed owing to strong chemical interaction between LiPS and the doped substrates with the
TM-N anchoring. The electronic structures of GDY host are still metallic upon LiPS adsorption,
resulting in high acceleration to redox reaction. The dynamic simulations suggest that LiPS
molecules are easily dissoluble in solvents due to chemical binding between soluble LiPS and
electrolyte molecules. Moreover, the analysis of catalytic LiPS decomposition reveals that both
CoN>@GDY and FeN,@GDY reduce the dissociation energy barrier during charging, which
promotes fast phase transformation. Overall, our results suggest that the co-doped GDY is an
efficient anchoring cathode in Li-S batteries.

Keyword: lithium-sulfur batteries; graphdiyne; density functional theory; first-principles
method; polysulfide solubility
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Abstract
Lithium-sulfur (Li-S) batteries are among the next generation of rechargeable energy storage technologies
because of their high theoretical specific capacity and energy density. However, the critical problems inhibit
their commercialization, including the shuttle effect of lithium polysulfide (LiPS) and the difficult kinetics
of phase transformation during charge/discharge process. A search of novel host cathode materials has
challenged to improve these problems. In this work, density functional theory and ab initio molecular
dynamic simulations were employed to explore the role of transition metal and nitrogen-doped graphdiyne
(TMN:@GDY, TM = Co or Fe) as a cathode material in Li-S batteries. Our computations reveal that the
presence of TM and N doping induces the change of electronic structures of GDY host from semiconductor
to metallic. The shuttle effect is efficiently suppressed owing to strong chemical interaction between LiPS
and the doped substrates, due to the TM-N anchoring effect. The electronic structures of GDY host are still
metallic upon LiPS adsorption, resulting in high acceleration to redox reaction. The dynamic simulations
suggest that LiPS molecules are easily dissoluble in solvents due to chemical binding between soluble LiPS
and electrolyte molecules. Moreover, the analysis of catalytic LiPS decomposition reveals that both
CoN.@GDY and FeN.@GDY reduce the dissociation energy barrier during discharging, which promotes
fast phase transformation. Overall, our results may suggest the co-doped GDY with the synergistic role of

TM-N dopants as an anchoring cathode in Li-S batteries.

Keyword: lithium-sulfur batteries, graphdiyne, density functional theory, first principles method,

polysulfide solubility
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