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Recent studies have unveiled that the electronically insulating CdPS; can serve as a versatile solid
ion conductor, exhibiting exceptionally high conductivity at room temperature towards various cations.
Cd vacancies are believed to play a crucial role in achieving high ionic conductivity, but their specific
assisting mechanisms remain unknown. Here, we investigated the synergistic mechanism of Cd-vacancy
and Li-ion intercalation using first-principles calculations based on density-functional theory. We found
that under a Cd- or P-poor chemical potential, as the Fermi energy approaches the conduction band of
CdPS3, the formation of Cd vacancies with the —1 charge state V, is energetically favored. The reason
for achieving high electrical conductivity is the introduction of a high density of Li ions into Cd vacancies.
Keeping the concentration (x) of Cd vacancies below 0.5 in Cd;_,PS;Li,, is crucial to ensure high Li-ion
conductivity, as concentrations above this threshold lead to a loss of long-range thermal stability and
increased energy barriers that impede the diffusion of Li ions. In particular, the Li-ion diffusion barrier in
Cdy 833PS3Lig 333 is determined to be 0.2 eV, which is highly consistent with the experimental value of
0.21 £ 0.022 eV. Further analysis revealed that Li ions on the surface show a preference for moving along
the Cd or S atoms rather than the P atoms. Our research provides insights into the role of vacancies in
facilitating cation diffusion, establishing a theoretical framework for the design of high-ionic-conductivity

materials.
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I. INTRODUCTION

The rapid transport of ions in nanochannels is crucial in
various fields, including energy storage, ion filtration, and
life sciences [1-3]. The world is going electric. The first
discovery of a solid ionic conductor (SIC) was documented
by Faraday in 1833, who reported Ag' conduction in
Ag,S, and later in 1838, F— conduction in PbF; [4,5]. With
the increasing prevalence of mobile devices and smart
products, the research focus has shifted to SICs capable
of conducting various ions (such as Li*, Na*, Mg?*, and
A*) in nanochannels [6,7]. However, the conductivity of
ions is generally lower than 1073 S cm™' at room temper-
ature due to the steric effect and Coulomb interaction with
the channel walls [6-8]. In addition, the ion conductivity
decreases with temperature [6,9]. To date, few SIC materi-
als have demonstrated effective ion conductivity (>0.01 S
cm™!) below 0°C.
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Following transition metal dichalcogenides and black
phosphorus  [10,11], transition metal phosphorus
trichalcogenides (MPX 3, M =Cd, Zn, Mn, Mg, Co, etc;
X =S8, Se) have emerged as a prominent research hotspot
in the field of two-dimensional (2D) materials due to
their superconducting [12], catalytic [13,14], and opto-
electronic properties [15,16]. Recently, ZnPS; has been
reported as the first electronically insulating SIC capable
of enabling Zn?* conduction with a Li* activation energy
of 351 + 99 meV. However, its ionic conductivity at 60 °C
remains extremely low, at approximately 10~7 S cm™!
[17]. Furthermore, recent studies have found that artifi-
cially introduced vacancies can enhance the ionic con-
duction performance. Qian et al. reported the synthesis of
CdPS; crystals by the chemical vapor transport method,
where Cd vacancies were created by alkaline ion exchange
[18]. The 2D Cdjg5PS;Lip3 membranes showed superior
Li-ion conductivity, 3 to 5 orders of magnitude higher than
metal organic framework membranes [19]. Later, Yang
et al. found that the synergistic effect of Li ions and Cd
vacancies accelerates ion transport in 2D Cd;_,PS;Li,,
nanosheets, enabling them to be used as anodes for
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high-capacity lithium-ion batteries [20]. Yu and Ren
discovered that monolayer CdPS; could act as a multi-
functional SIC, exhibiting remarkably high conductivity
for various cations (K*, Na*, Li*, Ca’*, Mg?*, AI’),
ranging from 0.01 to 0.8 S cm~! within the temperature
range of —30 to 90°C [21]. These studies suggest that
Cd vacancies have been an effective means to enhance
the conductivity of 2D CdPS3; however, the cause of Cd
vacancies and the mechanism of Li-ion diffusion assisted
by Cd defects have not been investigated yet.

In this work, our aim was to study the formation energy
and charge transition levels of various defects in 2D CdPS;
using three exchange-correlation (XC) functionals. We
found that Cd vacancies are the dominant native defects
in a highly electron-rich environment. We also used the
climbing-image nudged elastic band (CINEB) algorithm
to calculate the diffusion paths and migration barriers of
Li ions assisted by Cd vacancies in a Cd;_,PS;Li;, mem-
brane (where x is the Cd-vacancy concentration) [22,23].
Furthermore, we investigated the effects of Cd-vacancy or
Li-ion concentration on the thermodynamic and chemi-
cal stability of the Cd;_,PS3Li,, membrane. Subsequently,
we aimed to optimize the diffusion barriers and pathways
for Li ions and corroborate our results with experimen-
tal observations. Finally, we combined the intrinsic defect
concentration and Li-ion diffusion rate to obtain experi-
mentally comparable Li-ion conductivity.

II. METHODS

The density-functional theory (DFT) calculations pre-
sented in this paper were performed using the VASP
package [24-26]. The projector-augmented wave poten-
tials with valence electron configurations of 4d'°5s?,
3s?3p3, 3s5%3p*, and 2s' were used to model Cd, P, S,
and Li, respectively [27]. As structural optimization,
electronic structure, and thermodynamic transition lev-
els are interrelated with the XC functional, their
descriptions are provided by Perdew-Burke-Ernzerhof
(PBE), strongly constrained and appropriately normed
(SCAN) meta-generalized gradient approximation (meta-
GGA), and Heyd-Scuseria-Ernzerhof (HSE06) func-
tionals [28-30]. These XC functionals are generally
ranked in terms of accuracy and computational cost as
PBE < SCAN < HSE06. For the spin polarization calcu-
lations, the cutoff energy of the plane-wave basis and the
Monkhorst-Pack mesh were set to 350 eV and 15 x 15 x 1,
respectively [31]. The stress force and energy convergence
criteria were set to 0.01 eV/A and 10~ eV, respectively.
The vacuum region of 20 A was used to avoid the periodic
interaction. The long-range van der Waals (vdW) interac-
tion was included using the semiempirical DFT-D2 and
SCAN-rVV10 methods [32,33]. The spin-orbit coupling
(SOC) effect was included in the self-consistent calcula-
tions. All atoms were allowed to be fully optimized to

the ground state. We modeled the defective systems by
constructing a 3 x 3 x 1 CdPS3 supercell.

The thermodynamic stability of Li-doped CdPS; was
checked by performing ab initio molecular dynamics
(AIMD) simulations in a canonical ensemble (NVT) at
300 K with a 5 ps duration [34,35]. Furthermore, the post-
processing of the AIMD simulation data was also done
using the VASPKIT program [36].

To investigate the Li-ion diffusion process, we utilized
the CINEB approach implemented in VASP (VASP VTST)
to search for the minimum energy path (MEP) profiles
[22,23]. The diffusion barrier was defined as the energy
difference between the initial state (IS) and the transition
state (TS). To ensure the accuracy of the MEP search,
the convergence criteria of the spring force was set to
0.05 eV/A.

II1. RESULTS AND DISCUSSION

A. Fundamental properties of perfect crystals

Single-layer CdPS; exhibits a hexagonal lattice struc-
ture with a space group of P31m, which is obtained by
exfoliating the bulk structure composed of ABC-stacked
vdW multilayers [37,38]. The unit cell consists of two Cd
atoms, two P atoms, and six S atoms [Fig. 1(a)]. In the
CdPS; structure, [P,S¢]*~ anions are arranged bilaterally
in a triangular sublattice, creating hole nests for Cd cations.
This unique arrangement allows reversible migration of
Cd** ions without the need for structural reconstruction.
The geometric structure was fully optimized using three
XC functionals, and the lattice and structural parameters
are presented in Table S1 in the Supplemental Material
[39]. It is worth noting that the PBE functional tends
to overestimate the lattice constants and bond lengths, a
known problem referred to as supertetragonality [40]. On
the other hand, the HSEO6 functional yields the param-
eters that are closest to the experimental values of bulk
compounds [41].

In Fig. 1(d), the DFT band structures show that the
valence band minimum (VBM) emerges at the K point,
while the conduction band maximum (CBM) is located
at the I' point, resulting in an indirect band structure.
The PBE and SCAN functionals yield the band-gap val-
ues of 1.92 and 2.44 eV, respectively. Applying the HSE06
functional for correction, the band-gap value increases to
3.12 eV. Although there are no experimental reports on
the optical band-gap values of single-layer or few-layer
CdPS;, the band gap of 2D CdPS; is slightly larger than
its bulk counterpart due to quantum confinement effects.
Therefore, the HSE06 functional provides the most accu-
rate band-gap value [42]. It is important to note that the
defect formation energy is closely related to the band-
gap value. However, PBE and SCAN functionals tend
to underestimate the band gaps of semiconductors. As a
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FIG. 1.

(a) Top and side views of CdPS; unit cell. Band-decomposed charge density for conduction band maximum (CBM) (b) and

valence band minimum (VBM) (c¢) of CdPS;. (d) Projected band structures of CdPS; using the PBE, SCAN, and HSEO06 functionals.

The Fermi level is set to zero.

result, the HSE06 functional is generally considered more
appropriate for these calculations [43].

The band-decomposed charge densities depicted in Figs.
1(b) and 1(c) indicate that the CBM states are distributed
among the Cd, P, and S atoms, while the VBM states are
mainly concentrated around the S atoms. To further ana-
lyze the orbital contributions, we calculated the projected
band structures and projected them onto the atomic orbitals
of the Cd, P, and S atoms, as shown in Fig. 1(d). We found
that the VBM states are mainly derived from the p, and p,
orbitals of S atoms, whereas the CBM states are derived
from the overlap of Cd s, P s, S s, and S p. orbitals. Fur-
thermore, in Fig. S1 in the Supplemental Material [39], we
observe a complete overlap in the band structures of SCAN
(PBE) calculations with and without consideration of the
SOC effect, indicating that the SOC effect does not modify
the band dispersion. Therefore, we neglect the SOC effect
in the following sections.

B. Defect formation energies

The formation energy E[X ] of a point defect X' with
different charge states g using a supercell approach is

defined as follows [44,45]:

Ef [X9] = Ext[X 9] — Eio[host] — Zn;p; + gee + Ecor,
(1)

where Ei[X 7] and Ey[host] are the total energies of 2D
CdPS; with and without the charged defect X9, respec-
tively. The integer n; represents the number of atoms i
added to (n; > 0) or deleted from (n; < 0) host structures.
i is the chemical potential of a reservoir of atoms i
and is given by u? 4+ Ap,. Ap; is defined with respect
to the chemical potential of element i in its ground state
w. &, = er + &, denotes the Fermi energy, ranging from
CBM to VBM, so ¢, is the energy of the VBM and ¢y is the
Fermi level with respect to the VBM. E . is the correction
term that contains the electrostatic interactions of charged
defects on the finite-size supercell and the compensating
background charge [46,47]. Here, we treated the correc-
tion term Eo; using the Freysoldt-Neugebauer correction
scheme [44,46]. A detailed explanation can be found in the
Supplemental Material [39].

Figure 2 plots the chemical potential diagrams of CdPS3
obtained from the PBE, SCAN, and HSEO06 function-
als used to determine the defect formation energies [Eq.
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FIG. 2. The calculated chemical potentials A u; with respect to the ground state of 2D CdPS; from PBE (a), SCAN (b), and HSE06
(c) functionals. By preventing the formation of various secondary phases, the purple regions represent the conditions that allow for
the synthesis of CdPS;3. Labels 4, B, and C correspond to Cd-poor, P-poor, and S-poor conditions, respectively, which are deemed as

extreme cases.

(1)]. Table S2 in the Supplemental Material lists vari-
ous secondary compounds that must be constrained in
the phase diagram [39]. The relative chemical potentials
Ap; for Cd-poor, P-poor, and S-poor conditions from
different functionals are listed in Table S3 in the
Supplemental Material [39]. From Fig. 2, it is clear that the
growth of stable single-phase CdPS; is limited to a narrow
region (highlighted by the purple region). The chemical
potentials are affected by the experimental conditions and
can be controlled by appropriate setups. As a result, differ-
ences in the chemical potential cause changes in the defect
formation energy.

In the present study, we investigated seven different
native point defects, including three monovacancies (Vg,
Vp, and Vs) and four divacancies (Vcqz, Vp2, Vlsa, and
V2s5), as depicted in Fig. S2 in the Supplemental Mate-
rial [39]. We calculated their defect formation energies
Er[X 7] under three different growth conditions (Cd-, P-,
and S-poor) and considered their possible charged states
(¢ =0,=%1). The results are plotted as a function of Fermi
energy & in Fig. 3. The charge transition levels for each
defect are summarized in Table 1.

To verify the convergence of the defect formation
energy, we calculated the formation energy of the Cd
vacancy under different supercell sizes. Table S4 in the
Supplemental Material [39] indicates that the changes
in formation energy for the neutral Cd vacancy under
different sizes is less than 0.1 eV. Considering charged
Cd vacancies (¢ ==1), the defect formation energy in
the 3 x 3 supercell is similar to that in the larger 4 x 4
supercell, with a difference of about 0.1 eV. This shows
that the 3 x 3 supercell used for defect calculations is
reliable.

As depicted in Fig. 3, among the neutral charge states,
the S vacancy Vs is the dominant defect and does not
undergo any charge state transition, indicating that it
cannot act as an acceptor or donor defect. Among the S

divacancies, Vg, is found to be more stable than }2g,.
Vls, does not experience any charge state transition,
while the (+/0) charge transition of V2g, occurs within
the band gap near the VBM. For the P vacancy Vp, the
PBE and SCAN results show that the (+/0) charge tran-
sition occurs at 0.72 eV and 0.82 eV above VBM. The
(0/—) charge transition is only observed in the HSE06
results due to the underestimation of the band gaps by
PBE and SCAN. V¢4 acts as a deep electron trap center
and the transition level of £(0/—) occurs at 0.83, 1.00,
and 1.03 eV above VBM for PBE, SCAN, and HSE06
functionals. In addition, when more accurate XC func-
tionals (SCAN and HSE06) with improved correction are
applied, higher defect formation energies are obtained
compared to PBE, in agreement with the results of previous
studies [48,49].

We have also investigated the effect of the chemical
potential on the formation of these native defects. When
the host material is p type, the neutral S vacancy Vg
remains dominant (Fig. 3). However, in an electron-rich
environment, such as under Cd- or P-poor conditions, the
charged Cd vacancy V; becomes more stable and dom-
inates for eg > 1.46, 1.46, and 2.26 eV in PBE, SCAN,
and HSEO06 functionals. Other charge state tests indicate
that V-, remains the most stable among all charge states
when the Fermi level approaches the CBM (see Fig. S3 in
the Supplemental Material [39]). Therefore, avoiding an S-
poor condition can enhance the concentration of Cd vacan-
cies in CdPS;. For the synthesis of CdPS; nanosheets,
the use of chemical vapor deposition or chemical vapor
transport methods in an electron-rich environment with
Cd- or P-poor conditions are recommended to generate
a charged Cd vacancy V. This suggestion is supported
by the HSEO06 results, which indicate that the formation
energy of charged Cd vacancies approaches zero as ep
moves to the CBM, resulting in even higher concentrations
of Cd vacancies.
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Defect formation energies of the charged point defects in CdPS; under the Cd-poor, P-poor, and S-poor growth conditions

as a function of Fermi level calculated with the PBE, SCAN, and HSE06 functionals. The Fermi level shifts from VBM to CBM.
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TABLE 1. Calculated positions of the charge transition level
(in eV) €(+4/0) and €(0/—) with respect to VBM. The minus
sign (—) denotes that the charge transition levels do not lie in the
band gap of the host material. The transition level is independent
of the chemical potential.

Vea Ve Vp Ve Vs Vlisy Vs
PBE 0.83 0.74 0.72 023 -— — 0.13
SCAN 1.00 0.87 0.82 045 — — 0.38

HSEO6 1.03 097 131,276 071 - — 0.65

We then focus on discussing the short-range interac-
tion between two isolated monovacancies in CdPS;. For
this purpose, we created two Cd vacancies at a distance
of 3.6-10.8 A in a nanosheet [Fig. S4(a) in the Supple-
mental Material] [39]. The relative formation energies of
the charged Cd divacancy V4, are plotted as a func-
tion of the distance L in Fig. S4(b) in the Supplemental
Material [39]. The formation energy increases linearly
with decreasing distance, indicating Coulomb repulsion
between charged vacancies. The electrostatic interaction
energy AE between images of charge ¢ is expressed as
AE ~ ¢*/2¢L [50,51], where ¢ is the dielectric constant
and L is the divacancy distance. The larger the distance
between charged defects, the smaller the electrostatic inter-
action energy. Ohwada et al. observed that the concen-
tration of Ti divacancies on TiO, nanosheets was much
lower than that of monovacancies, suggesting a similar
electrostatic repulsion interaction [52]. Interestingly, the
distance of the S divacancy in Vg, (3.93 A) is larger than
that in 12g; (3.39 A), which may explain why the defect
formation energy of Vg, is lower than that of V2g, in
Fig. 3.

Figure 4 illustrates the projected density of states (DOS)
for CdPS; without defects and for the negatively charged
Cd vacancy with a —1 charge state (V) along the charge
isosurfaces of the relevant states. In Fig. 4(a), the CBM
states are composed of Cd, P, and S atoms, while the VBM
mainly arises from S atoms. The real-space charge den-
sity of peak 4 appears to be uniformly distributed around
the S atoms [Fig. 4(c)]. The formation of a Cd vacancy in
CdPS; results in the appearance of midgap defect states
(peak B) at the Fermi level, which are mainly caused
by the surrounding S atoms [Fig. 4(b)]. Additionally, the
charge density distributions of peak B at the Fermi level
exhibit a triangular shape centered around the Cd vacancy
[Fig. 4(d)]. When excess electrons are added to the Cd
vacancy, unpaired electrons localize around the surround-
ing S atoms to form new occupied states at the Fermi
level.

C. Chemical and thermal stability

Since single-layer CdPS; exhibits high Li-ion conduc-
tivity with the assistance of Cd defects [18,20], we studied

(a)
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FIG. 4. Projected density of states (DOS) for 2D CdPS; (a)
without defects and (b) with Cd vacancies (V) calculated with
the HSEO6 functional. Total DOS is displayed in gray shadow.
The dashed line indicates the Fermi level. Charge densities for
peak A4 (c) and peak B (d) in DOS. The positions of Cd atom and
corresponding Cd vacancy (V) are marked.

the diffusion reaction between Li ions and Cd vacancies.
As shown in Fig. 5(a), to compensate for the high charge
of Cd**, two Li" ions are likely to occupy one Cd* site of
Cd;_,PS;Li,, [18]. As the Cd vacancies are saturated with
Li*, the LiT-doping concentration (2x) is twice the Vg
concentration (x) in the Cd;_,PS;Liy, compound. To eval-
uate the chemical stability of the Cd;_,PS;Li,, compound
[53], the formation enthalpy (AH) is given by the follow-
ing equation: AG = AH — TAS, where AG is the Gibbs
free energy change and AS is the entropy. Since the tem-
perature in DFT calculations is 7=0 K, TAS is equal to
zero, i.e., AG = AH. Hence, the formation enthalpy AH
of Cd;_,PS;Li,, can be proposed as follows:

AH = Ecq, ps;Liy, — Ecaps; — 2xEri +xEcq,  (2)

where Ecq,  ps;Li,, and Ecgps, are the total energies of
the Cd;_,PS;Liy, compound and pristine CdPS;. E; and
E¢q are the total energies per atom in their bulk phases.
Figure 5(b) provides the formation enthalpy AH of the
Cd;_PS;Li,, nanosheet as a function of Cd-vacancy
concentration x. It can be observed that the formation
enthalpy shows a linear relationship with the concentra-
tion x. As the Li-ion concentration increases, the formation
enthalpy becomes more negative and the chemical stability
increases. This is mainly because the bond energy of Li—S
(2.72 eV) is almost twice that of Cd—S (1.33 eV), suggest-
ing that Li ions tend to be introduced at the Cd defects in
CdPS;.

Next, to investigate the thermodynamic stability of the
Cd;_PS;Li,, compound at room temperature (300 K), we
performed AIMD simulations by heating it in the NVT
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(a) The side and top views of Cd;_,PS;Li,. (b) Corresponding formation enthalpy (AH) as a function of the Cd-vacancy

concentration x. (c}~(d) The radius distribution function [g(r)] of Cd;_,PS;Liy, at 300 K for different Cd-vacancy concentrations x.

ensemble for 5 ps. Figure S5 in the Supplemental Mate-
rial [39] shows the postsimulation structures, revealing
that Cd;_,PS;Li,, undergoes large structural distortions
when the concentration x exceeds 0.5, leading to the
disruption of its [P,S¢]*~ anions in the triangular sublat-
tice [39]. Figures 5(c) and 5(d) show the radius distribution
function for the Li—S bond in Cd;_,PS;Li,, at 300 K as
a function of radius (r). The first peak at a radius of 2.4 A
corresponds to the Li—S bond, while the following four
peaks correspond to the neighboring Li—S distances. In
particular, when x < 0.5, all five peaks show consistently
sharp profiles. In contrast, when x > 0.5, the last four peaks
are broadened. This indicates that the Cd;_,PS3;Li,, com-
pound can only maintain long-range thermal stability at
concentrations x <0.5.

D. Diffusion barriers

To determine the Li-ion diffusion pathway, we moved
the Li ion outside the Cd vacancy to a neighboring equiv-
alent vacancy. Figure S6 in the Supplemental Material
[39] shows the migration paths of Li ions at different

concentrations x, and Fig. S7 in the Supplemental Mate-
rial [39] collects the total energy variation along the entire
migration paths using the PBE + CINEB tool [39]. Figure
6 shows the distribution of the Li-ion diffusion barrier at
different concentrations x. It can be observed that when
x <0.5, the Li-ion diffusion barrier £} remains in the range
0.2-0.3 eV, which is due to the preservation of the long-
range structural stability. The experimentally reported Li-
ion diffusion barrier of 0.21 £0.022 eV in CdygsPSs;Lig 3
membranes by Qian ef al. falls within our predicted range
[18]. Previous reports have also shown that the increased
concentration of Li ions contributes to the high density of
cations in the well-ordered nanochannels, leading to higher
electrical conductivity in the electrode conductors [21,54].
However, when x > 0.5, the disruption of the structural sta-
bility leads to a rapid increase in the diffusion barriers,
hindering the transport of the Li ions. From the perspec-
tive of structural stability and diffusivity, to achieve high
Li-ion conductivity in CdPS3, the concentration of Li-ion
doping on Cd vacancies (x) should be less than 0.5.

Here we provide a simple explanation for the minimum
diffusion barrier of Li ions at x = 0.166. The diffusion bar-
riers of Li ions on CdPS; are mainly determined by the
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interaction between Li ions and surface sites, as well as
the structural symmetry. The doping of Li ions in CdPS;
can influence the symmetry of the local structure. Since
the maximum energy along the Li-ion diffusion pathway
occurs at the Cd atomic site [see Fig. 7(b)], we measured
the distances between adjacent S atoms in the [CdS¢]*~
anion, as shown in Ref. [39]. The results indicate that
when x = 0.166, the incorporation of Li ions has the least
effect on the local symmetry around Cd, making it the most
favorable for Li-ion diffusion.

To ensure an accurate comparison with the Li-ion dif-
fusion barrier on CdygsPS3;Lip 3, as investigated by Qian
et al. [18], we also used employed the PBE, SCAN, and
HSEO06 functionals to investigate the Li-ion diffusion reac-
tions on a Cdg g33PS;L1¢ 333 sample. As shown in Fig. 7(a),
when two Li ions occupy the Cd vacancy, one of the Li
ions replaces the original Cd atom to form a stable bond-
ing structure that is virtually immobile. The other Li ion
adsorbed on the surface position is weakly bound and can
undergo ion exchange. In Fig. 7(a), we have attempted two
possible pathways for surface Li-ion migration: path I fol-
lows the movement of the P and S atoms, whereas path 11
follows that of the Cd and S atoms. The entire diffusion
process is negatively charged (¢ = —1). Figure 7(b) shows
the evolution of the total energy as the Li ion moves, and
Table II summarizes the numerical values of the energy
barriers. The diffusion barrier of Li ions along path I is
much lower than that along path II, indicating that Li ions
preferentially move along Cd and S atoms rather than P and
S atoms. In Figs. 7(c)—7(e), to elucidate the underlying rea-
sons contributing to the preferential migration pathway, we
have calculated the charge density difference to evaluate
the charge coupling between Li ions and CdPS;. Combined
with the Bader charge analysis [55], it was found that the

Li ion and the Cd and P atoms lose charge (cyan region)
while the S atoms gain charge (red region). In Figs. 7(c)
and 7(e), when the Li ion is placed above Cd or S atoms,
the positive Li ion is attracted to the negative Cd or S atom,
and the shorter Li—S bond indicates that the structures
are energetically stable. In Fig. 7(d), when the Li ion is
located above P atoms, it experiences repulsion from the
positively charged P atoms, causing it to move away from
the surface. This suggests that the Li-ion diffusion pathway
cannot involve the P atoms.

Furthermore, Table II shows that the diffusion barrier
calculated using the SCAN functional is overestimated by
about 10-100 meV compared to PBE and HSE06. Among
these functionals, HSE06 gives the lowest energy barrier
Ep 0f 0.213 eV for path 1. The highest energy point, also
known as TS, of the Li-ion migration occurs on the Cd
atom near IS. Based on the harmonic transition state the-
ory, we estimated the activation energy E, taking into
account the zero-point energy (ZPE) correction,

| 3N-1 | 3N
Ea = Eb + 3 Z ha)lTS -3 Z hCl)lIS, (3)
i=1 i=1

where / is the Planck constant, and ;> and w!® are the
vibrational frequencies of the ith mode in the TS and IS,
respectively. The ZPE correction value is about 15 meV.
After accounting for the ZPE correction, the activation bar-
rier E, for Li-ion diffusion along path I obtained by HSE06
is 0.2 eV, which is highly consistent with the experimen-
tally measured barrier of 0.21 £0.022 eV in Cdy gsPS3Lig 3
membranes [18]. However, the results obtained by PBE
and SCAN overestimate the activation barriers for Li-ion
diffusion.

The calculated diffusion barriers can be used to estimate
the diffusion rate T,

I =Toexp (~ %) )

where kg is the Boltzmann constant and T is the tempera-
ture. The preexponential factor I'y is expressed as follows
[56]:

b kT TTE (1= exp(—(heof* [k T))
U TN — exp(—(hoo!S ks T)))

©)

In Fig. S9 in the Supplemental Material [39], the diffusion
rate I" for the Li ion is plotted as a function of temperature
T in the range 200500 K, and it is inversely propor-
tional to temperature (1/7) [39]. Since the diffusion rate
I' depends exponentially on the activation barrier E,, the
diffusion rates of Li ions along path I are 7—12 orders of
magnitude higher than those along path II. At room tem-
perature (300 K), the diffusion rates of Li ions along path
I obtained by PBE, SCAN, and HSE06 are 5.22 x 10%,
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and corresponding energy profiles at transition state (TS) (b). The charge density difference for Li-ion adsorption above Cd (c), P (d),
and S (e) atoms. Red and cyan clouds represent charge accumulation and depletion. The Li—S bond lengths, atomic charges, and

relative energies are represented in (c)—(e).

4.09 x 107, and 2.05 x 10° s~!. These values show that
the mobility of Li ions on CdPS; with Cd vacancies is
exceptionally high.

E. Lithium-ion conductivity

Once the defect formation energies have been deter-
mined, the defect concentration can be calculated. Assum-
ing that the contributions of pressure and entropy to the
Gibbs free energy can be neglected, the concentration of
point defects X7 at thermodynamic equilibrium is given
by [57]

Ef[X1
C = Nxgrexp (—545), (6)

where Ny is the density of defects X ¢ that can form per unit
volume and gy is the degeneracy corresponding to each
charge state g. The hole concentration (p) in the valence

band and electron concentration () in the conduction band
are calculated from the Fermi-Dirac distribution as

p= f—EZgM D(f)mde, (7)
_ [ 1
n= fGCBM D(E)mde’ )

where D(e) is the DOS dispersion in pristine CdPS;.
Although defects have different charge states, in the
absence of external charge injection, the material has to
be constrained to charge neutrality,

p—n+> qClX7 =0. )

The method of calculating the defect density for the 2D
material with a vacuum layer is given in the Supple-
mental Material [39]. Figure 8(a) shows the equilibrium
concentration C of Cd vacancies as a function of temper-
ature 7. As expected from the defect formation energy

TABLE II. Diffusion barriers Ej,, ZPE-corrected activation barriers E,, and diffusion rates I" at room temperature (300 K) for Li-ion
diffusion along path I and path II as calculated by PBE, SCAN, and HSE06 functionals.
PBE SCAN HSE06
Ey(eV)  E,(eV) T'(s™h) Ey(eV)  E,(eV) T (7)) Ey(eV)  E,(eV) T (s7)
Path I 0.248 0.235 5.22 x 108 0.315 0.300 4.09 x 107 0.213 0.200 2.05 x 10°
Path II 0.703 0.689 1.29 x 10! 0.793 0.778 4.19 x 107! 0.789 0.775 4.66 x 107!
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FIG. 8. (a) Cd-vacancy concentration in CdPS; as a function

of temperature 7 under the Cd-poor limit. The dashed line rep-
resents the annealing temperature of 700 °C during the growth
synthesis of CdPS;, as reported in Refs. [18,20]. (b) Electri-
cal conductivity in Cdgg33PS3Lig 333 (300 K) as calculated from
Eq. (10) with equilibrium and exchange concentrations and the
experimental measurements from Qian et al. [18] and Yang et al.
[20].

diagrams, the dominant defect is V4. At annealing tem-
perature 7'="700 °C [18,21], the 2D concentration of Cd
vacancies is calculated to be 1.24 x 10! cm™2 (PBE),
5.10 x 10° cm™? (SCAN), and 4.83 x 108 cm™2 (HSEO06).
There are no experimental data on the equilibrium defect
concentration in 2D CdPSs. Therefore, it is not possible
to directly compare the calculated data with experimental
results. We need to further calculate the Li-ion conductiv-
ity by combining existing data that can be experimentally
validated.

As shown in Fig. 5(a), the Li-ion electrical conductiv-
ity in Cd;_,PS;Li,, can be calculated using the Nernst-
Einstein relationship [58,59],

2 2
2oeg (10)

OLi =

where Z is the valence of Li, kg is the Boltzmann con-
stant, D is the self-diffusion coefficient at temperature 7, C

is the concentration of mobile Li ions, ¢ = e is the elemen-
tary electron charge. The self-diffusion coefficient D can be
estimated from the calculated diffusion rate I' [Eq. (4)] and
diffusion length L based on the random-walk theory [59],

D= {LT. (11)

Figure 8(b) then shows the Li-ion conductivities (300 K)
obtained by substituting the Li-ion equilibrium concen-
tration C of into Eq. (10), which ranges from 107! to
1078 S cm™!, at least 4 orders of magnitude lower than the
experimental measurements (approximately 10741072 S
cm™1) [18,20]. We believe that the severe underestimation
of the Li-ion conductivity is mainly due to the error in con-
sidering the Li-ion concentration. The ionic conductivity
model for the Cd;_,PS;Liy, monolayer is described in the
Supplemental Material [39].

Cd;_,PS;Li,, was experimentally synthesized by Li-ion
exchange in solution [ 18], which appears to be independent
of the thermodynamic equilibrium concentration produced
by annealing synthesis. Therefore, we plan to directly cal-
culate the concentration of Li ions in the atomic structure
of Cdg33PS;3Lig 333 (for comparison with experimentally
prepared CdgsPS;Lig3), referred to as the exchange con-
centration. We can easily determine that the 2D Li-ion
concentration C in Cdys33PS3Lig333 is 1.98 x 10'* cm™2,
and based on Eq. (10), the calculated Li-ion conductiv-
ity is in the range of 1073 to 107! S cm™!, as shown
in Fig. 8(b), which is very close to the measured exper-
imental values. Assuming long-range thermal stability is
ensured, an increase in Li-ion concentration is expected
to result in a higher Li-ion conductivity being achiev-
able by the Cd;_,PS;Li,, sample. Therefore, this modeling
approach is valuable for estimating ion conductivity and
understanding electrical transport in ionic conductors.

IV. CONCLUSIONS

In this work, we have systematically investigated the
electronic structure, defect formation energy, and charge
transition levels of several native point vacancies in CdPS;
by first-principles calculations. Among all neutral defects,
sulfur vacancies have the lowest formation energy. Mean-
while, Cd vacancies with the —1 charge state have an
even lower formation energy under Cd- and P-poor chemi-
cal potential conditions, especially when the Fermi energy
approaches the CBM. In this case, the defect formation
energy approaches zero. We then studied the structural and
thermal stability and diffusivity in Cd;_,PS3Li,,. In order
to maintain the long-range order and low diffusion barri-
ers, the concentration of Li-ion doping on Cd vacancies (x)
should be less than 0.5. The introduction of a high density
of Li ions contributes to achieving high electrical con-
ductivity in Cd,_,PS;Liy,. Using HSE06 and the CINEB
method, we obtained a Li-ion diffusion barrier of 0.2 eV in
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Cdg.833PS;L1¢ 333, which was highly consistent with exper-
imental reports of 0.21 £0.022 eV in CdygsPSs;Lig3. The
Li ions on the surface tended to move along the Cd and
S atoms rather than the P atoms. We discussed the Li-
ion conductivity based on the thermodynamic equilibrium
concentration in annealing synthesis and the ion exchange
concentration in solution synthesis, and it is very close to
the experimentally reported values. Our findings contribute
to the understanding of recent experiments in achieving
ultrahigh Li-ion conductivity assisted by Cd vacancies
[18,20,21].
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