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ABSTRACT: Modulating the electronic structure is essential for 
improving the anchoring and catalytic capabilities of catalysts in 
lithium−sulfur batteries (LSBs). This study delves into the 
modulation of d-orbitals in transition metal dual-atom catalysts 
(DACs) supported by boron nitride and graphene (BNC) hybrid 
sheets for LSBs. This study reveals that the d-band center of the 
DAC s, a key determinant of material chemical properties, is 
primarily determined by the electronic configuration of the d yz and 
dx2−y2 orbitals. Furthermore, the interaction between dz2 of 
transition metals and S_3 p orbitals is critical for the binding 
strength of LiPSs. By understanding these interactions, the 
functionality of DACs can be customized for optimal performance
in LSBs. For example, the MnCrBNC catalyst with 10 d-electrons exhibits the optimal d-band center and demonstrates exceptional 
LiPSs binding capability, the lowest Li2S decomposition energy barrier, and the lowest Gibbs free energy of reaction for the rate-
determining step of sulfur reduction. This study elucidates the fundamental mechanisms for designing high-performance LSB 
catalysts through electronic structure modulation.
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1. INTRODUCTION
The lithium−sulfur battery (LSB) has emerged as a promising 
energy storage solution poised to replace commercial lithium− 
ion batteries due to its impressive theoretical capacity of 1675 
mAh g−1, the abundance of sulfur cathode resources, and the 
environmental friendliness of sulfur as a cathode material.1−4 

However, the insulating nature of the sulfur cathode, the 
lithium polysulfides ( LiPSs) s huttle e ffect, an d th e sluggish 
reaction kinetics have significantly h indered i ts widespread 
adoption.5,6 The shuttle effect, i nvolving t he h ighly soluble 
intermediate product LiPSs (mainly Li2Sn, 4 ≤ n ≤ 8) moving 
between the electrode through the electrolyte, leads to the 
depletion of active materials and reduced Coulombic 
efficiencies.7−10 Addressing these challenges requires develop-
ing multifunctional materials with high conductivity, strong 
LiPSs anchoring capabilities, and robust catalytic performance. 
Researchers have identified t his s trategy a s p romising yet 
demanding for overcoming the inherent obstacles LSBs face.11
In the past decade, transition metal (TM) single atom 

catalysts (SAC s) have emerged as prominent sulfur host 
materials for LSBs due to their remarkable catalytic activity, 
adjustable electronic properties, and maximized atom 
efficiency.12−15 The Lewis ac id−base in teraction be tween the

TM sites and LiPSs enhances the anchoring effect of LiPSs and
facilitates charge−discharge reactions within LSB. Studies have
shown that SACs weaken and elongate Li−S bonds in Li2S
upon coordination, activating the typically inert Li2S and
aiding its decomposition during the initial charging phase.16,17

A prevalent SAC design involves anchoring onto an electrically
conductive matrix and coordinating with nonmetallic heter-
oatoms (e.g., N, O, and S) to stabilize the structure. For
example, Li’s group18 employed a template approach to
fabricate N-doped carbon nanosheets loaded with Co (CoSA-
N-C) as cathode modification materials. The isolated Co
atoms exhibit a strong affinity for LiPSs, effectively mitigating
the “shuttle effect”. Furthermore, the N atoms coordinated
with the metal atoms accelerate the oxidation of Li2S, thereby
regulating the deposition behavior of Li2S. In some cases, the
metal center and its corresponding nonmetal atoms synergisti-
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cally contribute to anchoring LiPSs and catalytic effects.19

Consequently, SACs have significantly enhanced the rate
capability and cycling performance of LSBs.
Common strategies for enhancing the catalytic activity of

SACs involve introducing geometric defects (local distortion),
adjusting coordination numbers, and incorporating heteroa-
toms.20−23 However, SACs with only one TM center have
limitations in facilitating multistep catalysis. To prevent
monatomic aggregation, SACs were usually designed with a
low mass loading, resulting in decreased overall activity.24 On
the other hand, due to the specific single active center of SACs,
breaking the linear relationship between different intermediate
adsorption energies is challenging.25 As an extension of SACs,
dual-atom catalysts (DACs) with high mass loadings and
adaptable active sites can leverage the synergistic effects
between the dual atoms to bestow novel properties.26−28 The
increase in atomic loading and unique orbital interactions
between the two adjacent TM atoms in DACs, enhancing the
catalytic performance.29,30 Chen et al.31 prepared a Ni−Fe
diatomic catalyst pair with a total metal content of 7.29 wt %
(twice the number of active sites in SANi/Fe), demonstrating
enhanced catalytic performance in CO2 redox reaction and O2
evolution. Hu et al.32 observed the interaction between H and
Ru could be modulated by Pt in Pt−Ru dimer, resulting in a
notable enhancement in the H2 evolution reaction activity.
Hexagonal boron nitride (BN) boasts a structure and

properties akin to graphene, featuring high specific surface
area, excellent thermal conductivity, mechanical robustness,
and fire resistance.33 Despite its structural similarity to
graphene, BN exhibits ten times greater ductility. The
graphene and BN hybrid nanosheets (BNC) combine the
advantages of BN and graphene, enhancing flame retardancy
and toughness relative to graphene, thereby reducing the risk
of battery spontaneous combustion and significantly boosting
safety. Therefore, it is expected to demonstrate outstanding
performance in LSB. Moreover, the BNC inherits the
exceptional electrical conductivity of graphene. Ci et al.34

pioneered the synthesis of BNC via chemical vapor deposition,
demonstrating the capability to modulate their conductivity by
adjusting the atomic percentage of carbon atoms from 10% to
100%. This attribute positions BNC as a promising conductive
substrate for DACs in LSB.
This study presents a method for adjusting the d-band

center in DACs by modifying heteronuclear metal atoms. The
setup involved individually and dually doping 3d TM atoms
into the BNC substrate to form SACs and DACs, respectively.
We then conducted first-principles calculations, including the
partial density of states (PDOS) and crystal orbital Hamilton
population (COHP) analyses, to reveal that orbital interactions
between the adjacent TM atoms could influence their d-band
center, mainly through the dxz and dx2−y2 orbitals. Our
computational results illustrated that MnCrBNC exhibited
superior anchoring of LiPSs and effective mitigation of the
shuttle effect due to the regulation of the d-band centers of the
transition metal sites. Furthermore, the decomposition energy
barrier for Li2S on MnCrBNC was notably low at 1.25 eV, as
determined by the climbing image nudged elastic band (CI-
NEB) method, signifying enhanced decomposition efficiency
compared to SACs. Thermodynamic assessments of the sulfur
reduction reaction (SRR) indicated that MnCrBNC showcases
an even lower conversion barrier, highlighting its effective
facilitation of the kinetics for the LiPS transformations. These

findings instill confidence in  the effectiveness of our  proposed 
method.

2. COMPUTATIONAL METHODS
All theoretical calculations in this study employed density functional 
theory (DFT) implemented in the Vienna Ab Initio Simulation 
Package (VASP).35,36 For the description of electronic and structural 
properties, we used the Perdew−Burke−Ernzerhof (PBE) functional 
within the generalized gradient approximation (GGA).37,38 To 
account for van der Waals (vdW) forces in the adsorbate-interface 
interaction, we employed the DFT-D3 method by Grimme.39 The 
Kohn−Sham equations were solved using the projector augmented 
wave (PAW) method with a cutoff e nergy o f 5 20 e V. During 
geometry optimizations, we set convergence criteria for energy and 
force at 1 × 10−5 eV and 0.02 eV/Å, respectively. A vacuum slab of 20 
Å was introduced along the Z direction to eliminate image 
interactions between two periodic units. Brillouin zone integration 
was performed using a 2 × 1 × 1 k-point grid for geometry 
optimization and a 3 × 2 × 1 k-point grid for electronic calculations. 
Static calculations required a total energy difference of l ess than 1  × 
10−6 eV. To assess thermodynamic stability, we conducted ab initio 
molecular dynamics (AIMD) simulations. The decomposition barrier 
of Li2S was determined utilizing the CI-NEB method.40
The defect formation energy is defined as

E E E nf (defect,q) (pure) x x= ± (1)

where E(defect,q) is the total energy of the substrates with defect, E(pure)
is the energy of the substrates without defect, Δnx is the number of
atoms being added or removed, μx is the chemical potential which
represents the approximated energy of an individual atom.
The surface energy is defined as

A E NE1/2 ( )slab bulk= (2)

where A is the surface area of the slab, Eslab is the energy of of a
relaxed slab, N is the ratio of the number of atoms in the slab to the
number of atoms in the bulk, and Ebulk is the energy of a relaxed bulk.
The adsorption energy (Ead) of each LiPS on substrates was

calculated using the following equation:

E E E Ead substrate LiPS substrate LiPS= ··· (3)

where Esubstrate···LiPS, Esubstrate, and ELiPS denote the energies of the
adsorption complex of a LiPS molecule on a substrate, the substrate,
and the isolated LiPS molecule, respectively.
The contribution ratio of the vdW force (RvdW) to the adsorption

was determined using the following formula:

R E E E( )/ 100%vdW ad
vdW

ad
no vdW

ad
vdW= ×_ (4)

where EadvdW and Eadno_vdW represent the adsorption energy with and
without D3 vdW energies, respectively. The charge density difference
of the substrate···LiPS complex, which describes the electronic
interaction of the LiPS adsorbate and the substrate, was calculated
using the following equation:

substrate LiPS substrate LiPS= ··· (5)

where ρsubstrate···LiPS, ρsubstrate, and ρLiPS are the charge densities of the
substrate···LiPS complex, the substrate, and the isolated LiPS,
respectively.
The hydrogen electrode model was utilized to calculate the free

energy change for SRR, and the multiple steps from S8 to Li2S are
listed below, with the molecule denoted by a star ″*″ representing the
adsorbed species.

S 16Li S 16Li ( G1)8 8+ * ++ + (6)

S 16Li 2e Li S 14Li ( G2)8 2 8* + + * ++ + (7)

Li S 14Li 2e Li S Li S 12Li ( G3)2 8 2 6 2 2* + + * + ++ + (8)



Li S Li S 12Li 2e

Li S 2Li S 10Li ( G4)
2 6 2 2

2 4 2 2

* + + +
* + +

+

+ (9)

Li S 2Li S 10Li 2e

Li S 3Li S 8Li ( G5)
2 4 2 2

2 2 2 2

* + + +
* + +

+

+ (10)

Li S 3Li S 8Li 8e Li S 7Li S ( G6)2 2 2 2 2 2
* + + + * ++ (11)

3. RESULTS AND DISCUSSION
3.1. Electronic Structure Analysis. As shown in Figure

1(a), 10 SACs and 12 DACs were constructed by doping
different 3d TMs into the BNC nanosheets. The total density
of states (TDOSs) were collected in Figure S1 and Figure S2

Figure 1. (a) Optimized structures of BN, BNC, SACs, and DACs. (b) The d-band centers of TMs in SACs and DACs. The (c) PDOS of dual
TMs and (d) COHP of the Mn−TM bond in MnTMBNC.
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to show their electronic structures and conductivities.
Compared to the pure BNC nanosheets, SACs and DACs
significantly reduce the band gap, thereby enhancing the
electrical conductivity. The d-electrons are typically active in
TMs, and the d-band center has been shown to be highly
relevant to their catalytical activities.41,42 To elaborate on the
synergistic influence of heteronuclear DACs and the
distinctions in electronic structure compared to SACs, the d-
band centers of SACs and DACs were calculated and are
presented in Figure 1(b). The d-band centers of SACs range
from−5.68 to 2.11 eV, with CrBNC (0.25 eV) and MnBNC
(−0.87 eV) being the closest to the Fermi level, indicating
their potential for high activity. The optimized structures of
SACs are depicted in Figure S3, and the Sc, Ti, and V-SACs

exhibit distortion along the z-axis, which may further aggravate
during the adsorption reaction and affect the stability of the
structure. Therefore, the Sc, Ti, and V-SACs are excluded for
further investigation. Furthermore, to balance computational
cost and efficiency, we focused on two categories of
heteronuclear DACs: one with fixed Cr and variable atoms
(TM = Mn, Fe, Co, Ni, Cu, Zn); the other with fixed Mn and
variable atoms (Cr, Fe, Co, Ni, Cu, Zn). The d-band centers of
Cr in CrTMBNC and Mn in MnTMBNC exhibit a similar
trend of variation corresponding to changes in the variable TM
atoms. Furthermore, the combination of Cr and Mn in
MnCrBNC shifts both their d-band centers closer to the Fermi
level, suggesting potentially higher activity compared to
CrBNC and MnBNC. The variations in the d-band centers

Figure 2. (a) PDOS of Cr and Mn d-orbitals in CrBNC, MnBNC, and MnCrBNC. (b) The bonding and antibonding orbital forms of dyz_dyz and
dx2−y2_dx2−y2. The d-orbital interaction diagrams between Mn and TM in (c) MnCrBNC and (d) MnCuBNC.

https://pubs.acs.org/doi/10.1021/acsami.4c11523?fig=fig2&ref=pdf
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of the TM atoms in both CrTMBNC and MnTMBNC, in
comparison to the corresponding TMBNC SACs, do not
follow clear rules.
The formation energies of SACs and DACs were calculated

to evaluate the structural stability, as shown in Figure S4. The
formation energies of SACs (from−11.29 eV to −16.26 eV) is
generally a little lower than those of DACs (from−7.53 eV to
−15.58 eV), showing slightly higher structural stability than
DACs. Fortunately, the apparently negative formation energies
of DAC also suggest their favorable structural stability.
Subsequently, we calculated the surface energies of six
MnTMBNCs to clarify the distinctions in these 2D DACs’
stability. Figure S5 illustrates MnCrBNC and MnFeBNC with
the lowest surface energies, indicating enhanced stability in
their structures.
To investigate the electronic structure interactions of the

dual atoms in DACs, we calculated the d-orbital PDOSs of Mn
and TM in MnTMBNC and then depicted them in Figure
1(c), along with their COHPs in Figure 1(d). As the number
of d-orbital electrons in the TM increases, the overlap of the d-
orbital PDOS between Mn and the TM atoms decreases.
Moreover, the COHP results suggest a weakening of bonding
between d−d orbitals, indicating a reduction in the strength of
d-orbital interactions.
We examined the d-orbital interactions in DACs by

comparing the d-orbital PDOSs of CrBNC, MnBNC, and
MnCrBNC in Figure 2(a), with the optimized structures
shown in Figure S6. Compared to CrBNC, MnCrBNC exhibits
a significant rearrangement in the dx2−y2 orbitals of Cr, leading
to the formation of new bonding and antibonding orbitals.
Similar changes were observed for the Mn atom, while the
amount of empty dx2−y2 orbital states above the Fermi level
almost remains unchanged, which is beneficial for the reaction
with lithium polysulfides as an electron acceptor. The PDOS of
the other d orbitals shows minor fluctuations, indicating that
the d−d orbital interactions primarily involve the dx2−y2 orbitals.
Additionally, we included PDOS calculations for MnBNC,
CuBNC, and MnCuBNC to compare the interaction variances
between Mn and various metals, illustrated in Figure S7. The
Cu_dxy orbital in MnCuBNC shifts above the Fermi level
compared to CuBNC, suggesting electron transitions from
Cu_dxy orbital to other orbitals. On the other hand, the
Mn_dx2−y2 orbitals in MnCuBNC also split like those in
MnCrBNC, while partial of the empty Mn_dx2−y2 orbitals
probably accept the electrons from Cu_dxy orbitals and move
to below the Fermi-level. Therefore, MnCuBNC is less reactive
compared with MnCrBNC, and shows inferior catalytic and
adsorption capability than MnCrBNC.
Furthermore, we calculated the ICOHP values for specific

orbital interactions, including dxz_dxz, dyz_dyz, dz2_dz2,
dx2−y2_dx2−y2, and dxy_dxy between Mn and various TM atoms
(Table S1). The corresponding orbital interaction patterns are
shown in Figure 2b and S8. The ICOHP values for the dyz_dyz
and dx2−y2_dx2−y2 orbital interactions between the Cr and Mn
atoms are−0.10 eV and−0.32 eV, respectively. In contrast,
with the ICOHP values for the remaining d-orbital interactions
are 0, indicating the d−d orbital interactions between the Cr
and Mn atoms only involve the dyz and dx2−y2 orbitals. The
ICOHP values for the dx2−y2 orbital interactions in MnTMBNC
(TM = Fe/Co/Ni) are−0.25 eV,−0.22 eV, and−0.14 eV,
respectively, while all the other d orbitals have values of 0 eV.
The discrepancy in ICOHP values in the dx2−y2 orbital primarily
arises from differences in the number of d electrons and energy

level distinctions between Mn and the various TMs. In
comparison, in MnTMBNC (TM = Cu/Zn), all d-orbital
ICOHP values are 0, indicating very weak interactions among
these d-orbitals between Mn and Cu/Zn atoms.
We conclude that the electronic interaction of the adjacent

TM atoms primarily involves the interactions of their dxz, dyz,
and dx2−y2 orbitals. Based on the PDOS between MnCrBNC
and MnCuBNC (Figure 2(a) and Figure S7), along with the
bonding and antibonding orbital configurations of the d
orbitals, we summarize the interaction diagram of d orbitals in
Figure 2(c, d) and Figure S9. In the d-orbital interaction
between Mn and TM, electron occupancy in the δ*
antibonding orbital impedes bonding, whereas the dyz and
dx2−y2 orbitals establish stable π and σ bonding orbitals with
paired electrons. Within the Mn−Fe/Co/Ni/Zn/Cu DAC
system, the occupancy of electrons in the π* and σ*
antibonding orbitals elevates the energy of the system,
indicating less favorable d−d orbital interaction. In summary,
the number of d electrons in DACs has a direct influence on
the interactions between the dxz, dyz, and dx2−y2 orbitals.
Due to the higher activity of the Cr/Mn site, we selected the

MnCrBNC structure for further investigation into the dynamic
stability of DACs. We conducted additional AIMD simulations
with the canonical ensemble (NVT) for 10 ps on MnCrBNC,
and Figure S10 illustrates energy and temperature variations
over time. The energy and temperature quickly equilibrate and
then exhibit slight fluctuation within 1 eV and 50 °C as the
simulation progresses. Moreover, the MnCrBNC structure
shows no significant distortion or bond breakage following a 10
ps dynamic simulation at 300 K, confirming its high structural
stability.
3.2. Anchoring Performance. One of the most effective

strategies to mitigate the detrimental shuttle effect involves
confining lithium polysulfides (LiPSs) to the sulfur cathode.
We explored the interactions between LiPSs (molecule
structures depicted in Figure S11) and various substrates,
including MnCrBNC, CrBNC, MnBNC, BNC, and BN. We
illustrated the optimized adsorption configurations in Figure
3(a) and Figures S12−15, displayed the corresponding
adsorption energies in Figure 3(b) and documented them in
Table S2. It is noteworthy that Li2Sn/S8 molecules typically
adsorb onto one metal site after geometry optimization,
indicating a tendency of forming S−TM single bond. CrBNC
and MnBNC exhibit adsorption energies for LiPSs ranging
from 0.78 to 2.6 eV. In contrast, MnCrBNC demonstrates
superior immobilization ability with adsorption energies
ranging from 1.12 to 2.98 eV. Additionally, we observed that
the vdW force contribution ratio (RvdW) of adsorption energies
in the MnCrBNC···Li2Sn/S8 configurations decreases as the
number of S atoms increases, indicating an increasing ratio of
chemical bonding. Furthermore, comparing the RvdW in
adsorption energies of Li2Sn/S8 on MnCrBNC with those on
CrBNC or MnBNC (Figure S16), it is evident that the RvdW
values for MnCrBNC are lower. This suggests a higher
contribution of chemical bonding for MnCrBNC adsorbing
Li2Sn/S8 and its corresponding superior anchoring capability.
Additionally, the RvdW values of short chain LiPSs on CrBNC
and MnBNC are relatively low, consistent with their stronger
adsorption.
The charge density difference contours for MnCrBNC···

Li2Sn/S8 configurations, illustrated in Figure S17, reveal
intriguing patterns. We observed electron accumulation at
the midpoint of the Li−N atom pair and the S−TM bond. The



bubble denoting electron accumulation between the Li−N
atom pair is smaller than that associated with the S−TM bond,
suggesting a more pronounced role of the S−TM bond in
enhancing adsorption energy and mitigating the shuttle effect.
However, we observed distinct interactions between the Li−N
and S−TM atom pairs. The electron accumulation between
the Li−N atom pair signifies a dipole−dipole interaction
between lithium and nitrogen atoms.43 In contrast, the S−TM
bond exhibits an increase in electronic density around the S
atom and a decrease around the TM atom, indicating the
electron transfer from the TM atoms to the S atoms to form
stable σ bonds.
To further elucidate the impact of electronic regulation

through dual-atom interaction, we conducted a detailed
investigation into the adsorption of Li2S on two SACs
(CrBNC and MnBNC, denoted as SAC_Cr and SAC_Mn)
and two TM sites on the MnCrBNC DAC (denoted as
DAC_Cr and DAC_Mn). Figure 3(c) presents the adsorption
energies and the lengths of the resulting S−TM bonds, while
the adsorption structures are depicted in Figure S18. The
adsorption energies of Li2S on SAC_Mn and DAC_Mn are
2.16 and 2.68 eV, with corresponding S−Mn bond lengths of
2.41 and 2.29 Å. Similarly, compared to SAC_Cr, DAC_Cr
exhibited a 0.47 eV higher in adsorption energy and a 0.08 Å

shorter S−Cr bond length, respectively. These results suggest
that d-orbital interactions, a feature absent in SACs, a finding
with practical implications in battery technology, activate the
dual TM atoms in DACs. By combining the differential charge
distribution results, we can conclude that the σ bond formed
by the S_3pz and Cr_3dz2 orbital interaction significantly
influences the strength of the S−Cr bond.
To elucidate the impact of d-band center on the binding

energies of LiPSs, we calculated the energy band center
difference between the 3d orbitals in CrBNC, MnBNC,
CuBNC, MnCrBNC, MnCuBNC and the S_3pz orbitals of
Li2S (Figure S19). The results demonstrated that the
interaction of d orbitals in MnCrBNC decreases the energy
band center difference (0.25 eV) between the Cr_3d and the
S_3pz orbitals, in contrast to that between the Cr_3d orbitals
in CrBNC and the S_3pz orbitals (0.48 eV). Similarly, the
energy band center difference between the Mn_3d orbitals in
MnCrBNC and the S_3pz orbitals in LiPSs is reduced from
0.64 to 0.37 eV. The decreased energy band center differences
between the Mn/Cr_3d orbitals and the S_3pz orbitals
enhance the interaction of MnCrBNC with LiPSs and the
formed S−TM bonds. Conversely, the weaker hybridizations
of dyz and dx2−y2 orbitals in MnCuBNC increase the energy
band center difference between the Mn_3d and the S_3pz
orbitals by 0.37 eV, indicating weaker electronic interaction
between MnCuBNC and LiPSs. The analysis of band center
changes is consistent with the anchoring and catalytic
performance analyses. Furthermore, Figure S20(a,b) depicts
the PDOS for the Cr_3dz2 and S_3p orbitals of CrBNC and
MnCrBNC before and after bonding with Li2S. Comparing the
Cr_3dz2 orbitals of CrBNC and MnCrBNC in the absence of
adsorbed Li2S with the S_3p orbitals of the isolated Li2S
reveals that the energies of the S_3pz orbitals are closer to the
Cr_3dz2 in MnCrBNC than in CrBNC, facilitating the
formation of a stable σ bond. Furthermore, the bond formed
by the S_3pz orbitals and the Cr_3dz2 orbitals in MnCrBNC
exhibits a more pronounced downward shift. Additionally,
comparing the d orbitals of Mn in MnCrBNC and MnBNC,
we see that the energy level of the Mn_3dz2 orbital in
MnCrBNC is closer to the S_3pz orbital, also facilitating the
formation of a more stable σ bond (Figure S20 (c, d)). The d-
orbital interaction of the dual-atom in MnCrBNC shifts the
3dz2 orbital closer to the energy level of the S_3pz orbital,
enhancing the S−TM bond, thereby improving anchoring
performance (as shown in the schematic plot of Figure 3(d)).
3.3. Catalytic Performance Analysis. The decomposi-

tion of Li2S during the initial stage of the charging process is
crucial for sulfur utilization and cycling stability of LSBs.44

Figure 4(a) and Figure S21 show the top views of the Li2S
decomposition pathways. Figure 4(b) presents the average Li−
S bond lengths of Li2S adsorbed on various surfaces and the
energy differences (Ed) before and after Li2S decomposition.
The decrease in energy difference accompanied by an increase
in Li−S bond length generally suggests a reduction in the
decomposition energy barrier. We observed that the energy
barriers for Li2S decomposition on MnCrBNC, CrBNC, and
MnBNC are 1.25, 1.77, and 1.82 eV, respectively, as shown in
Figure 4(c). The configuration of Li2S adsorbed on MnCrBNC
displays the longest Li−S bond length, the smallest energy
difference, and the lowest energy barrier for Li2S decom-
position. In addition, the rapid migration of Li+ can suppress
the redeposition of Li2S and facilitate the decomposition of
Li2S. We supplemented the energy barriers of Li+ migration on

Figure 3. (a) Optimized structures of LiPSs adsorbed on MnCrBNC.
(b) Adsorption energies in different configurations and the RvdW of
LiPSs on MnCrBNC. (c) Adsorption energies of Li2S on two SACs
(CrBNC and MnBNC) and two TM sites on the MnCrBNC DAC
(DAC_Cr and DAC_Mn), and the corresponding S−Cr/Mn bond
lengths. (d) Orbital interactions between Cr/Mn_3d orbitals in
MnCrBNC and S_3p orbitals in Li2S molecular. The asterisk “*”
denotes the modulated orbital in DACs compared to SACs without
asterisks.

https://pubs.acs.org/doi/10.1021/acsami.4c11523?fig=fig3&ref=pdf
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CrBNC, MnBNC, and MnCrBNC. The migration path is
depicted in Figure S22, while the migration energy barriers are
shown in Figure S23. The results demonstrate that the energy
barrier of Li+ MnCrBNC is the lowest (0.20 eV), indicating the
incorporation of the Mn−Cr atom pair effectively decreases
the migration energy barrier of Li+ and facilitates the
decomposition of Li2S.
Another critical factor that restricts the high capacity and

rate capability of LSBs is the slow kinetic process of LiPSs
conversion during charging and discharging. By investigating
the corresponding free energies based on eqs 6−11), the
charging and discharging processes of the sulfur cathode
involving multiple electrochemical reactions were further
explored. The overall rate of these reactions depends on the
rate-limiting step. Figure 4(d) shows the free energy profiles
for the SRR process on various substrates, and Table S3 lists
the corresponding free energies of reduction reactions. These
values suggest that the overall SRR is exothermic. Among these
steps, only the last step (reduction of Li2S2 to Li2S) shows a
positive change in free energy, indicating that the reduction of
Li2S2 is the rate-determining step of SRR. Furthermore,
incorporating metal atoms in DACs can effectively lower the
ΔG of the rate-determining step. Compared to SACs, the
MnCrBNC demonstrates a lower ΔG for the rate-determining
step (3.77 eV), signifying its efficacy in facilitating the LiPSs
transformations.
3.4. Feasibility Analysis. BNC combines the benefits of

BN and graphene, enhancing battery safety with features like
flame retardancy, toughness, and conductivity, thereby offering
significant potential for battery applications. By adjusting the d-
band center of the dual metal atoms in the BNC, the anchoring
and catalytic properties of the DACs can be tailored.

MnCrBNC demonstrates an enhanced adsorption energy 
strength on LiPSs compared to the current Ni−Co diatomic 
catalyst,45 with a 0.5 eV increase, and a lower decomposition 
energy barrier for Li2S, indicating the potential for improving 
battery performance. In terms of experimental feasibility, 
established experimental methods exist for synthesizing BNC, 
such as C i et al.34 synthesized BNC using chemical vapor 
deposition. Additionally, Niu et al.46 synthesized ten distinct 
diatomic catalysts using a macrocyclic precursor-mediated 
approach, which can potentially be extended to the synthesis of 
the diatomic catalysts in this study.

4. CONCLUSIONS
We systematically investigated DAC s with highly conductive 
BNC as the substrate for use as LSB host materials to mitigate 
the “shuttle effect” a nd a ccelerate t he d ecomposition o f Li2S. 
Our research demonstrated that the d-band centers of DACs 
can be regulated by the adjacent TM atoms, primarily due to 
the number of electrons in the dyz and dx2−y2 orbitals. When 
DACs have ten or fewer d electrons, the dyz and dx2−y2 orbitals 
can form stable π and σ bonds, adjusting the d-band center for 
interaction with soluble LiPSs. Following this principle, 
MnC rBNC was selected for its superior LiPS anchoring and 
catalytic conversion capabilities compared to C rBNC and 
MnBNC . Our calculations indicate that MnC rBNC exhibits 
more favorable adsorption energy due to its regulated d-band 
center. Moreover, MnCrBNC facilitates the decomposition of 
Li2S, demonstrating a lower energy barrier of 1.25 eV. From a 
thermodynamic perspective, MnCrBNC accelerates the multi-
step SRR process by reducing the free energy of the reaction of 
the rate-limiting step. This research highlights the advantages 
of DACs, specifically M nCrBNC, a nd p rovides valuable 
insights into the strategic design of DACs as versatile materials 
for improving the performance of LSBs.

Figure 4. (a) Top view of the dissociation paths of Li2S on the
MnCrBNC. (b) Energy difference (Ed) between the initial and final
states during the decomposition of Li2S, along with the average Li−S
bond length of Li2S on various surfaces. (c) Decomposition energy
barriers of the Li2S adsorbed on CrBNC, MnBNC, and MnCrBNC.
(d) Free-energy profiles for the S8/LiPSs conversion on various
surfaces (MnCrBNC, TiBNC, CuBNC, BNC, BN). The free energy
of rate-determining steps are presented in the inset.

https://pubs.acs.org/doi/10.1021/acsami.4c11523?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c11523?fig=fig4&ref=pdf
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