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Two-dimensional transition metal borides (MBenes), particularly TiB, hold promise as electrocatalysts for
CO,-related reactions. However, their bifunctional catalytic performance for reversible Li,COs
conversion in Li-CO, batteries remains inferior to that of Ru-based catalysts. We addressed this issue by
introducing tensile strain and doping late transition metal atoms (Mn, Fe, Co, Ni, Cu) into the basal plane
of a TiB MBene/graphene heterostructure. Spin-polarized density functional theory (DFT) calculations
revealed that the Cu-doped TiB/graphene catalyst (Cu/Ti;7B1g/G) exhibits an ultralow CO, reduction and
evolution overpotential of 0.66 V, enhancing Li,COz nucleation and reversible conversion with carbon
products. This improvement is attributed to weakened adsorption of O-containing intermediates on the
Cu-doped surface, facilitated by the down-shifted d-band center and increased antibonding state

occupancy. Consequently, Cu/Ti;7B1s/G emerges as a promising bifunctional electrocatalyst for Li-CO,
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Accepted 2nd Septermber 2024 batteries, outperforming pristine TiB/G and other reported catalysts. Furthermore, its bifunctional activity

can be further improved by applying x-direction tensile strain. Molecular dynamics simulations combined
with explicit solvent models further confirmed the catalytic durability and stability of Cu/Ti;zB1g/G in
solution. This work provides valuable atomic-scale insights for exploring advanced Li—CO, battery catalysts.
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1. Introduction

The aprotic Li-CO, battery, owing to its high theoretical energy
density of up to 1876 mA h g~' and its CO, neutralization
capability, is one of the most promising energy storage and
conversion technologies."® The discharge/charge process
involves a reversible Li,CO; nucleation/decomposition reaction
(i.e., CO, reduction/evolution reaction, CO,RR/CO,ER), repre-
sented by the reaction: 4Li + 3CO, & 2Li,CO; + C.*®* However,
the sluggish kinetics and incomplete reactions lead to the
accumulation of Li,COj; products and the generation of reactive
oxygen species, which can block active sites and diminish
battery efficiency.”* Additionally, the inert nature of CO, and
the wide bandgap of Li,CO; present pronounced activation
energy barriers, directly limiting the reversible Li,CO; conver-
sion in Li-CO, batteries."**> Therefore, it is desirable yet chal-
lenging to develop highly active and stable bifunctional
electrocatalysts that not only drive the CO, activation but also
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facilitate the Li,CO; nucleation and reversible decomposition
with carbon products.”™*

Two-dimensional (2D) orthorhombic transition metal
borides (MBenes) have been widely explored as potential cata-
lysts in diverse electrochemical reactions ascribed to their
outstanding electrical conductivity and abundance of active
sites.'**® Among these, titanium boride (TiB) stands out as it
has been successfully synthesized and is the lightest MBene,
making it highly suitable for portable and lightweight battery
applications.'®** Notably, Mir et al. demonstrated that TiB
exhibits stronger adsorption energies compared to VB, CrB,
MnB, and FeB, along with excellent electrical conductivity and
dynamic stability, making it highly effective for CO, capture and
activation.””* Our recent research further revealed the inherent
catalytic activity of 2D TiB basal plane for converting CO, into
Li,CO; and carbon products.”” This activity is facilitated by the
bidirectional electron transfer between CO, reactants and the
TiB surface. Unfortunately, the bifunctional catalytic perfor-
mance of TiB still lags behind that of noble metal Ru-based
catalysts. A significant limitation is the excessive adsorption
of Li/C/O intermediates on the TiB plane, which hampers the
reversible conversion of Li,COj;.

In this study, we aim to overcome these limitations by
doping late transition metals (TM = Mn, Fe, Co, Ni, Cu) into the
basal plane of TiB MBene and coupling this modified structure
with graphene to form a stable heterostructure. The use of late
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transition metals with paired d electrons can facilitate electron
compensation with the empty or unpaired d orbitals of Ti atoms
in the TiB plane, which is expected to balance the adsorption
strength of intermediates on the catalytic surface.?” In addition,
among the catalysts studied so far, Cu remains the only
heterogeneous electrocatalyst for selective CO, electroreduction
to multicarbon (C,:) products.®** Therefore, doping with late
transition metals, particularly Cu, which has fully paired d-
electrons, is anticipated to reshape the electronic structure of
TiB and alleviate the excessive adsorption of Li/C/O intermedi-
ates on the TiB plane. Using spin-polarized density functional
theory (DFT) calculations, we first investigate the stability of late
transition metals-doped TiB/graphene heterostructures (TM/
Ti;1;B1s/G, TM = Mn, Fe, Co, Ni, Cu). Subsequently, we explore
the electrochemical reaction mechanisms in Li-CO, batteries.
Notably, the Cu/Ti;;B14/G catalyst delivers optimal bifunctional
catalytic activity for Li,CO; nucleation and reversible conver-
sion, achieving an ultralow overpotential of 0.66 V. Further-
more, tensile strain is applied to tailor the d-band center and
enhance the bifunctional activity of the catalyst. Finally,
molecular dynamics simulations are conducted to assess the
catalytic durability of the Cu/Ti;;B,4/G heterostructure in solu-
tion. This research provides valuable insights into the atomic-
level interactions and mechanisms that drive the improved
Li,CO; reversible conversion performance of Cu-doped TiB
MBene/graphene electrocatalysts, paving the way for the devel-
opment of advanced multifunctional catalysts for next-
generation Li-CO, batteries.

2. Computational methods and
models

Utilizing the Vienna Ab initio Simulation Package (VASP),>*?’
spin-polarized density functional theory (DFT) calculations
were conducted to investigate the structural stability and elec-
trocatalytic properties. The ALKEMIE*® and VASPKIT* codes
were implemented to postprocess the computational data. The
PBE-D3 exchange—-correlation®® was chosen to elucidate the
interaction dynamics between reaction intermediates and
catalytic active sites.** The plane wave cut-off energy was set at
500 eV. All configurations were based on a 4 x 4 supercell of
graphene and 3 x 3 supercell of TiB with a vacuum slab of 25 A
inserted in the z direction to prevent interaction between two
neighboring surfaces. Crystal orbital Hamilton population
(COHP) analyses were performed using the LOBSTER package.?
Furthermore, the Bader charge analysis was applied to quantify
the charge transfer.**** To capture each saddle-point structure
and the associated minimum energy path during the oxidative
dissociation of Li,COj, climbing image nudged elastic band
(CINEB) calculations were performed.*® Ab initio molecular
dynamics (AIMD) simulations were conducted to assess the
thermodynamic stability under reaction conditions at 300 K for
a duration of 10 ps, with a time step of 2 fs.*® In this simulation,
tetraethylene glycol dimethyl ether (TEGDME, CH;O(CH,CH,-
0),CH3), with a density of 1.007 g cm > and low dielectric
permittivity of 7.79,>” was utilized as the organic solvation
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medium.*® The radial distribution function g(r) and the coor-
dination number* were obtained using the VASPKIT code.

The TiB/G heterostructure consists of 18 Ti atoms, 18 B
atoms, and 32 C atoms; the lattice parameters of TiB and gra-
phene are outlined in Table S1 of (ESI).T Subsequently, a single
Ti atom was removed from TiB/G to anchor a late transition
metal (TM) atom, such as Mn, Fe, Co, Ni and Cu. The thermo-
dynamic stability of TM/Ti;,;B15/G systems was confirmed by the
negative formation energy (Ef) (Table S27), which was calculated
using the following equation:

Er = Erwmrmi B,y — Eripyc — EXM (1)
where Ervyri s, c and Er g c denote the energies of TM/
Ti;7B1g/G composite and Ti;;B15/G substrate, respectively, and
E2IX represents the total energy of the bulk metal. Additionally,
the electrochemical stability of the TM/Ti;;B;5/G catalysts was
evaluated using the following formula:

Udiss = Ugiss - Eb/Ne (2)

where Ujiss and N, refer to the standard electrode potential of
bulk metal and the number of electrons transferred in the
dissolution process, respectively. As shown in Table S3,f the
Uaiss is greater than 0 V (vs. SHE), indicating that the considered
TM/Ti;;B1s/G catalysts are electrochemically stable. The Ej,
represents the binding energy obtained from the following
equation:

isolated
Ey, = Ermmi,B,yG — Eri By — ET™M (3)
17218 17218

isolated

where Ery is the energy of an isolated transition metal. A
more negative Ey, value denotes stronger adsorption of the metal
atom on the defective TiB/G substrate. In addition, the stress-
strain and energy-strain methodologies were employed to
investigate the mechanical properties.’*** When a uniaxial
stress was imposed in the x or y directions, the strain was

defined as:
a—dy

e = x 100% (4)
do

here, a and a, signify the lattice constants of the strained and
unstrained systems.

To monitor the reaction process on different catalysts, the
Gibbs free energies of Li-CO, reaction intermediates were
calculated using eqn (5).** Particularly, in the Li-CO, batteries,
Li" + e~ 2 Liis in equilibrium with bulk Li at 0 V.

AG = AEDFT + AEZPE — TAS + neU [5)

where AEppr, AEzpg and AS are the DFT total energy difference,
zero-point energy change, and entropy change at 7= 298.15 K,
respectively, which are given in Tables S4-S6.f The term U
stands for the applied electrode potential, and n represents the
number of transferred electrons. For the Li-CO, battery, the
discharge potential (Upc) during CO,RR and charge potential
(Uc) during CO,ER correspond to the minimum/maximum
potentials required to sustain the redox processes. The

This journal is © The Royal Society of Chemistry 2024
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deviation between the discharge/charge potential and theoret-
ical equilibrium potential (U.q = 2.87 V) signifies the CO,RR/
CO,ER overpotentials, i.e., 7co,rr = Ueq — Upc and nco,er = Uc
— Ueq. Herein, we applied the total overpotentials for CO,RR
and COER (7t = Nco,rr + Mco,er) S a quantitative metric to
assess the bifunctional activity of targeted catalysts for Li-CO,
redox.

3. Results and discussion
3.1. Insight into TiB MBene material design

Fig. 1a presents the material design idea of late transition metal
Cu doped TiB MBene/graphene heterostructure to alleviate the
adsorption strength of Li/C/O intermediates. Taking advantage
of the unique electronic configuration of late transition metals,
Cu dopant is expected to serve as a d-electron buffer. Moreover,
the maximum lattice mismatch between TiB with 3 x 3 super-
cell and graphene with 21/3 x 4 supercell was found to be
4.18%, demonstrating they are good counterparts for estab-
lishing high-quality heterostructures. The negative formation
energy in Fig. 1b signifies the thermodynamical stability of
transition metals Mn, Fe, Co, Ni, Cu doped TiB/graphene het-
erostructures (TM/Ti;;B;4/G). As demonstrated by Jang et al.,*
sp” hybridized graphene can capture electrons from the metal
layer, resulting in strong interface coupling that stabilizes the
metal catalyst and modifies its electronic properties. Indeed,
there are abundant electrons localized at the Cu/Ti;;B;4/G het-
erointerface, and graphene capture 3.46 electrons from the Cu/
Ti;;Byg layer (Fig. S1t), suggesting a strong coupling between
them. The Cu dopant exhibits a lower d-band center (¢4) of
—2.78 eV in comparison with pristine TiB/G (¢q = —2.55 €eV).
According to the d-band center theory,**® the down-shifted ¢q4
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signifies a weakened binding capability of the active site for
reaction intermediates. Therefore, a lower d-band center in Cu/
Ti;;B1g/G holds promise for alleviating the intense intermediate
adsorption issue on the pristine TiB surface. Next, we will
confirm this idea using the spin-polarized DFT calculations and
constant potential solvation models in ESL}

3.2. Reaction mechanism and electrocatalytic performance

Promising bifunctional catalysts should strike a balance
between the CO, reduction and evolution, i.e., Li,CO; genera-
tion and its reversible dissociation. Fig. S2f lists several
possible pathways for CO, reduction to Li,C,0, and Li,COj3;
during the initial 2e~ step of the discharging process. Prior
studies have shown that the nucleation selectivity of Li,CO; and
Li,C,0, is dependent on the applied catalysts.>* For each
reaction intermediate, distinct adsorption configurations are
taken into account in Fig. S31 and the energetically optimal one
is displayed in Fig. 2a. Worth noting that the *Li,C,0, nucle-
ation is not as stable as that of *Li,CO; on both TiB/G and Cu/
Ti;;B1g/G surfaces, which is prone to decompose into *Li,CO;
and *CO, regardless of the specific CO, reduction pathway. This
disproportionation splitting is energetically favorable, with an
exothermic free energy change of —1.25 eV on TiB/G surface and
—2.21 eV on Cu/Ti;;B5/G surface. Thus, *Li,CO; is identified as
the final discharge product for TiB/G and Cu/Ti;;B15/G use in
Li-CO, batteries, analogue to Ru(0001) catalyst.*® Generally,
a catalyst with Li,CO; nucleation selectivity is promising for
achieving efficient four-electron (4e”) CO, reduction (4Li" +
3CO, +4e~ — 2Li,CO; + C) in Li-CO, batteries.>**

For the reverse CO, evolution process, the dissociation of
Li,CO; and the participation of amorphous carbon products play
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Fig.1 (a) Schematic of the TiB MBene/graphene heterostructure design.
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Fig. 2 (a) Nucleation selectivity of *Li,C,0O4 and *Li,COz on pristine and Cu-doped TiB/G catalysts. (b) Self-decomposition of Li,CO3 to evolve
O5. (c) The co-decomposition of Li,CO3z and carbon to regenerate original reactants, where the rate-determining step is highlighted.

a decisive role in the cycling stability of Li-CO, batteries.>® If
amorphous carbon is not involved in the Li,CO; decomposition,
aggressive oxygen species will be generated and accumulated,
passivating the electrocatalysts.** As depicted in Fig. S4,1 Cu/
Ti;;B1/G exhibits a much lower energy barrier (1.09 eV) for
Li,CO; decomposition, in comparison with that of graphene-
based single-atom catalyst Cr@G (1.67 eV), single-layer MoS,
(2.63 eV), and ReS, (2.36 eV) catalysts.>>*® The free energy
changes associated with the self-decomposition of Li,COj; or its
co-oxidative dissociation with carbon products are graphically
illustrated in Fig. 2b and c. Evidently, when carbon products
engage in the Li,CO; decomposition through the oxidative
reaction 2Li,CO; + C — 4Li" + 3CO, + 4e”, the Cu/Ti;;B;/G
catalyst presents the lowest rate-determining step (RDS) energy
barrier of 2.74 eV. These findings indicate that the Cu/Ti,;B,5/G
catalyst possesses the dual capability of facilitating the selective
Li,CO; nucleation and efficiently promoting its reversible
dissociation to original reactants, meriting further exploration.
Therefore, to assess the bifunctional CO,RR/CO,ER activity
of TiB/G and Cu/Ti;sB13/G in Li-CO, batteries, a continuous

25890 | J Mater. Chem. A, 2024, 12, 25887-25895

four-electron transfer mechanism is adopted in Fig. 3a. During
the initial 2e~ step of the discharge process, CO, and Li" are co-
adsorbed on the catalyst surface to yield *LiCO, intermediate,
which then reacts with additional Li* and CO, to form the first
Li,CO; product and *CO intermediate. In the subsequent 2e™
step, the *CO further reacts with two Li* and one CO, molecule
to produce the second Li,CO; and amorphous C." As seen in
Fig. S5,f the CO,RR/CO,ER overpotential of TiB/G reaches
2.43 V. During discharging, the potential-determining step
(PDS) corresponds to the third electron transfer step (i.e., the
formation of carbon products), while the PDS during charging
is the Li,CO; decomposition on TiB/G surface. Notably, the
introduction of Cu into the TiB/G plane effectively balances the
adsorption and desorption of Li,C,0; (x = 0-2,y = 1-2, z = 1-3)
reaction intermediates, leading to a shift in the PDS from the
latter 2e” transfer step to the initial 2e~ steps. Of greater
interest is that the Cu/Ti;;B;¢/G catalyst delivers a dramatically
decreased CO,RR/CO,ER overpotential as low as 0.66 V
(Fig. 3b). Fig. 3c summarizes the overpotentials of other excel-
lent Li-CO, battery electrode catalysts. This performance

This journal is © The Royal Society of Chemistry 2024
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surpasses that of pristine TiB/G and previously reported carbon
nanotubes (1.94 V), graphene (1.56 V),”*® noble metal Ru (1.07
V)* and single-atom modified MXenes like Zn/Mo,CO, (0.97
V)." Besides, Fig. S6T depicts their Gibbs free energy for Li-CO,
electrochemistry via a continuous 4e” transfer pathway for
other late transition metal modified TiB/G catalysts such as Mn,
Fe, Co, and Ni. Remarkably, compared to pristine TiB/G (1 =
2.43 V), the obtained Mn/Ti,,B;4/G, Fe/Ti;;B15/G, Co/Ti;;B14/G,
and Ni/Ti;;B13/G catalysts exhibit dramatically narrowed
CO,RR/CO,ER overpotential as low as 0.92, 0.75, 0.99 and
0.84 V. This validates that doping engineering can be used as
a guideline for the rational design of bifunctional electro-
catalysts aimed at achieving reversible CO, and Li,CO;
conversion in Li—-CO, batteries.

This journal is © The Royal Society of Chemistry 2024

Given the pivotal role of CO, and Li,CO; as reactants and
products in Li-CO, batteries, we further explored the intricate
relationship between p- and d-electron interactions and
bifunctional activity at the atomic orbital level by focusing on
their adsorption on TiB/G and Cu/Ti;,B,5/G surfaces. A striking
similarity emerges: CO, and Li,CO; are adsorbed via O p
orbitals interacting with Ti or Cu d orbitals. As seen in Fig. S7,}
there are three possible modes of p-d orbital interactions based
on the principle of maximum overlap.* Specifically, the metal
d,> orbitals hybridize with the O p, orbitals to form ¢ bonds,
whereas the d,.,/d,, orbitals hybridize with p,/p, to form =
bonds (Fig. 3d).* It is seen that the d., d,, and d,, electrons of Ti
are occupied near the Fermi level (Fig. S8f), triggering the
donation of d-electrons to the empty CO, antibonding orbitals,

J. Mater. Chem. A, 2024, 12, 25887-25895 | 25891
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yielding robust Ti-O bonding and excessive intermediate
adsorption on the TiB/G plane. In sharp contrast, Cu d electrons
are almost concentrated below the Fermi level (Fig. S9t) with
a lower d-band center than Ti, yielding weakened interactions
with O-containing intermediates. Further analysis of the pro-
jected crystal orbital Hamilton population (pCOHP) in Fig. 3e
reveals that the orbital interactions between Cu d orbitals and O
p orbitals induce more filled antibonding states below the
Fermi level, indicating a weakened Cu-O bonding. Analogous
trends are observed in the case of Li,CO; adsorption. The
reduced d-band center and increased antibonding state occu-
pancy highlight the role of Cu dopants in mitigating the strong
Li,C,0, adsorption on TiB/G. Therefore, the Cu/Ti;;B;5/G cata-
lyst achieves enhanced bifunctional activity for the CO, reduc-
tion to Li,CO; and its reversible conversion with carbon
products.

3.3. Strain effects

We continue investigated the bifunctional catalytic perfor-
mance of TiB/G and Cu/Ti;;B,4/G for Li,COj; reversible conver-
sion under uniaxial strain with a magnitude from —4% to +4%.
The uniaxial stress-strain curves in Fig. S10at illustrate that
these TiB/G and Cu/Ti;sB;s/G materials can endure ultimate
tensile strains of up to 22% and 26% along the x-direction,
respectively, while withstanding up to 22% along the y-direc-
tion, delivering superior mechanical flexibility comparable to
graphene. Furthermore, the differences in Young's modulus
between the x- and y-directions (Fig. S10bt) highlight the
anisotropic mechanical properties of TiB/G and Cu/Ti;;B15/G.
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Unlike transition metal doping, which significantly alters the
PDS, applying uniaxial strain in the x-direction hardly changes
the PDS for a given catalyst. As shown in Fig. S11 and S12,f the
PDS during the discharge-charge process for TiB/G is almost
maintained at the latter 2e” transfer step under x-direction
strain ranging from —4% to +4%, while the PDS for Cu/Ti,;B;g/
G remains at the initial 2e” transfer step. This indicates that the
primary effect of x-direction strain is to lower the energy barrier
of the PDS, rather than altering the PDS itself. This explains why
the increase of d-band center under x-direction strain, which
signifies stronger interactions with reaction intermediates,*
results in a decrease in overpotential of the catalyst (Fig. 4a).
Consequently, the overpotential for TiB/G decreases from 2.00 V
to 1.83 V as strain varies from —4% to +4%, and for Cu/Ti;;B;g/
G, it decreases from 0.72 V to 0.45 V. Similar enhancement of
catalytic activity by strain engineering has been observed in
other studies.®>*

In contrast, y-direction strain induces minimal changes in
the d-band center, leading to a less significant impact on
overpotential, as shown in Fig. 4b. The different strain effects in
the x- and y-directions on overpotentials are due to the aniso-
tropic mechanical properties of TiB/G and Cu/Ti,;B1g/G. As
shown in Table S77 for TiB/G, the Young's modulus in the y-
direction (562.5 N m™ ") is approximately 1.3 times higher than
in the x-direction (431.6 N m '), which is much higher than that
of isotropic materials like graphene (342 N m™') and MoS,
(130 N m™).%* This mechanical anisotropy, coupled with the
ultrahigh Young's modulus, results in the relatively stable d-
band center and overpotential for TiB/G and Cu/Ti;;B15/G
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a magnitude from —4% to +4%.
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during AIMD simulations at 300 K. (e) Optimized intermediates and free energy diagrams under the explicit TEGDME solvent environment.

under external y-axial strains. Overall, direction-specific strain
engineering, along with metal doping, proves to be an effective
strategy for enhancing the bifunctional catalytic properties of
TiB-based materials in Li-CO, batteries.

3.4. Stability in solution

To evaluate the durability of catalysts in an organic solvation
medium, we assessed the thermal stability of TiB/G in
a TEGDME solution at 300 K for 10 ps using AIMD simulations.
TEGDME delivers flexible linear chain structure, low viscosity,
and moderate dielectric constant (7.79) to enhance Li-ion
mobility, making it an ideal solvent for Li-CO, batteries.®>%
As shown in Fig. 5a, after 10 ps, the final TiB/G structure
remained intact, with no bond breakage or structural rear-
rangement. Additionally, both temperature and total energy
fluctuations were minimal, remaining within a narrow range
(Fig. 5b). The Ti-B bond length maintained consistent at
approximately 2.31 A throughout the AIMD process (Fig. 5c).
The radial distribution function g(r), presented in Fig. 5d,
indicates that the TiB/G heterostructure maintained excellent
crystallization post-annealing, with Ti atoms predominantly
coordinated by B atoms, and an average coordination number
of approximately 5.97. These findings confirm that the TiB/G
catalyst structure is robustly stable in the solution. Notably,
the explicit solvent model depicted in Fig. 5e demonstrates that
Cu doping significantly reduces the overpotential for Li,CO;
reversible conversion to 1.09 V, compared to 4.17 V for pristine
TiB/G as Li-CO, battery catalyst.

The potential influence of other solvents, such as ethylene
carbonate (EC) also examined. EC has a rigid cyclic structure,
a high dielectric constant (approximately 90), and higher
viscosity compared to TEGDME, which leads to strong interac-
tions with lithium ions.*” As shown in Fig. S13,f the AIMD

This journal is © The Royal Society of Chemistry 2024

results demonstrate that due to the presence of a carbon-
oxygen ring with an ester linkage in EC molecules, EC strongly
interacts with TiB/G over time, making EC unsuitable as
a solvent for TiB-based catalysts in Li-CO, batteries. To provide
a more solid reference to the experiments, the constant poten-
tial implicit solvent model®®® is employed to investigate the
catalytic selectivity and bifunctional activity of both pristine and
Cu-doped TiB/G catalysts (see ESIt).

4. Conclusions

In summary, we uncovered the origins of the enhanced activity
of Cu-doped TiB MBene/graphene heterostructure in Li-CO,
electrochemistry. By incorporating late transition metals with
paired d electrons into the TiB/G structure, we achieved
significantly improved bifunctional activity for the reversible
conversion of Li,CO;. Specifically, the Cu/Ti;;B;5/G catalyst
demonstrated an ultralow overpotential of 0.66 V for both CO,
reduction and evolution reactions. This enhancement is
attributed to the down-shifted d-band center and increased
antibonding state occupancy in the d,-p,, d.,—p.x and d,,-p,
orbital hybridizations, which mitigates excessive intermediate
adsorption on the TiB plane. Remarkably, applying tensile
strain along the x-direction to the catalyst not only elevates its d-
band center but also lowers the CO,RR/CO,ER overpotential,
further boosting the bifunctional activity of Cu/Ti;;B;5/G for
Li,CO; conversion. Finally, AIMD simulations combined with
explicit solvent models confirmed that these catalysts exhibit
excellent electrochemical stability and durability in a practical
solvent environment. This research highlights the critical role
of tuning electronic structures through doping and strain
engineering in the design of advanced catalysts, with potential
applications across diverse fields.
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