Open Access Article. Published on 30 May 2025. Downloaded on 12/14/2025 6:44:22 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2025, 27, 13011

Received 28th March 2025,
Accepted 23rd May 2025

DOI: 10.1039/d5cp01202c

rsc.li/pcecp

Introduction

MXenes enhance electrocatalytic water
electrolysis of NiFe layered double hydroxides
through bifunctional heterostructuringf

Nannan Li, &2 3° Xiaotong Han, %" Ho Seok Park (2 < and Jin Yong Lee (2 *®

Transition metal-based layered double hydroxides (TM-LDHs) are among the most promising catalytic
materials for the electrochemical reactions involved in energy conversion and storage technology. We
systematically investigate NiFe-LDH-based electrocatalysts toward application in water electrolysis. We
start with the highly accurate advanced density functional theory description of NiFe-LDH's fundamental
properties, and demonstrate that coupling a spin-polarized p-band or d-band center model with the
Gibbs free energy calculations explains NiFe-LDH's oxygen evolution reaction (OER) mechanism.
By involving the related transient states, a reversible oxygen vacancy assisted reaction mechanism has
been directly observed and motivated by the high spin transition metal impurity which is further
confirmed by the time-consuming hybrid functional method. To further facilitate the electrocatalytic
activity of NiFe-LDH, we study NiFe-LDH/MXene heterostructures where the essential semiconductor-
to-metallic transition takes place by the additional Ti-3d orbitals and the interfacial non-covalent
interaction between the two catalysts. On the basis of calculated results, we propose a link between
microscopic properties and macroscopic electrocatalytic kinetics of heterogenous electrocatalysts.
Accurately describing the electronic and magnetic structures of electrocatalysts leads us to a step-by-
step process for tailoring desired electrocatalytic properties, especially for the high spin state contained
TM-LDHs. A descriptor based on combination of the calculated d-band center of transition metal and
p-band center of oxygen is the key to predicting electrochemical activity and stability of oxide
electrocatalysts. From our results, we establish a design strategy for NiFe-LDH-based bifunctional
electrocatalyst fabrication.

emission of carbonaceous species during utilization. Hydrogen
can be harvested by water splitting; its only by-product, oxygen, is

Hydrogen energy is an important aspect for renewable energy;
it involves using hydrogen or hydrogen-containing compounds
to produce energy. The energy industry requires new techno-
logies that are not only highly efficient, but also offer environ-
mental and social benefits. Energy efficiency and environmental
sustainability requirements are why scientists seek new alterna-
tives to fossil fuels. Hydrogen is an ideal candidate due to its zero
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also a valuable industrial gas. In the last twenty years, water
splitting via photocatalytic approaches has attracted a lot of
attention since it directly uses solar energy."”> More recently, water
electrolysis has been an adaptable technique that efficiently
produces hydrogen using electrochemical energy devices.* Gen-
erally, water electrolysis includes two electrodes, one cathode for
the hydrogen evolution reaction (HER) and one anode for the
oxygen evolution reaction (OER). The overall electrochemical reac-
tion comprises two complementary half-reactions, the HER and
OER. To substantially increase water electrolysis efficiency, highly
efficient, low cost and environment-friendly electrocatalysts for the
HER and OER are required.

Over the past decade, electrocatalysts have been studied
extensively in energy conversion and storage technologies.>”
Among them, layered double hydroxides (LDHs) are new, highly
active OER electrocatalysts in an alkaline environment that can
be used directly in water electrolysis.®® A crystal structure the
same as the mineral hydrotalcite (MgsAl,CO3(OH);4-4(H,0)) is

Phys. Chem. Chem. Phys., 2025, 27,13011-13020 | 1301


https://orcid.org/0000-0002-5279-5111
https://orcid.org/0000-0002-4424-4037
https://orcid.org/0000-0003-0360-5059
http://crossmark.crossref.org/dialog/?doi=10.1039/d5cp01202c&domain=pdf&date_stamp=2025-06-06
https://doi.org/10.1039/d5cp01202c
https://rsc.li/pccp
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp01202c
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP027024

Open Access Article. Published on 30 May 2025. Downloaded on 12/14/2025 6:44:22 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

often denoted as a layered double hydroxide (LDH), with nickel
iron layered double hydroxides (NiFe-LDHs) being investigated
widely.'** The geometric structure of NiFe-LDH can be con-
veniently understood by incorporating iron (Fe) atoms in nickel
hydroxides. Among the four phases of nickel hydroxides, the
B-Ni(OH), phase is the most studied. In this phase, the atomic
layers are held together by weak van der Waals forces. Within
the layers of the hexagonal lattice, nickel (Ni) atoms are in their
most common +2 oxidation state. Replacing Ni** with Fe®" ions
results in positively charged layers which can be further com-
pensated by intercalated anions like carbonate (CO;~?). Water
molecules can also be intercalated in their interlayer spacing,
forming hydrogen bonds (H-bonds)."* Owing to NiFe-LDHs’
complex and variable geometric structures combined with the
high cost of computing large magnetic systems, only their
simplified single layer structure has been used in previous
reports. Even though, diversities appear in electrochemical
reaction mechanisms because calculated energetic parameters
are highly dependent on accurate reaction environment pre-
dictions or say accurate electronic and magnetic structures of
reaction active centers. It is necessary to carefully analyze NiFe-
LDH’s geometric and electronic properties and multiple reac-
tion pathways using a precise theoretical approach. Besides, 3d
transition metal can be modified to be highly active for specific
catalytic reactions via varying their coordination environ-
ment where high-throughput computational screening can be
applied. But the complexity of the electrochemical reactions
triggered the divergences of the activities depending on differ-
ent chemical environments and theoretical study methods
which indicate that more reliable clear-out reference data are
needed.

Lately, multifunctional electrocatalysts such as trifunctional
electrocatalysts for the HER/OER/ORR and bifunctional electro-
catalysts for overall water splitting are topical.'®"’ Most
recently, the work by Kim et al. caught our attention, as they
proposed that doping specific MXene surfaces with single
atoms can be an effective strategy to modulate their bifunc-
tional or multifunctional catalytic behavior, attributed to the
intrinsic stability and metallic nature of MXenes.'®>' On the
other hand, multifunctional heterostructured electrocatalysts
can achieve higher efficiencies than separate single functional
catalysts owing to working condition divergences.>® Although
current experimental strategies for producing multifunctional
catalysts have improved quickly, it still remains challenging
due to complicated fabrication procedures that involve multi-
ple atomic doping or hybridizing steps. The resulting complex
atomic structures of catalysts may make it difficult to under-
stand the actual catalytic mechanism of the whole system.'®
Thus, developing new multifunctional electrocatalysts via a
simple synthesis approach is still needed.

This work proposes a common strategy for developing LDH-
based bifunctional electrocatalysts by synthesizing LDH with
suitable metallic MXenes. Our systematic investigation starts
by precisely describing NiFe-LDH’s geometric, electronic,
magnetic, and electrochemical properties. These calculations
lead us to the real OER active phase of NiFe-LDH and the
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corresponding reaction mechanism. The synergistic effect
between Fe-O-Ni and Ni-O-Ni moieties allows NiFe-LDH to
become an efficient and durable electrocatalyst material.
We proposed a detailed reaction mechanism involving oxygen
vacancy formation and related transient states through both
the advanced DFT method (PBE + U) and the Hartree-Fock/DFT
hybrid functional method (B3LYP). The oxygen-rich layered
structure of NiFe-LDH offers sufficient geometric features for
the lattice oxygen vacancy assisted OER mechanism. Tailoring a
NiFe-LDH system to have better electrocatalytic properties,
meanwhile fabricating a bifunctional NiFe-LDH-based hetero-
catalyst, for this purpose we studied several functional MXenes.
We analyzed the correlation between their HER activities
and electronic structures and found that the oxygen p-band
center describes reaction activity and MXene surface specificity.
Eventually, NiFe-LDH/MXene heterostructures were estab-
lished. The homogenous and fully applicable reaction active
sites on both sides allow the NiFe-LDH/MXene heterostructure
to be utilized as a benchmark bifunctional electrocatalyst for
overall water splitting. Moreover, the heterostructure’s inter-
facial architecture allows easy access for electron transfer,
which may further enhance electrocatalytic activities on both
sides. The screening procedure introduced in this work offers
a new principle for tailoring electrocatalytic materials to their
activity.

Calculation methods

To study the geometric, electronic, magnetic, and electro-
chemical properties of our structures, we carried out first-
principles calculations based on the density functional theory
(DFT) approach as implemented in the Vienna ab initio simula-
tion package (VASP).>" For all calculations, we used the projec-
tor augmented wave (PAW) pseudopotentials within 600 eV
energy cutoff for the plane wave basis set.?*?* The exchange-
correlation energy was modelled using the Perdew-Burke-
Ernzerhof (PBE) type generalized gradient approximation (GGA)
functional.*® To accurately describe Ni and Fe localized d-
electrons, the PBE + U method with effective U parameter (Uegr)
values of 6.50 eV for Ni and 4.50 eV for Fe were used. Uegr= U —
J, U and J are the effective on-site Coulomb and exchange
corrections.”® These U.; values were carefully tested as
described below. To further confirm the effectiveness of the
PBE + U method, the expensive unscreened hybrid functional
B3LYP method is also used and compared with the PBE + U
method.*® Ni and Fe atoms’ initial magnetic moments were set
at 2.00up and 5.00ug, respectively. The atomic ratio between Ni
and Fe is 3:1. The van der Waals density functional method
(vdW-DF) within the optB86b functional was included to
describe dispersion interactions in the interlayer spacing.?”-?8
For structure optimization, the energy and force criterions were
setat 10 ° eV and 0.01 eV A", respectively. A 15 A vacuum layer
was used for the surface structure. The charge transfer calcula-
tion was performed using the Bader charge analysis.>® Spin-
polarization was included in all calculations.

This journal is © the Owner Societies 2025
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Here, we determined the HER procedure using an approach
developed by Nerskov et al.:*°

H +e +* > H* (1)
2H* - H, (2)

where * denotes an active site for H' adsorption, and H* is the
intermediate state on the catalytic surface. The intermediate
state’s Gibbs free energy was calculated as:

AGy« = AEg» + AZPE — TAS (3)

where AEy- is the hydrogen adsorption energy, AZPE is the
zero-point energy difference between the intermediate state
and the gas phase hydrogen, and AS is the vibrational entropy
difference between these two hydrogen states at temperature 7.
The hydrogen adsorption energy was evaluated as:

1
AEH* = EH@sur - Esur - EEl—lz (4)

where Eygsur 1S the total energy of the intermediate adsorbed
surface, Eg,, is the total energy of the pristine surface, and Ey is
the total energy of the gas phase hydrogen molecule.

In alkaline solution, the OER procedure can be described via
these elementary steps:®*'

OH +* - OH* + e~ (5)

OH* + OH™ — O* + H,O + e~ (6)
O* + OH™ — OOH* + e~ (7)
OOH* + OH™ — O, +*+H,0 +e” (8)

where * indicates the reaction active site for intermediate
OH*, O*, and OOH*. The Gibbs free energy of each step was
calculated as:

AG = AE + AZPE — TAS — neUg + AG(pH) 9)

where AE is the adsorption energy of each intermediate, and
AZPE and AS are the differences in zero-point energy and
entropy at temperature 7 caused by the reaction. —neUy, is the
bias correction where Uy is the electrode potential relative to
RHE. AG(pH) = —kTIn[H] is the free energy correction induced
by the hydrogen ion concentration. The chemisorption energy
of intermediate OH*, O*, and OOH* is:

|
AEon: = Eon@sur — Esur — Enyo + EEHZ (10)
EO* = Eo@sur - Esur - EHZO + EHZ (11)
3
AEoon+ = Eoonasur — Esur — 2En,0 + 5En, (12)

2

where Eongsury Eo@surs ald Eoongsur are the total energy of
intermediate state surfaces, Eg,, is the total energy of a pristine
surface, and Ey,o and Ey, are the total energy of water and
hydrogen molecules in the gas phase. All energy terms were
calculated using DFT calculations, while gas phase entropy data
were taken from experimental standard tables.®
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In a conventional d-band center model, a metal d-band
center is computed as the centroid of the projected density of
states (pDOS) of the metal-d orbitals.>*** Hence, in our work,
for spin-polarized systems, the oxygen p-band center or metal
d-band center was calculated as:**

|* E'-Ds(E")dE

5 DoE)dE (13)

Epa'/da =

where E' = E — Ey is the energy corrected relative to the Fermi
level, and D,(E’) is the pDOS of the O-2p or metal-3d orbitals for
different spin components (c = 1,|). All data were extracted
from DFT calculations.

In this work, the structural thermodynamic stability of
the NiFe-LDH/MXene heterostructures was evaluated based
on binding energy, which was calculated as:

Eb = Ehetero - ELDH - EMXenes (14)

where FEheteros Erpn and Enxenes are the total energy of NiFe-
LDH/MXene heterostructures, isolated NiFe-LDH and MXene
slabs, respectively.

Results and discussion

Geometric, electronic, and electrocatalytic properties
of NiFe-LDH

Hubbard U, correction testing. To determine the Hubbard
U.g correction for NiFe-LDH PBE + U calculation, we first
performed geometric and electronic structure testing of the
corresponding host structures. We used brucite-like B-Ni(OH),
and lepidocrocite y-FeOOH crystal structures for seeking Ni and
Fe’s Ueg values, respectively. Both structures are hydroxide
compounds consisting of octahedral sheets with Ni** or Fe**
ions occupying the octahedral interstices. The sheets are
stacked by weak non-covalent interactions. We used antiferro-
magnetic configurations for both B-Ni(OH), and y-FeOOH,
which are the most energetically favorable structures according
to our calculations and previous experimental reports.*®™*> The
optimized B-Ni(OH), and y-FeOOH atomic structures with their
antiferromagnetic ordering are shown in Fig. Sla and S2a
(ESIT). The U testing results are shown in these figures as
well. We analyzed the calculated energy band gap (E,) and
magnetic moment () of metal (Ni/Fe) atoms to evaluate U
values (Fig. S1b and S2b, ESIt). By comparing these results with
experimental data, we chose the U value at 6.50 eV for Ni and
4.50 eV for Fe for further calculations. Uy value testing is
performed rather than using a linear response calculation
because our study involves a high spin state Fe®* with five
unpaired d-electrons; a linear response approach may endure
errors in the self-consistent response step.****

NiFe-LDH property analysis. The optimized geometric struc-
ture of NiFe-LDH is shown in Fig. 1a. Calculated lattice con-
stants of NiFe-LDH are a = 12.33 A, b = 6.17 A, and ¢ = 22.60 A.
This results in an interlayer spacing of 7.53 A. Within the
interlayer spacing, the intercalated species CO, and H,O inter-
act with the hydroxide terminated surfaces of Ni, ;5Feq »5(OH),

Phys. Chem. Chem. Phys., 2025, 27,13011-13020 | 13013
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Fig. 1 (a) Geometric structure of the NiFe-LDH unit cell, left side is the top view and right side is the side view. The crystal cell is represented by a gray

box and H-bonds are marked with gray dashed lines. The lattice constants are also shown in the figure. (b) Density of states (DOS) and (c) projected
density of states (pDOS) of NiFe-LDH using the PBE+U method. The Fermi level is shifted to zero. (d) Scheme of ligand field splitting in trigonal

antiprismatic (Dz4) geometries of Ni2* and Fe** electron configurations.

layers through H-bonds (marked in Fig. 1a). Calculated density
of states (DOS) and projected density of states (pDOS) of NiFe-
LDH using the PBE+U method are presented in Fig. 1b and c,
which indicate a semiconductor characteristic with a band gap
of ~2.00 eV. Compared to the host structure B-Ni(OH),
(Fig. Sic, ESIt), the Fe orbitals of NiFe-LDH hybridize with
the O orbitals and act as impurity states in the energy band gap
between the Ni-O hybridized states in the valence band and
conduction band (from —0.12 eV to 4.00 eV). The appearance of
these impurity states reduces the band gap above the Fermi
level, thus enhancing NiFe-LDH’s electrical conductivity. The
detailed pDOS (Fig. S3, ESIT) show that these impurity states are
mainly attributed to Fe-d orbitals within spin-down electrons,
implying that the NiFe-LDH Fe atoms are in a +3 oxidation
state with a high spin d° electron configuration. The electron

13014 | Phys. Chem. Chem. Phys., 2025, 27,13011-13020

configuration schemes for Ni*" and Fe®" are shown in Fig. 1d.
In the trigonal antiprismatic (D3q) ligand field (the octahedron
compressed along C;), Ni** has a d® electron configuration
within fully occupied e’ (d,2_2, dy,) and a, (d;2) orbitals and
singly occupied e” (d,., dy;) orbitals. In the weak ligand field,
Fe®* prefers a high spin d° electron configuration in which e’, a,
and e” orbitals are all half occupied, which causes the impurity
state to rise. This is also confirmed by the calculated magnetic
moment of Ni and Fe atoms, 1.78ug and 4.23ug, respectively.
This result demonstrates that our initial magnetic moment
setting effectively acts as a seed for establishing the correct
magnetic ground state structure of NiFe-LDH, thereby enhan-
cing the overall efficiency of the calculation. To further verify
the PBE+U calculation results of NiFe-LDH, the B3LYP hybrid
functional calculations are performed. As shown in Fig. S4 (ESIY),
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the B3LYP calculations exhibit similar atomic orbital behavior to
PBE+U results with slightly more localized states. So, our calcula-
tion approach accurately describes NiFe-LDH’s electronic proper-
ties and metal site oxidation states.

These just-above-the-Fermi-level impurity states suggest that
the doped Fe atoms boost NiFe-LDH’s electrochemical activity.
Therefore, we further investigated NiFe-LDH’s catalytic proper-
ties with regard to the OER procedure. As shown in Fig. 2, we
studied the potential OER pathways on the oxygen terminated
NiFe-LDH (001) surface, also called the reaction active phase.
This is primarily due to previous experimental studies demon-
strating that the intrinsic catalytic activity of LDH does not
stem from the bulk structure itself, but rather from distinct
active surface phases that emerge during the OER process.*>™®
Because this reaction active surface is oxygen terminated, the
calculated OER process starts from the O* intermediate state to
form OOH* (eqn (7)) as shown in Fig. 2a and b, rather than the
formation of the OH* intermediate state in the conventional
process (eqn (5)). Two possible reaction active centers are
denoted as Fe-O-Ni (path1) and Ni-O-Ni (path2). Both are
three metal coordinated oxygen, one with two Ni-O bonds and
one Fe-O bond, while the other with only Ni-O bonds. In the
NiFe-LDH lattice, each Fe atom is surrounded by six Ni atoms,
thus the ratio of Fe-O-Ni to Ni-O-Ni is 3:1. Schematic illustra-
tions of both OER pathways are shown in Fig. 2 with their
corresponding free energy diagrams. As shown in Fig. 2c, the
reaction rate determining step (RDS) for both paths is the
deprotonation process with an energy barrier value of 2.20 eV
(path1) and 2.49 eV (path2). This deprotonation process is
further facilitated by the complex structured H-bond network
of NiFe-LDH, as indicated by Fig. 1a that the H-bonds formed
between the outmost hydrogen atoms on the Nij ;5Feq 25(0OH),
layers and the oxygen atoms of the intercalated species boost
OH group deprotonation via strong dipole-dipole attraction;
while the H-bonds between CO;>~ ions and H,O molecules may
assist in deprotonation and the proton transfer through the
Grotthuss mechanism. Most interestingly, Fig. 2a and b also
demonstrate that both reaction paths involve the formation of
oxygen vacancies. However, the energy barrier of path1 (1.63 eV)
is lower than that of path2 (1.85 eV). As mentioned above, the
number of Fe-O-Ni moieties is three times Ni-O-Ni moieties.
Therefore, we conclude that path1 (the Fe-O-Ni moiety) domi-
nates NiFe-LDH’s OER process. Herein, like the above electro-
nic structure calculations, we used the B3LYP method to
confirm the catalytic property calculations. The B3LYP results
(Fig. S5a, ESIt) show a similar reaction trend to the PBE+U
method with a slightly higher (0.11-0.16 eV) energy barrier of
RDS, which again proved the accuracy of our calculation.

To further examine the reaction mechanism, we calculated
the O p-band center and metal d-band center of the NiFe-LDH
active phase. Instead of applying the conventional d-band
center model, we defined two band centers for spin-polarized
NiFe-LDH, one for spin up and one for spin down electronic
states. Fig. 2d shows that the Fe-O-Ni moiety’s spin up p-band
center (E,1) shifts away from the Fermi level compared to the
Ni-O-Ni moiety, while the spin down component (E,,) moves
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slightly upward, resulting in weaker binding with the reaction
intermediates. Thus, the RDS energy barrier on the Fe-O-Ni
site is reduced. To clarify O vacancy formation via Ni-O-Ni
and Fe-O-Ni moieties, we compared the calculated Ni and Fe
d-band centers (Fig. 2e). Interaction between O and Fe d-band
centers for down spins (Eq;) is attractive because Fe Eq is
unoccupied while interaction with the Fe d-band center for up
spins (Eq1) is repulsive because Fe Eq; is occupied. These two
competing effects loosen the O-Fe bond resulting in easier O
vacancy formation at the Fe-O-Ni site. The split between Fe Eq |
and Eq4; is large, which also confirms that Fe is in its high spin
state. These results are also supported by the B3LYP calcula-
tions shown in Fig. S5b (ESIt). Therefore, we conclude that
the high spin Fe impurity boosts NiFe-LDH’s OER activity
by weakening the metal-O bonds to facilitate O vacancy for-
mation, meanwhile reducing interactions between the reaction
intermediates and the catalytic surface to accelerate the
reaction’s initial stage. Contrarily, the host Ni-O-Ni moiety
with stronger metal-O bonds maintains NiFe-LDH lattice sta-
bility, which is also essential for ensuring the long-term elec-
trochemical durability of a promising electrocatalyst.

NiFe-LDH/MXene bifunctional heterostructures

As mentioned above, on-site reaction activity and electron
transfer ability are the two crucial factors for new electrocatalyst
design. For NiFe-LDH-based catalysts, impure Fe atoms intro-
duce several discontinuous energy states just above the Fermi
level, resulting in a smaller energy band gap (~0.8 eV) than
the host structure. However, this semiconductor property still
limits the catalyst’s electrical conductivity. Therefore, to further
improve the catalyst, we built a bifunctional heterogenous
catalyst by combining functionalized MXenes onto NiFe-LDH
which may be achieved via a simple electrochemical transfer
approach.

MXenes’ electronic properties and electrocatalytic activity.
Five functionalized MXenes, Ti,C;0,, Ti;C,0,, TiyN;0,,
Mo;C,0,, and Ti,MoC,0,, were studied. They all demonstrate
good metallic features as indicated by their electronic struc-
tures (Fig. 3a and Fig. S6, ESIt). All of their geometric structures
were obtained using the crystal structures of their corres-
ponding MAX phase. The in-plane lattice mismatch between
them and NiFe-LDH is in the range from 3.56% (Ti;N30,) to
0.23% (Ti,C30,). We investigated the HER catalytic activity of
MXenes as bifunctional heterocatalysts with NiFe-LDH. Fig. 3b
indicates that Ti,C;0, exhibits the best HER activity with
AGy» = —0.01 eV, followed by Ti;C,0, and Ti,M0C,0,. TizN;O0,
and Mo;C,0, binding with H* were too weak and too strong,
respectively. To explain this, we calculated the O p-band center
for each case and compared them in Fig. 3c. Among the five
MXenes, Ti,C,_;0, (x = 3,4) shows a moderate O p-band center
relative to the Fermi level, which is consistent with its nearly
zero free energy value. The closer the O p-band center to
the Fermi level, the stronger the hydrogen adsorbed to the
MXene. In addition to the p-band center of all O-2p electronic
states (cyan line), the p-band center of only occupied states
(green line) is also displayed in Fig. 3c. This can be used for
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Reaction coordination

(a) Geometric structure (top view) and DOS of TizNzO,, TizC,0,, TizC30,, Mo3C,0, and Ti,MoC,0,. (b) Gibbs free energy diagrams of the five

MXenes' HER processes. (c) The pDOS of each MXene's O-2p orbitals. The p-band center of all electronic states (cyan line) and only occupied electronic

states (green line) are shown in the figure.

comparison with X-ray emission spectroscopy (XES) data. Each
MXene’s detailed pDOS and their reaction intermediate adsorbed
structures are included in the ESIt (Fig. S6 and S7, ESI¥).
NiFe-LDH/MXene bifunctional heterostructures. Following
our NiFe-LDH OER activity and MXene HER activity investiga-
tions, we built a bifunctional heterocatalyst by fabricating the
MXene layers onto the NiFe-LDH. The lateral unit cell size of
this heterostructure corresponds to the 1 x 2 supercell of NiFe-
LDH (a = 12.33 A, b = 6.17 A), where the MXene supercell was
adjusted. The smallest lattice mismatch is considered here, and
we thus focus only on the NiFe-LDH/Ti,C;0, heterostructure.
Other MXenes could be used with other LDHs in the future.
We tested different interlayer stackings (Fig. S8, ESIf) and
obtained NiFe-LDH/Ti,C;0, (‘‘AA stacking”), the most energe-
tically favorable structure. NiFe-LDH/Ti,C30,’s geometric and

This journal is © the Owner Societies 2025

electronic structures are shown in Fig. 4. The binding energy
of the NiFe-LDH/Ti,C3;0, heterostructure is —1.49 eV per cell
which is sufficiently low to warrant the thermodynamic stability
of the heterostructure. The averaged interfacial distance
between NiFe-LDH and Ti,C;0, layers is 1.87 A, which indicates
strong non-covalent interactions (H-bonds) in the interfacial
spacing (Fig. 4a). Compared to the pristine NiFe-LDH (Fig. 1c),
the NiFe-LDH/Ti,C30, heterostructure’s pDOS (Fig. 4b) at the
Fermi level is enhanced and continued, resulting in good
metallic behavior. The detailed pDOS near the Fermi level of
the heterostructure (Fig. 4c) demonstrates that the heterostruc-
ture’s excellent electronic properties are caused not only by the
rise of Ti-3d orbitals from the additional Ti,C;0, layer, but also
by the interfacial effect between them. The H-bonds formed in
the NiFe-LDH/Ti,C;0, interfacial spacing shift the Fermi level
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(a) Geometric structures of the NiFe-LDH/Ti4C30, heterostructure, top view (up) and side view (down). The crystal cell is represented by a gray

box and H-bonds are marked with gray dashed lines. NiFe-LDH/Ti4C3O, heterostructure's (b) total pDOS and (c) zoomed up view of pDOS near the Fermi
level. (d) Charge density difference distribution of the NiFe-LDH/Ti4C3O, interface. The pink color indicates electron loss, while the orange color

represents electron gain with an isosurface level of 0.02 e A=>.

into the O-2p valence band, causing the Fermi level to be
dominated by the O-2p states. The charge density calculation
also confirms that the Ti,C;0, layer gain of 0.73 e per cell is
from NiFe-LDH via the interfacial structure (Fig. 4d). Fig. S9
(ESIY) illustrates that the interfacial effect between NiFe-LDH
and Ti,C;0, layers can be further improved by reducing the
interlayer distance. As the interlayer spacing decreases by 10%,
20%, and 30% of the initial distance, the interfacial charge
transfer increases to 0.78 e per cell, 0.86 e per cell, and 1.03 e
per cell, respectively. The charge density difference and DOS are
compared in Fig. S9 (ESIt). The charge density difference
clearly shows the expansion of the charge transfer at the inter-
face while the DOS exhibits Fermi level enhancement. This
demonstrates how the heterostructure’s electric conductivity
may be improved. And the interlayer spacing engineering can
be realized prior to electrocatalytic application through con-
trolled synthesis strategies, such as hydrothermal synthesis,
solvothermal treatments, or annealing under inert or reductive
atmospheres, which simulate high-temperature/high-pressure
environments at the material preparation stage. This pre-
catalysis structural tuning strategy ensures the practical rele-
vance of the design and aligns with standard experimental
capabilities in water electrolysis research.

Conclusions

Based on a series of systematic DFT calculations, we demon-
strated that NiFe-LDH/MXene heterostructures work as a new

13018 | Phys. Chem. Chem. Phys., 2025, 27,13011-13020

family of easily accessible, highly efficient, and durable bifunc-
tional electrocatalysts for overall water splitting. We presented
a fundamental explanation of the geometric, electronic, and
magnetic properties of large NiFe-LDH systems from a mole-
cular orbital perspective. Using NiFe-LDH calculated OER free
energy diagrid, we identified synergistic effects between
Fe-O-Ni and Ni-O-Ni moieties. Together, these two types of
moieties, Fe-O-Ni for catalytic efficiency and Ni-O-Ni for
structural integrity, are both crucial for the performance of
NiFe-LDH based electrocatalysts. Furthermore, we believe that
the synergy between the adjacent atomic-scale sites as well as
between the large-scope heterostructures is significant for
electrocatalysts. Therefore, to increase NiFe-LDH electrical
conductivity and achieve a semiconductor-to-metallic transi-
tion, as well as compose an OER and HER benchmark bifunc-
tional electrocatalyst, highly catalytic active and metallic
functionalized MXenes should be applied to NiFe-LDH. Corre-
lations between catalytic activity and their electronic structures
were revealed for both NiFe-LDH/MXene heterostructure elec-
trocatalytic surfaces. The calculated O p-band center is a good
descriptor for screening oxide electrocatalyst electrochemical
activity and stability. Combining this descriptor with machine
learning methods could create a new way to systematically
screen nanomaterials with specific catalytic properties. This
work proposes a new design principle for constructing three-
dimensional (3D) bifunctional heterocatalysts by composing
single functional electrocatalytic material like LDHs for the
OER and MXenes for the HER using a simple electrochemical
transfer approach. The deliberate design of 3D heterostructured

This journal is © the Owner Societies 2025
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electrocatalysts serves not only to enhance electrical conductivity
but also to improve interfacial charge transfer kinetics, tailor the
local electronic environment, and optimize the overall electro-
catalytic efficiency. As a uniquely structured 3D OER electrode
synthesized via electrochemical integration, it enables accelerated
OER kinetics and improved mass transport, thereby achieving an
ultra-low overpotential.**>® Tailoring heteromaterials’ electronic
structures and electrocatalytic activity with excellent properties
based on theoretical calculations offers a perspective on how to
develop a general strategy for synthesizing new heterocatalysts.
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