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Metal-organic frameworks (MOFs) have become powerful precursors for generating layered double hydrox-
ides (LDHs) with excellent oxygen evolution reaction (OER) activity, yet the mechanistic pathways guiding
their transformation remain unclear. Existing reviews largely emphasize synthetic routes and performance
metrics, leaving the real-time structural and chemical evolution of MOF-derived LDHs fragmented. This work
fills that gap by providing the focused overview of the in situ/operando mechanisms that govern MOF-to-
LDH conversion and their electrocatalytic function. We summarize the fundamentals of water oxidation,
outline the chemical principles that drive LDH formation from MOFs, and highlight how phase evolution
under synthetic and electrochemical environments dictates OER activity. Advances in in situ/operando
characterization, Raman spectroscopy, Attenuated Total Reflectance Fourier-transform infrared (ATR-FTIR),
Electrochemical Impedance Spectroscopy (EIS), X-ray absorption spectroscopy (XAS), X-ray photoelectron
spectroscopy (XPS), liquid-cell transmission electron microscopy (LCTEM), etc., are integrated with DFT
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insights to construct a unified picture of intermediate species, structural dynamics, and thermodynamic
stability. We further discuss how defect chemistry, metal-oxygen flexibility, and dissolution-reprecipitation
behaviour shape durability under harsh OER conditions. The perspective concludes with key challenges and

rsc.li/dalton future opportunities for mechanistically guided design of next-generation MOF-derived LDH electrocatalysts.

evolution reaction (OER) in alkaline media. LDHs possess
abundant hydrophilic and hydroxyl groups that anchor reac-

1. Introduction

Layered double hydroxides (LDHs) have emerged as one of the
most promising classes of non-precious electrocatalysts for water
splitting, offering a cost-effective and sustainable alternative to
noble metals such as Pt, Ir, and Ru.'”” LDHs are a class of two-
dimensional (2D) anionic clays with the general formula
[M1_ "M, (OH),]" [Ay]"~-mH,0, where divalent Ni**, Co*",
Cu?', or Zn*", etc. and trivalent Fe*", Mn®", AI**, etc. metal cations
are integrated into positively charged nanoscale layers via
covalent bonding. These layers are intercalated with anions like
CO,*", OH™, NO*7, and SO,*~ and water molecules and are stabil-
ized through electrostatic interactions and hydrogen bonding.
The unique two-dimensional (2D) structure of LDHs pro-
vides abundant active sites, tunable composition, and excel-
lent stability, making them particularly attractive for the
electrocatalytic hydrogen evolution reaction (HER) and oxygen
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tants, while exposed metal centers offer numerous active sites
for fast kinetics.® Also, the synergistic interaction between
divalent and trivalent cations tunes electronic states, enhan-
cing charge transfer and catalytic activity, making LDHs prom-
ising alternatives to noble metal catalysts for efficient, scalable
hydrogen production.®*°

In this context, metal-organic framework (MOF)-derived
LDHs have gained considerable attention as an advanced
material design strategy. The porous and highly ordered archi-
tecture of MOFs serves as an excellent sacrificial template for
constructing LDHs with enhanced conductivity, higher surface
area, and tailored nanostructures’'* It is well known that
during electrochemical OER, most transition-metal based
MOFs transform into hydroxide or oxyhydroxide phases under
alkaline conditions,"® whereas LDHs represent the thermo-
dynamically stable reconstruction product rather than a
decomposed or amorphous residue. MOF-derived LDHs can
inherit unique morphologies and structural features from
their parent MOFs, often exhibiting increased surface areas
and a high density of pores compared with that of traditional
bulk materials that can limit the bulk material’s practical
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use."* The anion-exchangeable interlayer gallery also buffers
volume changes during potential cycling, improving durability.
This makes MOF-derived LDHs a more sustainable and scal-
able pathway toward industrial-grade water-splitting catalysts.">'®

In situ transformations of MOFs into LDHs have gained
growing interest due to their pseudomorphic nature, where the
original morphology of MOFs, such as hollow cages,
nanosheets, or nanorods, is remarkably preserved.'””'® This
pseudomorphic transformation allows for the creation of
nanomaterials with precisely tailored porosity and architec-
ture, unlocking new avenues for designing advanced materials
with optimized functionality. Integrating in situ-derived LDHs
with highly conductive supports such as nickel foam (NF),
carbon nanotubes (CNTs), graphene, MXenes etc. further
boosts  electrical conductivity and overall catalytic
performance.'®">* Collectively, these improvements lead to sig-
nificantly enhanced electrocatalytic water-splitting (EWS) per-
formance, characterized by lower overpotentials, higher
current densities, and superior cycling stability.

The development of advanced synthetic designs also
demands an understanding of the formation mechanism of
electrocatalysts.>*** Not only that, the overall understanding of
the reaction mechanism under operational conditions is criti-
cal. As such, in situ/operando characterization has proved to be
a powerful tool for elucidating the dynamic chemical and
structural transformations that occur on electrocatalyst sur-
faces during WS.>® These techniques allow real-time monitor-
ing of catalysts under actual working conditions, bridging the
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gap between static characterization and true catalytic behav-
iour. Many catalysts undergo structural and/or electronic trans-
formations during electrolysis; in such cases, operando studies
reveal the active species for catalysis.”®*” Also, these tech-
niques detect phase transitions, oxidation state changes, and
lattice strain in real time, which are essential for understand-
ing catalyst activation/deactivation.”®>°

Operando measurements under prolonged conditions reveal
when, where, and how catalysts transform or reconstruct, e.g,
leaching, amorphization, thus aiding the design of more robust
and durable systems.*'** Operando studies are indispensable for
uncovering the true catalytic mechanisms in WS, thus enabling
the rational design of more active, stable, and earth-abundant
electrocatalysts. Without such in situ observations, many insights
would remain speculative or misleading due to the dynamic
nature of catalyst surfaces under electrochemical conditions.
Recently, our group has fabricated a bifunctional electrocatalyst
for WS, by growing NBU-1 MOF crystals on the surface of NF
(NBU-1/NF) and subsequent in situ transformation to oxyhydrox-
ide material (NBU-1/NF@CoOOH) through electro-oxidation.*?

In this context, this work provides a comprehensive discus-
sion that begins with the promise of and advances into the
in situ transformation of MOFs into LDHs, and culminates in
the mechanistic exploration of their in situ evolution, an
aspect that has been overlooked in prior reviews. This focus
not only distinguishes the review from prior work but also
offers guidance for the rational design and study of next-gene-
ration catalysts capable of driving sustainable energy.
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2. Scope of the review

Although numerous review articles have comprehensively
documented the synthetic routes and electrochemical perform-
ances of MOF-derived electrocatalysts, including phosphides,
chalcogenides, oxides, nitrides, carbides, hydroxides, and
LDHs,** ¢ the crucial mechanistic aspects behind their formation
and transformation remain largely fragmented. In particular, the
pathway by which MOFs convert into LDHs, and the real-time
structural and chemical evolution of these intermediates during
electrochemical operation, has not been systematically consoli-
dated in the existing literature. At the same time, several excellent
reviews have explored in situ/operando mechanistic studies for
metal-free electrocatalysts and oxide/hydroxide-based OER cata-
lysts, which have collectively broadened our understanding of cata-
lytic pathways.>***?7*® However, MOF-derived LDHs, despite their
increasing prominence, have not yet been systematically examined
through the lens of in situ/operando mechanistic insights.

This review fills that critical gap. Here, we bring forward a
focused and timely discussion dedicated to the in situ/operando
transformation of MOF-derived LDHs and the mechanistic roles
they play in the oxygen evolution reaction (OER). The novelty of
this work lies in integrating mechanistic, structural, and thermo-
dynamic perspectives that are often missing in general MOF-
derived electrocatalyst reviews. We begin with a concise and com-
prehensive overview of water-splitting fundamentals, followed by
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the key chemical and structural factors governing the formation
of LDHs from MOF precursors. Building upon this foundation,
the central theme of the review is an in-depth analysis of how
MOFs evolve into LDHs under synthetic and electrochemical
environments, and how these structural transformations
dictate catalytic function. To achieve this, we systematically
examine the major advances in in situ and operando character-
ization techniques, including Liquid Cell Transmission elec-
tron microscopy (LCTEM), operando Raman spectroscopy,
Attenuated Total Reflectance-Fourier-transform infrared
(ATR-FTIR), X-ray photoelectron spectroscopy (XPS), X-ray
absorption spectroscopy (XAS), electrochemical impedance
spectroscopy (EIS), etc., as well as complementary DFT studies
that offer atomic-level insight into phase evolution, intermedi-
ate species, and thermodynamic driving forces. By surveying
progress from 2015 to 2025, we present the first consolidated
framework that connects real-time structural evolution with
catalytic behavior in MOF-derived LDHs. Importantly, this
review also highlights the experimental and thermodynamic
stability of MOF-derived LDH electrocatalysts. We discuss how
features such as defect density, metal-oxygen bond flexibility,
dissolution-reprecipitation dynamics, and electric double-
layer effects shape catalyst durability under harsh OER con-
ditions. These insights illuminate why certain MOF precursors
yield exceptionally robust LDHs, while others degrade or
restructure during operation. Finally, we outline the remaining
challenges, including limitations in temporal resolution, ambi-
guity in identifying metastable intermediates, and the scarcity
of constant-potential theoretical approaches, and propose
future research opportunities that can accelerate the rational
design of MOF-derived LDHs for high-performance OER.

3. A brief overview of the
mechanisms involved in
electrocatalytic hydrogen evolution
and oxygen evolution reactions in
different electrolytic media

The EWS reaction (eqn (1)) involves two half-cell reactions: the
HER occurring at the cathode and the OER occurring at the
anode.*

H,O (1) — Hy (g) + %02 (g), AG°=+237.2kJmol "
AE° = 1.23 Vvs. normal hydrogen electrode (NHE)
Hydrogen evolution reaction
2H" +2e~ — H, in acid solution
2H,0 + 2e~ — H, + 20H"in alkaline solution
Oxygen evolution reaction
2H,0 + 4e~ — O, + 4H" in acid solution

40H™ + 4e~ — O, + 2H,0 in alkaline solution

This journal is © The Royal Society of Chemistry 2026
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3.1. Hydrogen evolution reaction

The HER is a two-electron reduction of water at the cathode,
requiring a theoretical potential of 0 V vs. RHE.** In practice,
an additional energy input, known as the overpotential (1), is
needed to overcome kinetic barriers.*’** The HER proceeds
through different mechanistic pathways depending on the
electrolyte pH, generally following the Volmer-Heyrovsky or
Volmer-Tafel processes.*>*’

In acidic media, the key descriptor of catalytic activity is the
hydrogen adsorption free energy (AGy-) (Fig. 1(a)), which should
ideally be close to zero for optimal performance (Fig. 1(b) &
()).***° In alkaline media, besides AGy-, the sluggish water dis-
sociation step often becomes a kinetic bottleneck (Fig. 1(d)).”**"

Deciphering the precise HER mechanism on various elec-
trocatalysts remains challenging. Nonetheless, the Tafel slope
often serves as a useful indicator of the rate-determining step,
offering valuable insight into the underlying reaction pathway.
Fundamentally, the HER proceeds through three key steps
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Fig. 1 (a) Plot of Gibbs free energies of reactive species and Gibbs free
energies of chemisorptions of intermediates (horizontal lines) versus the
reaction coordinate of the HER, adapted from ref. 51 with permission
from Wiley,>* copyright 2010. (b) Experimentally measured exchange
current, loglig), for hydrogen evolution over different metal surfaces
plotted as a function of the calculated hydrogen chemisorption energy
per atom, AEy, (top axis). Adapted from ref. 53; (c) one-dimensional ther-
mochemical volcano plot of the HER. The negative thermodynamic
overpotential is plotted against the total hydrogen chemisorption
energy AEy,q), adapted from ref. 51 with permission from Wiley,** copy-
right 2010; (d) Gibbs free energy diagram of HER on different surfaces
including reactant initial state, intermediate state, final state, and an
additional transition state representing water dissociation, adapted from
ref. 50, with permission from American Chemical Society,*® copyright
2016 and (e) mechanism of hydrogen evolution on the surface of an
electrode in acidic (left) and alkaline (right) solutions, adapted from ref.
39 with permission from American Chemical Society,® copyright 2019.
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(Fig. 1(e)).>>"* The reaction begins with the Volmer step, where
protons (H;0" in acid or H,O in base) are reduced to adsorbed
H* on the catalyst surface. H, formation then proceeds either
via the Heyrovsky step (electrochemical desorption) or the
Tafel step (surface recombination).

Step L. Volmer reaction (~120 mV dec™'): electrochemical
hydrogen adsorption (eqn (2) and (3))

H;0% + M + e”= M-H* + H,0 (acidic medium)  (2)
H,O0 +M + e~ = M-H* + OH™ (alkaline medium)  (3)

Step I1. Heyrovsky reaction (~40 mV dec™): electrochemical
desorption (eqn (4) and (5))

H" +e” + M-H* = H, + M (acidic medium) (4)
H,0+e” + M-H* = H, + OH™ + M (alkaline medium) (5)
Step IIL Tafel reaction (~30 mV dec™"): chemical desorption
2 M-H* = H, + 2 M (both acidic and alkaline media) (6)

The Tafel slope provides mechanistic insight by identifying
the rate-determining step.> Characteristic values are ~120 mv
dec™ for the Volmer step, ~40 mV dec™" for the Heyrovsky
step, and ~30 mV dec™" for the Tafel step. Thus, analyzing the
Tafel slope helps to distinguish whether hydrogen adsorption,
electrochemical desorption, or recombination governs the
HER kinetics on a given catalyst.

3.2. Oxygen evolution reaction

Understanding the mechanisms of the OER is essential for the
rational design of efficient electrocatalysts. Three main frame-
works are generally proposed: the adsorbate evolution mecha-
nism (AEM), the lattice oxygen mechanism (LOM), and the
oxide pathway mechanism (OPM).

3.2.1. Adsorbate evolution mechanism (AEM). In the
widely accepted AEM, the OER proceeds via four suc-
cessive proton-electron transfer (PCET) steps involving
adsorbed intermediates like OH*, O*, OO*, O, bound to
metal active sites.”® In alkaline media, OH™ is oxidized
stepwise to form OH*, O*, and OOH*, before releasing O,
while in acidic media the same intermediates are involved
through proton-assisted pathways. The step with the
highest reaction free energy defines the overpotential,
ideally 1.23 eV, though in practice this ideal condition is
rarely achieved because the adsorption energies of the
intermediates are linearly correlated.’® Fig. 1(c) illustrates
the energetics of the real and ideal catalyst at various elec-
trode potentials.”®

Alkaline media

M* + OH — OH* + e~ (7)
OH* + OH* — H,0+ O* + e~ (8)
O* + OH™ — OOH* + e~ (9)
OOH* + OH™ — M* + 0, + e~ (10)
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Acidic media

H,0 (1) + M*+ — OH*+ H" + e (11)

OH* — O*+H' + e~ (12)
H,O (1) + O* — OOH* + H + e~ (13)
OOH* — M*+ 0, (g) + H" +e” (14)

3.2.2. Lattice oxygen mechanism (LOM). The LOM intro-
duces lattice oxygen participation, where surface O* couples
directly with lattice oxygen atoms to form O, through an
anionic redox process, with electrolyte oxygen replenishing
vacancies to sustain structural stability.

3.2.3. Oxide pathway mechanism (OPM). By contrast, the
OPM involves direct O-O radical coupling between O* and
OH* without generating OOH* or creating lattice vacancies,
preserving catalyst integrity but requiring strict geometric and
electronic conditions.

Although AEM dominates across most transition-metal
(oxy)hydroxides and MOFs due to its well-defined PCET steps,
LOM and OPM provide complementary advantages such as
enhanced activity or stability under demanding conditions. A
cooperative interplay between these mechanisms offers a
promising strategy to optimize OER efficiency and durability.

4. Factors influencing the in situ
formation of MOF-derived LDHs for
effective EWS in alkaline media

4.1. Conversion route: in situ synthetic methods of MOF to
LDH transformation

The widely employed conventional methods for converting
MOFs to LDHs, such as direct pyrolysis and ex situ hydro-
thermal treatment, are often detrimental; they typically cause
morphological collapse, porosity loss, and particle aggregation
due to harsh conditions, nullifying the MOF’s structural
advantages.®® The in situ transformation of MOFs into LDHs
involves a series of chemical and structural evolutions that
occur under specific reaction conditions through hydro-
thermal or solvothermal processes, acid or alkaline etching,
electrochemical activation, etc. during which metal nodes in
the MOFs undergo partial dissolution and re-precipitation,
accompanied by intercalation of hydroxide anions and other
species. The organic ligands may also decompose or be
replaced during this process.’” In situ transformation under
mild conditions enables a topotactic reaction that perfectly
retains the MOF’s original morphology while constructing a
hierarchical structure of LDH nanostructures. In this section,
we discuss various strategies involved in the in situ transform-
ation of MOF into LDHs, along with their application in WS
reactions.

1552 | Dalton Trans., 2026, 55, 1548-1583
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4.1.1. Electrochemical activation. Electrochemical acti-
vation serves as a precise and controllable method for indu-
cing the in situ transformation of MOFs into LDHs under
ambient conditions.”®° This process involves applying a care-
fully selected electrode potential to a MOF-coated electrode
immersed in an electrolyte, initiating faradaic reactions that
trigger structural reorganization. This continuous electro-
chemical driving force facilitates a transformation, wherein
the original porous MOF architecture is preserved while its
internal structure is converted into an interconnected network
of ultrathin LDH nanoplatelets.

When a pulsed cathodic potential is applied, the oxygen
reduction reaction (ORR) generates a localized high-pH
environment near the electrode surface.’® This transient alka-
line front induces hydrolysis of the metal-ligand bonds in the
MOF, releasing metal cations and simultaneously supplying
hydroxide ions necessary for LDH nucleation and growth.%:¢?
Conversely, anodic polarization induces local acidification via
water oxidation, which promotes the hydrolytic etching of the
MOF and the release of metal ions that can subsequently pre-
cipitate as LDH under suitable pH conditions.®® The selection
of potential whether anodic or cathodic is determined by the
redox stability of the MOF components and the desired electro-
chemical reaction pathway, often guided by cyclic voltammetry
to identify optimal activation windows.®*®> Moreover, the
organic ligands released during dissociation may undergo
electrochemical decomposition, forming a conductive carbon
matrix that intertwines with the growing LDH, enhancing elec-
tron transfer and mechanical stability.®® The resulting compo-
site exhibits a hierarchical porosity that promotes efficient
mass transport and exposes abundant active sites, making it
particularly advantageous for applications in electrocatalysis.
The distinctive design of the hybrid catalysts, achieved
through electronic structure modulation and morphological
control, promotes the formation and exposure of abundant
active sites, thereby improving electrolyte penetration and
transport.®” Electrochemical activation aids in doping or het-
erostructuring that can modify the electronic structure of
active sites, optimizing the d-band center and enhancing
adsorption/desorption of intermediates.®®

In this context, Liang et al. fabricated a composite electrode
on NF by combining ZIF-67-derived Ni-Co-Se with NiFe LDHs
on NF through in situ hydrothermal and electrodeposition
techniques.®® Electrodeposition using a solution containing Fe
and Ni salts in a three-electrode setup was carried out, wherein
Ni-Co-Se/NF served as the working electrode, at a constant
potential of —1.0 V vs. Ag/AgCl for 120 seconds, resulting in
the formation of Ni-Co-Se@NiFe LDH/NF (Fig. 2(a)). The Ni-
Co-Se@NiFe LDH composite electrode displayed outstanding
electrocatalytic activity for both, HER and OER. It required a
low overpotential of just 78 mV to reach 10 mA cm™? for the
HER and 234 mV to reach 50 mA cm™? for the OER (Fig. 2(b) &
(¢)). Notably, the catalyst demonstrated superior overall water-
splitting performance, achieving 10 mA cm™ at a low cell
voltage of 1.52 V, surpassing the benchmark noble-metal-
based system RuO,/NF|Pt-C/NF, which required 1.60
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V. Additionally, the composite showed good operational stabi-
lity, maintaining performance for approximately 50 hours
(Fig. 2(d)).

Modifying the substrate is generally essential for developing
effective electrocatalytic electrodes with significantly enhanced
catalyst loading, increasing the number of active sites, and
improving long-term operational stability.”*”> On similar
grounds, Gao and coworkers fabricated a NiFe-LDH/Ni-BDC/
NF electrode, wherein a Ni-BDC MOF nanosheet layer was
grown in situ on NF, followed by electrodeposition of NiFe-
LDH (Fig. 3(a)).”® The loading of NiFe-LDH was precisely con-
trolled by monitoring the total charge passed (3 C, 4.5 C, and 6
C) during electrodeposition at —0.76 V vs. NHE. Since the
amount of deposited material is directly proportional to the
charge, this approach enabled systematic tuning of catalyst
thickness and active site density. The Ni-BDC layer improved
hydrophilicity and conductivity, enhancing catalyst loading
and electron transfer. The optimized electrode exhibited
remarkable OER activity, needing just 223 mV overpotential to
reach 100 mA cm™? (Fig. 3(b)), along with a low Tafel slope of
33.1 mV dec™', and sustained stable performance for more
than 10 days in 1 M KOH (Fig. 3(c)). The superior activity and
durability for about 10 days were attributed to the conductive,
hydrophilic Ni-BDC support and strong interfacial contact.

Despite its promise, electrochemical activation for MOF-to-
LDH conversion faces significant challenges, including sensi-
tivity to parameters that complicate reproducibility, an incom-
plete mechanistic understanding of the transformation
pathway, and difficulties in scaling beyond lab-scale electrodes
due to substrate dependency and limited mass loadings.
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Fig. 2 (a) Schematic representation of the synthesis route for the Ni—
Co-Se@NiFe LDH/NF composite electrode; (b) LSV profiles comparing
the electrocatalytic performance of Ni-Co—-Se@NiFe LDH/NF with NiFe
LDH/NF, Ni-Co—-Se/NF, RuO,/NF, and bare NF; (c) bar graph depicting
the overpotentials required by the different electrodes (Ni—Co—Se@NiFe
LDH/NF, NiFe LDH/NF, Ni—-Co-Se/NF, RuO,/NF, and NF) to achieve
current densities of 10, 50, and 100 mA cm™2 and (d) long-term stability
assessment of Ni—-Co-Se@NiFe LDH/NF conducted at a constant
current density of 10 mA cm2, adapted from ref. 69 with permission
from Royal Society of Chemistry,®® copyright 2024.
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4.1.2. Alkaline treatment. In this method, selective etching
of the MOF under alkaline conditions occurs, followed by
recrystallization into LDH nanosheets. Generally, the MOF pre-
cursor is immersed in aqueous NaOH or KOH solution at
room temperature or mildly elevated temperatures of
~40-80 °C. The hydroxide ions hydrolyze the organic ligands,
leading to the collapse of the framework and ultimately liberat-
ing the metal ions from the MOF structure. These released
metal ions then re-nucleate and recrystallize as LDHs,
often forming ultrathin nanosheets or porous/hollow
nanostructures.'>'®’? The interlayer anions like CO;>~ or
NO;~ and water molecules facilitate layered stacking, forming
the LDH structure. The involvement of ionic rearrangement
and localized dissolution-reprecipitation is particularly advan-
tageous due to its simplicity, low energy requirement, and
ability to produce high surface area 2D LDH structures.
Enhanced exposure of active sites, efficient mass and ion
transport, and a large electrochemically active surface area col-
lectively contribute to the development of a highly effective
electrocatalyst.

Pertaining to this, Zhai et al. reported the partial transform-
ation of FeNi-MOF-74 in 0.25 M KOH at 75 °C for 6 hours to
obtain Fe-Ni LDH/MOF-b2 (Fig. 4(a)).”® Ultra-thin ~5 nm LDH
nanosheets grew in situ on the MOF surface, forming a hier-
archical structure. Upon increasing the alkali concentration,
the FeNi-MOF-74 precursor underwent structural transform-
ation into Fe-Ni LDH/MOF-b2, which retained the original
MOF-74 morphology while integrating ultra-thin 2D LDH
structures. A distinct hollow architecture was observed in Fe-
Ni LDH/MOF-b2, featuring vertically aligned LDH nanosheet
arrays embedded within a hollow, columnar MOF framework

Electrodeposition

Ni-BDC
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Fig. 3 (a) Schematic illustration of the synthesis procedure for the
NiFe-LDH/Ni-BDC/NF electrode; (b) LSV curves comparing the electro-
catalytic performance of NiFe-LDH/Ni-BDC/NF with that of NiFe-LDH/
NF and Ni-BDC/NF; and (c) chronopotentiometric stability test of the
NiFe-LDH/Ni-BDC/NF electrode conducted at constant current den-
sities of 50 mA cm~2 and 100 mA cm™2, adapted from ref. 73 with per-
mission from Wiley,”* copyright 2024.
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Fig. 4 (a) Schematic illustration of the in situ semi-transformation strat-
egy used to synthesize hierarchical Fe—Ni LDH/MOF hybrid structures;
(b) TEM image of the Fe—Ni LDH/MOF-b2 composite, showing its nano-
scale morphology; (c) HRTEM image along with the corresponding fast
Fourier transform (FFT) pattern of Fe—Ni LDH/MOF-b2, confirming its
crystallinity; (d) AFM image highlighting the presence of ultrathin LDH
nanosheets on the surface of the Fe—Ni LDH/MOF-b2 hybrid; (e) LSV
curves comparing FeNi-MOF-74 and Fe—Ni LDH/MOF-b1, b2, and b3,
where bl, b2, and b3 represent materials treated with 0.10 M, 0.25 M,
and 0.50 M KOH, respectively, at 75 °C. (f) Corresponding Tafel plots
illustrating the OER kinetics of FeNi-MOF-74 and Fe—Ni LDH/MOF-b1,
b2, and b3. (g) Long-term electrochemical stability test of Fe—Ni LDH/
MOF-b2 conducted over 24 hours, adapted from ref. 75 with permission
from Royal Society of Chemistry,” copyright 2020.

(Fig. 4(b)). HRTEM images of the ultrathin LDH nanosheets
revealed clear lattice fringes with an interplanar distance of
0.2 nm, corresponding to the (101) plane of Fe-Ni LDHs
(Fig. 4(c)). AFM data confirmed that the nanosheet thickness
was approximately 5 nm (Fig. 4(d)). This hybrid architecture
exhibited excellent OER activity, with a low overpotential of
255 mV at a current density of 10 mA cm~> and a Tafel slope of
just 24 mV dec™" (Fig. 4(e) & (f)). The superior activity and
stability for 24 h was attributed to the increased surface area,
improved charge transport, and strong redox synergy between
Ni**/Ni*" and Fe*'/Fe®" couples (Fig. 4(g)).

Although alkaline transformation of MOFs into LDHs is
simple and versatile, it faces several limitations in terms of the
mechanistic understanding of etching and recrystallization
dynamics, with unclear kinetic pathways and intermediate
species. It is still unclear whether the transformation occurs
via complete dissolution or partial rearrangement of the pre-
cursor. Morphology control is unpredictable, as the influence
of MOF facets, defect density, and etching rate is not well
defined, leading to inconsistent architectures across different
precursors. Metal ion leaching often results in inhomogeneous
compositions and phase impurities, especially in multimetal-
lic systems. Additionally, some structures exhibit low electro-
chemical surface area (ECSA) due to incomplete active site
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exposure or nanosheet restacking. Scalability is constrained by
substrate compatibility, as alkaline treatments are mostly
limited to metal foils and may not suit flexible or inert sup-
ports. Critically, most studies rely on ex situ analysis, with
limited use of operando techniques to elucidate real-time trans-
formation and active phase evolution.

4.2. Hydrothermal/solvothermal treatment

Hydrothermal treatment is the most common approach for the
in situ transformation of MOFs into LDHs. Under hydro-
thermal conditions, the metal centres are partially leached and
then reassembled with hydroxide ions to form LDH structures.
The morphology of the resulting LDHs can be controlled by
adjusting parameters such as temperature, time, precursor
concentration, and pH.

The NiFe-LDH/MOF heterostructure was prepared using a
Ni-MOF as the template and grown with NiFe-LDH through a
straightforward two-step hydrothermal method (Fig. 5(a)).”®
The hybrid structure preserved the uniform leaf-like mor-
phology characteristic of the original Ni-MOF, but its
nanosheet surface became noticeably rougher, which facili-
tated greater exposure of active sites. HRTEM and selected area
electron diffraction (SAED) analyses further validated the pres-
ence of well-defined crystalline facets corresponding to NiFe-
LDH (Fig. 5(b)). Further structural insight was gained via
HAADF-STEM imaging, which revealed a high density of lattice
defects responsible for the material’s intrinsic catalytic activity
(Fig. 5(c)). The NiFe-LDH/MOF hybrid catalyst exhibited out-
standing OER activity, requiring only 208 mV and 275 mV over-
potentials to reach current densities of 20 mA cm™> and
100 mA cm™?, respectively, in 1 M KOH (Fig. 5(d)). In seawater
electrolysis, it maintained comparable performance, with over-
potentials of just 235 mV and 307 mV at the same current den-
sities. Furthermore, the catalyst demonstrated exceptional
long-term durability, continuously operating at 20 mA cm™>
for 100 hours in both freshwater and seawater, surpassing the
stability and activity of commercial RuO,.

Similarly, Dong et al. reported BDC@NiFe-LDH through
in situ surface-conversion of Ni-BDC derived via a solvothermal
method (Fig. 6(a)). The Ni-BDC precursor surface reacted with
OH" ions in an alkaline environment, disrupting the original
MOF structure and initiating the formation of LDH
nanosheets.”” TEM imaging revealed a well-organized, layered
nanosheet morphology with size ranging from 5 to 60 nm of
the Ni-BDC@NiFe-LDH (Fig. 6(b)). High-magnification TEM
further revealed that the nanosheets retained elements of the
Ni-BDC framework, a structural feature that facilitates
enhanced electron transport and contributed to improved cata-
Iytic activity. Additionally, the HRTEM image shows lattice
fringes with an interplanar spacing of 0.24 nm, corresponding
to the (110) plane of Ni-BDC@NiFe-LDH (Fig. 6(c)).
Nonetheless, Ni-BDC@NiFe-LDH exhibited OER performance
with a low overpotential of 272 mV at 10 mA cm ™2 (Fig. 6(d))
and a small Tafel slope of 45 mV dec ™, and stability over
30 hours. This enhanced activity was attributed to the
increased number of accessible metal active sites and the

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 (a) Schematic representation of the fabrication process for NiFe-
LDH/MOF nanosheet arrays grown on a NF substrate; (b) TEM images of
the NiFe-LDH/MOF nanosheets, with the inset showing the corres-
ponding SAED patterns;(c) HRTEM images highlighting the presence of

structural defects within the NiFe-LDH/MOF nanosheets. (d) Bar graph

illustrating the overpotentials required to reach 20 and 100 mA cm™2,

derived from the polarization curves for the OER, adapted from ref. 76
with permission from Springer Nature,”® copyright 2023.

improved electron transport pathways resulting from the for-
mation of the ultra-thin layered structure during the conver-
sion process.

The templating approach effectively produces hollow nano-
structures but often involves complex steps like surface modifi-
cation and toxic etching, resulting in low reproducibility, high
costs, and poor uniformity. It also limits homogeneous incor-
poration of functional species, leading to surface agglomera-
tion and pore blockage. Yilmaz et al. reported hydrothermal
synthesis of ZIF-67-C-derived surface-active hollow frameworks
bearing hollow rhombic dodecahedra NiCo-LDH, followed by
sulfurization of NiCo-LDHs, yielding a NiCo-LDH/Co0,Sg hybrid
(Fig. 7(a))."” SEM images showed that annealed ZIF-67 (ZIF-67-
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Fig. 6 (a) Schematic illustration of the synthesis process of Ni-
BDC@NiFe-LDH; (b) TEM image of Ni-BDC@NiFe-LDH; (c) HRTEM
images showing lattice fringes of Ni-BDC@NiFe-LDH; (d) OER polariz-
ation curves of GCE, Ni-BDC, NiFe-LDH, RuO,, and Ni-BDC@NiFe-LDH,
adapted from ref. 77 with permission from Royal Society of Chemistry,””
copyright 2021.

This journal is © The Royal Society of Chemistry 2026

View Article Online

Perspective

C) retained its original morphology with inward wall contrac-
tion due to ligand cross-linking (Fig. 7(b)). The derived NiCo-
LDH (C/LDH) preserved the rhombic dodecahedral shape
(Fig. 7(c)), which was maintained after sulfurization into the
NiCo-LDH/CooSg hybrid (C/LDH/S); the SEM and its inset
(Fig. 7(d)) confirmed the polyhedral form of C/LDH/S. TEM
images revealed that C/LDH featured interconnected
nanosheets forming a hollow interior (Fig. 7(e)—(g)). Similarly,
elemental mapping using EDX confirmed the uniform pres-
ence of Ni, Co, O, S, and C (Fig. 7(h)). The hollow MOF-derived
materials were tested for HER in 1.0 M KOH using LSV. Among
various substrates tested C/LDH/S showed vigorous H, bub-
bling, at a low onset potential of 47 mV, and an overpotential
of 142 mV at 10 mA cm > (Fig. 7(i)). It also exhibited a Tafel
slope of 62 mV dec™’, indicating fast HER kinetics.
Embedding CooSg within LDH interlayers enhanced the inter-
facial contact, structural stability, redox activity, and conduc-
tivity, resulting in superior HER.

Similarly, Pal et al. synthesized ultrathin 2D NiCo-LDH
nanosheet arrays via in situ growth on the surface of NH,-
UiO-66 octahedrons, using 2-methylimidazole as a precursor
(Fig. 8(a)). This cost-effective and straightforward strategy pro-
duced a catalyst highly efficient for electrocatalytic OER, HER,
and overall water splitting under ambient conditions.”® Owing
to its engineered interfacial structure, the NiCo-LDH@NH,-
Ui0-66 catalyst exhibited remarkable water-splitting perform-
ance, achieving a current density of 10 mA cm ™2 at 1.65 V in
alkaline electrolyte, along with excellent long-term durability

(Fig. 8(b) & (c)).
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Fig. 7 (a) Schematic illustration of the synthesis process of hollow
NiCo-LDH/CogSg hybrid; SEM images of (b) ZIF-67-C, (c) C/LDH, and (d)
C/LDH/S polyhedrons; TEM images of (e) ZIF-67-C, (f) C/LDH, and (g)
C/LDH/S polyhedrons; (h) elemental mapping of C/LDH/S showing the
distribution of Ni, Co, C, O, and S; (i) HER polarization curves of NF, LDH,
C/LDH, and C/LDH/S, adapted from ref. 17 with permission from
Wiley,” copyright 2017.
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Fig. 8 (a) Schematic diagram for the synthesis of NiCo-LDH@NH,-
UiO-66 heterostructure, (b) LSV polarization curves of the NiCo-
LDH@NH,-UiO-66 hybrid towards EWS; (c) long-term static stability test
of the NiCo LDH@NH,-UiO-66 heterostructure for 78 h at 1.6 V,
adapted from ref. 78 with permission from Royal Society of Chemistry,”®
copyright 2023.

In summary, solvothermal treatments provide effective
pathways for transforming MOFs into LDHs with tailored mor-
phologies, controlled crystallinity, and enhanced catalytic per-
formance. These methods facilitate defect engineering, metal
site dispersion, and hierarchical structuring beneficial for elec-
trocatalysis. However, critical challenges remain, including
limited mechanistic understanding of MOF degradation and
LDH nucleation, lack of real-time insights into phase evol-
ution, and dependency on empirical parameter tuning.
Additionally, issues such as multistep processing, toxic
reagents, substrate compatibility, and high energy demand
impact scalability and sustainability.

To address the limitations of these synthetic methods,
future research must prioritize the use of advanced in situ and
operando characterization techniques such as liquid-cell TEM
and XAS to elucidate real-time transformation mechanisms at
the atomic scale. Furthermore, expanding the approach to
novel MOF architectures and deliberately engineering the
electrochemical process for specific applications such as creat-
ing strained active sites for electrocatalysis will be crucial to
fully realize the potential of this sophisticated synthesis
strategy.

4.3. External additives/templates: 2D supports of graphene,
MXene, CNTs

Hybrid structures of MOF-derived LDHs with 2D materials
such as MXenes, graphene, reduced graphene oxide (rGO), or
graphene quantum dots (GQDs) represent a powerful design
strategy to boost electrocatalytic activity through synergistic
structural and electronic effects.””®® The MOF-to-LDH trans-
formation produces high-surface-area, defect-rich architec-
tures, while conductive 2D supports provide rapid charge-
transport channels, prevent LDH restacking, and improve
mechanical stability during gas evolution. Strong interfacial
coupling through covalent linkages like Ni-C, Fe-C, M-O-C or
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electrostatic interactions modulates the d-band center, opti-
mizes adsorption energies of reaction intermediates, and
accelerates reaction kinetics for both HER and OER.*
Improving the intrinsic activity and unveiling the true active
sites of transition metal-based electrocatalysts remains a sig-
nificant challenge.

Han et al. developed an effective partial in situ transform-

ation (PTS) strategy to convert a NiFe-MOF-74 precursor into a
NiFe-LDH@MOF composite.®” Subsequent F~ coordination
induced a rapid structural reconstruction of F-doped NiFe-
LDH@MOF on MXene (Fd-PTS-NLM) during overall water
splitting. Mechanistic studies revealed that tuning the electron
diffusion process can regulate the electron transfer rate,
thereby lowering the energy barriers of catalytic reactions. The
combined effects of F-doping and PTS modified the d-band
center, markedly enhancing the bifunctional catalytic activity.
In situ Raman spectroscopy confirmed that metal hydroxyl
oxides serve as the actual active species for the OER. The cata-
lyst demonstrated excellent electrochemical performance,
requiring 150 mV for HER and 171 mV for OER at 10 mA
cm™>,
Similarly, Hu and coworkers used multifunctional Ti;C,
MXene as a support, and applying an etching—coprecipitation
treatment to the MOF precursor the resulting CoFe MLDH/
Ti;C, hybrid achieved exceptional OER activity, with overpoten-
tials of 170 mV and 238 mV at current densities of 10 and
100 mA cm™?, respectively.®? Experimental measurements
combined with theoretical calculations confirmed that strong
electronic coupling between CoFe MLDH and Ti;C, MXene
optimizes the binding strength of OER intermediates. This
work provides a pathway for designing highly active MOF-
based electrocatalysts and improving the intrinsic activity of
(oxy)hydroxide catalysts.

Fan et al. demonstrated that integrating MOF-derived Ni-Co
sulfide with Ti;C,T, MXene produced a hierarchical hybrid
catalyst with significantly improved water oxidation perform-
ance (Fig. 9(a)).>* The porous structure and intimate interfacial
coupling between NiCoS and the conductive MXene sheets

NiCo-LDH

Fig. 9 (a) Scheme of the preparation process of NiCoS/TizC,T, SEM
images of (b) ZIF-67/TizC,T,, (c) NiCo-LDH/TisC,T,, and (d) NiCoS/
TizC,T,. Inset: the high-magnification SEM images of the samples,
adapted from ref. 21 with permission from American Chemical Society,?
copyright 2018.
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increased the accessible surface area, accelerate charge-trans-
fer kinetics, and expose abundant active sites (Fig. 9(b)—(d)). As
a result, the NiCoS/Ti;C,T, hybrid exhibited superior electro-
catalytic activity toward the OER compared with its individual
components, underscoring the critical role played by MXene in
optimizing the structure-activity relationship of MOF-derived
materials for efficient OER. Ti;C,T, MXene served as a conduc-
tive 2D scaffold for uniform NiCo-LDH growth, preventing aggre-
gation and forming a porous structure with abundant active
sites. It was established that during the OER, MOF-derived
NiCoS transformed in situ into NiCoOOH, confirmed through
XPS studies of the catalyst before and after electrocatalysis.

Beyond MXenes, carbon-based supports also play a key role,
via interface engineering to overcome the intrinsically poor
electron transport of LDHs by regulating electron distribution
through the incorporation of secondary components. In this
context, Yang et al. fabricated a hierarchical hybrid CoFe-
LDH®@NPC by anchoring CoFe-LDH nanosheets onto layered
N-doped porous carbon (NPC).** The resulting CoFe-
LDH@NPC exhibited excellent bifunctional electrocatalytic
activity, requiring overpotentials of only 280 mV for the OER
and 100 mV for the HER. In overall water splitting, the catalyst
delivered a stable current density of 10 mA cm™> at 1.61 V for
60 hours. The theoretical analysis revealed that the intimate
interface between NPC and CoFe-LDH formed electron-
deficient and electron-rich regions, facilitated charge transfer
and modulated the adsorption of key intermediates, thereby
enhancing WS. Electrochemical evaluation further confirmed
this effect wherein, at 10 mA cm™>, CoFe-LDH@NPC showed
an OER overpotential of 280 mV, significantly lower than that
of RuO, (380 mV). Additionally, its Tafel slope 93.3 mV dec ™"
was much smaller than those of other benchmark catalysts,
underscoring faster reaction kinetics and superior catalytic
performance.

Further, Rinawati et al. developed a hybrid catalyst compris-
ing dual boron- and nitrogen-doped graphene quantum dots
(B,N-GQDs) integrated into NiFe-LDH derived from NiFe-
MOF-74 to address the intrinsic conductivity and active-site
limitations of LDHs.>* The in situ incorporation of heteroatom-
doped GQDs during MOF synthesis, followed by spontaneous
transformation to LDH in alkaline media, preserved the MOF-
derived porous framework while introducing abundant defect
sites and strong Ni-C/Fe-C/Ni/Fe-O-C linkages. Dual hetero-
atom doping synergistically modulated the d-band center, opti-
mized Ni/Fe oxidation states, and enhanced charge transfer, as
confirmed by XPS and soft-XAS analyses. The resulting B,
N-GQDs/MOF-derived NiFe-LDH exhibited outstanding OER
activity in alkaline electrolyte, delivering an overpotential of
251 mV at 100 mA cm™2, a low Tafel slope of 34.9 mV dec™”,
high electrochemically active surface area, and excellent dura-
bility over 24 h, surpassing pristine NiFe-LDH, undoped or
single-doped analogues, and even commercial IrO,. This work
highlighted the effectiveness of synergistic heteroatom doping
combined with MOF-derived architectures in maximizing
active-site exposure and tailoring the electronic structure for
high-performance, earth-abundant electrocatalysts.
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Collectively, these studies demonstrate that interface engin-
eering in MOF-derived LDH/2D hybrids simultaneously
addresses conductivity, active-site accessibility, and structural
stability. Strategies such as heteroatom doping, conductive 2D
supports, and strong interfacial coupling consistently emerge
as key design principles for advancing high-performance,
Earth-abundant electrocatalysts for water splitting. Despite
these advances, critical gaps remain: the true nature of active
sites under operating conditions is poorly understood due to
limited operando studies; interfacial charge-transfer rates are
rarely quantified; benchmarking across studies lacks standard-
ization; and durability at industrially relevant current densities
is scarcely reported.

5. Reaction medium: role played by
electrolytes

While ongoing research on efficient electrocatalyst design and
application is progressing, recognizing electrolyte effects
remains crucial for sustainable hydrogen production via
renewable-powered water electrolysis. Electrolytes play a pivotal
role in electrocatalytic water splitting far beyond serving as
reactant reservoirs. They directly control ionic conductivity,
thereby influencing ohmic resistance and overall energy
efficiency. By judiciously tailoring electrolyte environments, it
becomes possible to balance activity, stability, and cost,
thereby bridging the gap between laboratory demonstrations
and scalable, device-integrated hydrogen technologies.®

In acidic media, hydronium ions (H;0") act as direct proton
sources, enabling rapid HER on Pt-group metals (PGMs).%0%8
Conversely, in alkaline solutions, the rate is limited by sluggish
water dissociation, resulting in up to two orders of magnitude
lower activity on Pt compared with acidic conditions.®>°
Neutral and near-neutral pH conditions introduce mass trans-
port limitations and local pH gradients at the electrode
surface, often necessitating buffered electrolytes, e.g., phos-
phate, carbonate, borate, to maintain HER rates comparable to
strongly acidic or alkaline environments.’! Beyond convention-
al liquid electrolytes, alternative systems such as solid electro-
Iytes and ionic liquids (ILs) have also been investigated for
HER applications. Owing to their unique features including
low vapor pressure, high ionic conductivity, and structural tun-
ability, ILs have shown promise in enhancing HER perform-
ance.®® For instance, Amaral et al. demonstrated that incorpor-
ating the ionic liquid [Emim][MeSO;] (Emim = ethymethyl
imidazole) into an 8 M KOH electrolyte improved HER activity
on a Pt cathode. Moreover, the activation energy in IL-modified
KOH was reduced to 10 k] mol™" compared with the IL-free
system.®” Thus, ionic liquids can provide an avenue for tuning
interfacial kinetics beyond conventional aqueous systems.

Apparently inactive components in electrolytes too have a
significant impact on catalytic performance. Specifically, alkali
metal cations in high-pH aqueous electrolytes can cause
notable changes in the reaction turnover frequency through
noncovalent interactions with water molecules, spectator ions,
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surface adsorbates, and electrified interfaces. Alkali metal
cations like Li*, Na*, K*, Cs" modify interfacial water structure,
intermediate adsorption, and hydrogen binding energies. Li"
ions can either enhance or suppress the HER depending on
the metal substrate: they improve the HER on Au, Fe, and Ni,
while suppressing activity on Pt, Pd, and Ir. This tunability
arises from altered M-H bond strengths and interfacial OH™
dynamics.®® However, the use of Li*-containing aqueous elec-
trolytes is not yet commercialized, making HER suppression
necessary in certain processes. Similarly, anions such as per-
chlorate (ClO,"), chloride (Cl7), or bis(trifluoromethanesulfo-
nyl)imide (TFSI"), further modulate kinetics by participating
in co-adsorption or by forming passivating surface films like
LiF from LiTFSI electrolytes. Tailored cation selection Li" vs.
K'/Cs" has shown promise in accelerating interfacial water acti-
vation, pointing to practical electrolyte formulations that could
boost efficiency in large-scale systems. For example, coupling
Ni(OH), with Pt and using alkali metal ions-rich electrolytes
enhances HER kinetics by balancing hydrogen adsorption and
hydroxyl desorption, offering a scalable route toward low-cost
alkaline devices.*

For next-generation energy devices such as water electroly-
zers, regenerative fuel cells, and metal-air batteries, electrolyte
optimization must be pursued in tandem with catalyst design
to achieve commercially viable performance. Parameters such
as pH, ionic species, concentration, and functional additives
profoundly influence not only thermodynamics and kinetics
but also long-term durability. In future energy infrastructures,
electrolytes shall no longer be passive components but active
design parameters enabling high-efficiency PEM (proton
exchange membrane), AEMEL (Anion Exchange Membrane
Electrolyzer), and solar-driven electrolyzers, as well as multi-
functional energy storage devices that bridge hydrogen pro-
duction with batteries and fuel cells. Alkaline media enables
the deployment of earth-abundant catalysts such as MOF-
derived LDHs without severe dissolution. However, the slug-
gish water dissociation step limits HER activity. For MOF-
derived LDHs, the electrolyte can dictate phase stability, tune
intermediate adsorption, and sustain operation under indust-
rially relevant conditions. Yet, systematic investigations remain
scarce, particularly under operando conditions that capture
electrolyte—catalyst interactions at dynamic interfaces. Bridging
this gap will be crucial for translating MOF-derived LDHs into
robust electrolyzers and integrated hydrogen energy platforms.

In this context, for MOF-derived LDHs, synergy with opti-
mized electrolytes holds a huge area of exploration involving:

i. Enhancement of intrinsic activity by modulating the
adsorption energy of reaction intermediates through ion-
surface interactions.

ii. Accelerating reaction pathways via selective stabilization
of key intermediates like —OOH in the OER and promotion of
water dissociation in the HER.

iii. Stabilizing active oxyhydroxide phases generated under
OER conditions, preventing their reduction or amorphization.

iv. Limited operando studies on cation/anion restructuring
of interfacial water under high current need more attention.
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v. Coupling electrolyte optimization with in situ phase evol-
ution of MOF-derived LDHs is underexplored.

vi. Stability of ionic-liquid or water-in-salt electrolytes at
device scale.

vii. Sustained performance at industrially relevant current
densities (>200-500 mA cm %) by minimizing mass-transport
limitations and controlling local temperature rise.

Advancement of MOF-derived LDH electrocatalysts relies on
co-engineering the catalyst-electrolyte interface, where the cat-
alyst’s structural and electronic attributes are purposefully
matched to an electrolyte environment that maximizes activity,
selectivity, and operational lifespan.

To contextualize the heterojunction catalysts in electro-
catalytic water splitting, we have compiled a comparative table
(Table 1) that benchmarks MOF-derived LDH-heterostructures
against other reported heterojunction systems. The table sum-
marizes synthesis routes, HER/OER overpotentials, Tafel
slopes, durability metrics, and references, enabling side-by-
side evaluation of framework-to-hydroxide catalysts relative to
current state-of-the-art materials.

6. The utilization and importance of
in situ/operando characterization

In situ/operando characterization plays a pivotal role in unveil-
ing the dynamic structural and electronic transformations of
electrocatalysts under actual working conditions. Although ex
situ characterization techniques can reveal the phase and
microstructural evolution of pre-catalysts before and after cata-
Iytic reactions, they fail to capture transient intermediates and
offer limited insight into the real-time reconstruction mecha-
nisms."*° In situ/operando studies bridge the gap between pre-
cursor design and catalytic performance, offering mechanistic
insights into how metal centers, coordination environments,
and redox dynamics evolve under applied potential."**
Combining ex situ characterization with in situ/operando tech-
niques involving Raman spectroscopy, ATR-FTIR, XPS, EIS,
TEM, and XAS allows researchers to directly observe the
dynamic evolution of catalysts, closing the knowledge gap
between static, pre- and post-catalyst states.'’>™''* There are
reports that underline the real-time picture of in situ trans-
formation of MOFs as precursors into active catalytic entities
during electrochemical process.''®> Thus, investigating the
transformation of MOF-derived LDHs into catalytically active
species during electrochemical water splitting is essential for
uncovering the true origin of catalytic activity. Understanding
these processes helps design structurally resilient electrocata-
lysts for sustained operation at industrial current densities.

6.1. Operando characterization for structural transformation
of MOFs into LDHs

There are reports that use in situ NMR, XAS, IR, UV-vis spec-
troscopy, and LCTEM to monitor nucleation and growth of MOFs
during synthesis and electrochemical conditions.'3>830:116-119
Some researchers have also reported the application of these

This journal is © The Royal Society of Chemistry 2026


https://doi.org/10.1039/d5dt01557j

View Article Online

Perspective

Dalton Transactions

I0[d
ysy (MIH) 1S°LF 87¢C (74 s10s1n221d JO SIS9YIUAS a1nyeradwa) wooy ‘T A0ON-UZ ‘0D uoqIed) DD Uuo UZ\MWHNAOQZ
U Do 0FT I8 SISOYIUAS [BULISYIOA[OS T
Do S8 J€ UIW GT I0j UONIEaI
Y 0T 1940 LYY 15T — 19358 JAN/JIOIN-0D WOl PIauIeIqo sem IN/HAT-0D0N T £9-d1Z corAN UO SINODOIN
Y 2T ‘Do 08T e 19pmod
(gg0) T S 3m IN®HA'T 0DIN JO JUSUIRAL) [BWLISYIOIPAH T
Y T ‘Do 06 3 AN®HA'T
Y8y 140  (MdH) €8 8L¢ 0L1  ODIN UIeIqo 03 AN/.9-AIZ SUISN UONIE3I 23UBYDIXS-UO] 'T £9-A1Z +orIN®3SODIN
araydsoune 1y 1opun 1odea as Ul Y ¢ 10J Do 00F
4 7L 1380 8¢ 8 Je 3ureauUE {Y T 10J Do 08 J& JUSWIRST) [BULISYIOIPAH £9-T-d1Z ¢0r 00 U0 SYN DND®?S0D
SAUIXIA ‘DD ‘sureoy [ezowr uo payioddns saprydsoyd ‘sapruajas ‘sapiqied ‘saprydins ‘sapixo :suondunfo13)ay 19310 pue SUoNdIUN[01313Y PIALIP-I0ON
Y 9 10J Do 0ST®T-AI/AOW-2d®HA'T
-9IN UIB}qO 03 SISOYIUAS [BWISYIOIPAY PU0das ‘g
NSHENQ
Y0z 6'8¢ €8T — Y TT I0J Do 0TT ‘AI/AOIN-94 JO SISIUIUAS [RULISYIOIPAH T AOW-24 uoI)I1/I0N-2I®HAT-2JIN
sonsdesordruar HA'T
-9D-94-IN JO UOIIBWLIO} 93 03 PI[ UIYDID [BdTWAYD T
SISOUIUAS [eWIaI0IPAY
e ve e — y3no1y paurelqo sem v 88-TIN-padopoaD 1 V88-TIN 1ot HA'T-20-24-IN
SUONIPUOD JUAIqUIE Je JUIYd3d
sure[e v1a AN U0 HQ'T-2JIN®TOT-TIN JO SISSTIUAS '€
arnjeradway
woo1 I8 IN U0 JOW-XO®TOT-TIA JO SISSIUAS T
Y 0T ‘0TT
qve 1°s¢e [ %4 —  ‘poysewi [BULISYIOIPAY D14 AN UO TOT-TIN JO SISSIUAS T AOWXO®TOT-TIN ccﬁmﬂw—.um_Z@HOH.dE
HOXINT mﬁms AOW-XO/AOW-IN JO Judwiiean aul[e[Vv ¢
Y ¥ ‘Do 0CT J& Weof IN a3
qoc 9¢ 0c¢ — U0 SaI1n3dNIIsoIalay JON-XO/A0N-IN Jo Goﬁmumaoum T JAOW-XO/A0N-IN 66N UO HAT/A0W-IN
SN
Yy vc 81V S0T — AO DAI-24IN JO uoneuLIojsue) [ed1ayd01339[9 ni1s uy AOW-DAI-24IN 10IN U0 HAT-24IN-HA
[ ST 10} Do 0TT I JUSWILI) [BWIIYIOIPAY 03 pazoalqns
(930) €82 pUE SUOTIN[OS I[BS U PISISWIWI Sem ID/ATZ®FHO)ND ‘T
durums
JUBISUOD PUE UONIRINUI I1IBISOIID vid ID/AIZ®Y(HO) g6(LIBOJ
ysy1oa0  (g4H) $°86 v6T veT ND UTe)qo 0 PISN 2I9M SOIIeI UZ/0D) JUIHIA ‘T A1Z-uzod  1addod) gnp uo HAT-UZOD®OND
Do 0CT
18 AN/?Df11/£9-41Z pansodap jo uidop pue Suryoig ‘¢
Y 0S A[TeaN S'TE 0LT — AN/CDELL uo £9-41Z 30 uonisodad ‘T £9-A1Z 16N U0 2DELL/HAT-240D
(g30) 8¢
sjyuedop [elow sSnorrea
yo09 (44H) S'TICT vie 08T UM £9-4IZ ULIOJSUEI} 0} POYIdW [eWLIdYI0IpAY dais-ouQ £9-d1Z o6IN/SHAT-IN?J-A0D
(souaX ‘sureoy [ejowr) suonduNfo1333y HA'T PALP-I0N
Do 08T pue
‘02T ‘St ¥e ssao01d uorsIowwiI Jo arnjeradura) UOTOBAI
SNOLIBA 38 F/-IOIN-2AIN JO JUdWIea) [eULIdYIOIPAH T
Y T 190 L8V 66¢ — U2 ‘Do 0TT ‘FL-AOW-2IN JO SISOUIUAS [BUWLISYIOIPAH T V£L-A0N-24IN eHAT-24IN
q ¢ A[1eaN 01T 00€ — a1nyeradurd) WOOI Je UTW (€ ‘SISOYIUAS JTUOSEIIN 19-A1Z »6eHAT-0D
1oddns noyim :HA'T PAALIDP-I0OIN
REN| 1_99p AW (Aw) L Wd Vi 0T (Aw) 20 VWOT POoYIoW SISYIUAS arerdway, 154[e3RD
LW VW 0T (MIO/MAH) ®UJa0 ®U gaH
®Aiqers  adoys [pyeL

HOM W T Ul Buinds Jayem 213A13e204309)19 10} S3sAjeled uoidUN[oIa1dY 43430 YUM SHJT PRALIRP-4OW JO a)qe} uosiiedwo) T alqel

"INV LE:0S:T 9202/8T/9 U0 papeojumoq "S¢0¢ SBquBAON 8¢ U paystiand

Dalton Trans., 2026, 55, 1548-1583 | 1559

This journal is © The Royal Society of Chemistry 2026


https://doi.org/10.1039/d5dt01557j

Published on 28 November 2025. Downloaded on 6/18/2026 1:50:37 AM.

Perspective

(]

B 'a
@E = o
2 o ®
=5 Iy :é
£Es| £ & zs
n - M — o —
cu?.? E‘~ o)
o Ko m K [~ —
o R = [25) (] ~
%98 %5 s & £
TET |8 = £ S
ELE|88 R& 8 R

>

&

q

&5

;£

§5] 8 g ®
O = N ® N

>

&

q

CE

% E o
22| 2

Pyrolysis, N, at 2 °C min~"' ramp rate for 3 h@800 °C
1. Etching ZIF-67 with Ni-salt at room temperature
1. Solvothermal synthesis of MOF@160 °C for 48 h
2. Phosphidation under argon vapor at 450 °C for 2 h

2. Pyrolysis at 350 °C for 2 h@10 °C min™"
2. Phosphidation with NaH,PO,

Synthesis method

(1) All full-cell voltages are for two-electrode alkaline cells at 10 mA cm™> unless otherwise noted. (2) When only half-cell data are available, we have marked the missing metric as “—”.

.
5)
o

1S «

) S

238 &

L ag %)

= 8L N~ =

=3 2w © Z

E a o o ES

13) IS — 2

= OE N &

[}

(=3

g
P
w)
B
93
a s
<
S e

o
3
4
= 5 &=
S o= =
= = 8 9O a
5 Q3 £ a
Q S8 Z
O S99 « 31
= S5 ¢ ©®¢
- =8 O &9
- 172) a @ = L o=
v = 2 5 Es
e} g ZE o A&f
S < 0 O = =
[ ] =S Z ZO

1560 | Dalton Trans., 2026, 55, 1548-1583

View Article Online

Dalton Transactions

techniques to identify and modify MOF-derived LDHs during
electrochemical conditions. However, to date very few studies
employing these methods of investigation extend to real-time
transformation of MOF-derived LDHs under synthetic con-
ditions. LCTEM is one powerful microscopy technique that
has been widely explored to study mostly the transformation
dynamics of ZIF-based MOFs. In this section we discuss the
principles and applications of the same. Whether these
observed pathways apply to other MOF families with different
metal nodes, ligand chemistries, and structural stabilities
remains still unknown. Therefore,expanding LCTEM studies to
non-ZIF MOFs is essential for establishing broader principles
governing MOF-to-LDH reconstruction.

6.1.1. In situ liquid cell transmission electron microscopy
(LCTEM). LCTEM is a powerful technique that enables the
direct observation and analysis of samples in a liquid environ-
ment using a TEM (Fig. 10). In this technique, a liquid cell is
used to encapsulate the sample in a thin liquid layer between
two electron-transparent windows."*® The liquid cell is then
inserted into the TEM, allowing the electron beam to pass
through the liquid and interact with the sample in real time.
By continuously imaging the sample under the electron beam
while controlling the liquid environment, researchers can
study various processes, such as nanoparticle synthesis,
chemical reactions, and biological interactions, to gain
insights into the behaviour and transformations of materials
and nanoparticles in a liquid environment.'*>'** Considering
all the advances of LCTEM, it has also enabled the researchers
to image the morphological and structural evolution such as
etching, dissolution, and recrystallization dynamics of MOFs
and MOF-derived LDHs in real time under controlled chemical
conditions, providing unprecedented insight into the reaction
pathways and kinetics.'®''7123

Mirsaidov et al. reported a detailed mechanistic insight into
the transformation of ZIF-8 MOF nanoparticles (NPs) into
hollow LDH nanocages, using LCTEM to visualize the process
in real time (Fig. 11)."® It was found that the Co(NOs), solution
induces etching of the MOF via proton-mediated linker clea-
vage, while Co®" and Zn®" ions co-deposit as LDH nanosheets
on the MOF surface. ZIF-8 nanocubes and rhombic dodecahe-

Electrochemical Radiolysis
Reaction
Nanoparticle Fuel Cell
Formation Catalysis
Self-Assembly Detector Indirect

Effect

Fig. 10 Schematic diagram of a LCTEM and its application for imaging
phenomena in various fields, adapted from ref. 120 with permission
from American Chemical Society,'?° copyright 2021.
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Etching of ZIF-8 and growth of the outer LDH

Etching of ZIF-67 and growth of the inner LDH
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w100 NM

Fig. 11 Conversion of ZIF-67@ZIF-8 core—shell NPs into “shell-in-
shell” LDH nanocages via etching. (a) TEM and (b) STEM images of
ZIF-67@ZIF-8 core—shell NPs. (c) Sequential in situ liquid-phase TEM
images captured at room temperature, showing the stepwise transform-
ation of a ZIF-67@ZIF-8 nanoparticle into a shell-in-shell LDH nanocage
in 5 mg mL™! Co(NOs), ethanol-water. A schematic illustration outlines
the overall conversion pathway from the initial MOF core—shell particle
to the final nested LDH structure. (d) STEM image with corresponding
EDX mapping of the resulting shell-in-shell LDH nanocage, obtained
under the same reaction conditions post in situ transformation, adapted
from ref. 18 with permission from American Chemical Society,*® copy-
right 2021.

drons were used as sacrificial templates, wherein simultaneous
etching led to the LDH nanosheet growth in the presence of
cobalt salt in ethanol-water media of Vgwon/Vi,o = 0.5. The
study confirmed that the conversion process could be extended
to fabricate more intricate hollow LDH nanostructures derived
from MOFs. Specifically, ZIF-67@ZIF-8 nanoparticles with
cubic cores and rhombic dodecahedral (RD) shells were
employed, as visualized vie TEM and STEM images in
(Fig. 11(a)) and (Fig. 11(b)), respectively. This approach led to
the formation of unique shell-in-shell LDH architectures. As
illustrated in (Fig. 11(c)), the transformation of a core-shell
ZIF-67@ZIF-8 particle began with the selective etching of the
ZIF-8 RD shell in Co(NO3), solution, accompanied by the rapid
formation of an outer LDH layer during the early stage (¢ — ¢, =
0-45 s). Continued etching led to the full removal of ZIF-8,
yielding an RD LDH nanocage around the ZIF-67 core, which
subsequently began to convert into its own inner LDH shell
(t = to = 140-185 s). With prolonged reaction time, ZIF-67 was
completely etched, resulting in a final shell-in-shell LDH nano-
particle, where an inner LDH nanocage was encapsulated
within an outer one. The EDX elemental mapping in
(Fig. 11(d)) clearly revealed the spatial distribution of both the
outer and inner LDH layers, confirming the hierarchical
hollow structure. During the in situ LCTEM, it was observed
that the conversion began with nucleation of LDH on MOF

This journal is © The Royal Society of Chemistry 2026
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surfaces, preferentially on specific crystal facets. Ultimately,
the core-shell ZIF-67@ZIF-8 NPs were transformed into “shell-
in-shell” LDH nanostructures, demonstrating the approach’s
versatility for advanced catalyst design. The reaction required a
delicate balance between etching and growth rates; optimal
conditions leading to LDH shells that preserved the original
MOF shape, while excessively fast etching resulted in complete
MOF dissolution without LDH formation. By tuning precursor
concentration and solvent composition, the morphology of the
final hollow LDH structures could be controlled. This method
has enriched the scope for the synthesis of more complex
architectures such as shell-in-shell LDH nanocages using
core-shell MOF templates.

In essence, the roles played by transient intermediates,
ligand decomposition kinetics, and facet-dependent nuclea-
tion remain insufficiently understood. Additionally, this
approach is complicated by the potential for the electron beam
to damage the sample or alter the reaction pathway. Bridging
these gaps will be critical for achieving predictive control over
MOF-to-LDH transformations and unlocking their full poten-
tial in designing efficient and durable catalysts for sustainable
energy conversion.

6.2. Operando characterization for studying in situ
transformations of MOF-derived LDHs during EWS

Operando characterization techniques have become essential
tools for probing the dynamic, real-time structural, electronic,
and chemical transformations that MOF-derived LDHs experi-
ence under the harsh electrochemical environment of water
splitting, enabling researchers to directly correlate transient
active phases with catalytic performance. This section dis-
cusses the various techniques involved in MOF-derived LDHs
for OER (Table 2).

6.2.1. In situ Raman spectroscopy and infrared spec-
troscopy (IR). Raman spectroscopy uses monochromatic laser
light to illuminate a sample, where most photons scatter elasti-
cally and a few inelastically, exchanging energy with molecular
vibrations or rotations. The resulting Raman shift, the energy
difference between incident and scattered photons, reveals the
sample’s unique molecular structure and composition
through non-destructive spectroscopic analysis. It can detect
low-wavenumber vibrational modes associated with metal-
ligand or metal-oxygen bonds, enabling the identification of
catalytic active sites and key intermediate species that are typi-
cally inaccessible through infrared spectroscopy. Raman spec-
troscopy offers rich structural insights into surface species and
intermediates; however, conventional Raman spectroscopy
often lacks the sensitivity required to detect trace active
species adsorbed on catalyst surfaces.'>*

To overcome this limitation, shell-isolated nanoparticle-
enhanced Raman spectroscopy (SHINERS) has been developed
as a powerful in situ technique.'”® SHINERS employs core-
shell nanostructures, typically Au cores coated with ultrathin
silica shells, as Raman signal amplifiers, providing exceptional
surface sensitivity while maintaining catalytic stability. By inte-
grating operando SHINERS measurements with density func-
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tional theory (DFT) calculations, researchers have successfully
identified the reaction pathways and transient intermediates
in heterogeneous catalytic systems, such as CO oxidation over
PtFe and Pd nanocatalysts."** These studies directly observed
surface species including oxides, superoxide/peroxide inter-
mediates, and metal-carbon bonds, offering molecular-level
insights into catalytic processes. The success of SHINERS
demonstrates its strong potential for probing real-time surface
transformations and identifying active intermediates during
in situ electrochemical reactions such as the oxygen and hydro-
gen evolution reactions in water splitting.

Both Raman and FT-IR spectroscopy can reveal detailed
molecular microstructural information from surfaces as thin
as 10 nm. Hence, combining both provides a comprehensive
understanding of molecular behavior.'*® Recently, their in situ
applications have become widely employed to monitor
changes in chemical bonding during phase transitions of
MOFs and their derivatives, and to track the formation of
active species during the EWS process.>”'*° However, most
current studies on in situ Raman analysis of the EWS are con-
ducted at room temperature. Since industrial water electrolysis
typically operates at elevated temperatures (50-80 °C), develop-
ing high-temperature in situ Raman setups would enable
evaluation of the temperature sensitivity of MOF structures
and provide a deeper understanding of how reconstruction be-
havior varies with temperature.*3°7*32

IR spectroscopy enables fingerprint identification of polar-
ized oxygen-containing intermediates involved in the OER,
appearing within the 800-1600 cm™' region. However, this
range is particularly susceptible to interference from water
absorption. To improve signal strength and surface sensitivity,
advanced approaches such as utilizing synchrotron radiation
(SR) sources with enhanced IR intensity (SR-FTIR), attenuated
total reflectance infrared (ATR-FTIR) spectroscopy and surface-
enhanced infrared absorption (SEIRA) techniques have been
introduced."*

In this context, some researchers have recently developed
an operando SR-IR technique to probe the OER
mechanism."**'** Cheng et al. used operando SR-FTIR to study
a lattice-strained NiFe-MOF, where a new band at 1048 cm™
appeared at 1.6 V vs. RHE, indicating OOH intermediates.
Correlation of SR-FTIR-XAS analyses linked the Ni**/Ni**
ratio with IR intensity near 1050 cm™', emphasizing high-
valent Ni'** species as active sites. The transient nature of
these intermediates demonstrates the value of operando IR
for real-time mechanistic insight. Similarly, Shao-Horn et al.
used a combination of in situ SEIRA spectroscopy and DFT
studies to detect the formation of -OO species on polycrystal-
line Ru0O,.'®

These operando vibrational techniques offer powerful
insights into the dynamic reconstruction of MOF-derived
LDHs under working conditions. When combined with other
complementary techniques they can yield a comprehensive
view of lattice evolution, surface chemistry, and catalytic kine-
tics, enabling rational design of MOF-derived LDHs with
enhanced stability and efficiency for practical water splitting.
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6.2.2. In situ/operando electrochemical impedance spec-
troscopy (EIS). Electrochemical impedance spectroscopy (EIS),
and increasingly in situ/operando EIS, provides a quantitative
window into charge-transfer and interfacial processes that
accompany the electrochemical activation and reconstruction
of electrocatalysts.’*” In typical experiments the impedance is
measured across a broad frequency window (commonly 100
kHz — 0.1-0.01 Hz) at catalytic bias points or during potential
sweeps to extract solution resistance (R;), charge-transfer resis-
tance (R.) and non-ideal capacitive behaviour (CPE) via equi-
valent-circuit modelling. In situ EIS measurements have been
performed by various researchers to probe the OER reaction
kinetics of OER electrocatalysts.?'3°

Maximum mechanistic insights can be drawn from pairing
operando EIS with complementary operando/spectroscopic
probes like Raman, XAS, Differential Electrochemical Mass
Spectrometry (DEMS) and activity measurements. EIS tracks
how the electrical and mass-transport landscape evolves, while
spectroscopy methods identify the chemical/structural nature
of the newly formed active phases and mass-spectrometric
methods confirm changes in reaction intermediates or
selectivity.

6.2.3. X-ray absorption spectroscopy (XAS): monitoring the
oxidation states (via XANES) and local atomic structure (via
EXAFS). XAS is a powerful technique for probing the electronic
structure and local atomic environment of active sites in cata-
lysts under operating conditions (Fig. 12). It analyzes the
energy-dependent fine structure in the X-ray absorption spec-
trum to reveal detailed geometric and electronic infor-
mation.'® It is noteworthy that XAS studies of 3d transition
metals are typically conducted at the K-edge, as their edge
energies exceed 4000 eV, eliminating the need for ultrahigh
vacuum conditions. This makes XAS particularly suitable for
in situ investigations."*"

When the incident X-ray energy is below an element’s elec-
tron binding energy, electrons remain in their ground state,
resulting in a nearly flat spectral region with occasional weak
pre-edge peaks. At higher energies, electrons are ejected into
continuum states, generating interference between outgoing
and scattered waves. These oscillations, seen in the EXAFS
region, reveal local structural details such as bond lengths and
coordination numbers.'**'** In EXAFS analysis, the local
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Fig. 12 (a) In situ XAS setup scheme and (b) schematic representation
of a K edge spectrum; blue: XANES region, red: EXAFS region, adapted
from ref. 142 with permission from Wiley,**? copyright 2019.
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structural characteristics are reflected in the radial distribution
function, providing valuable insights into the number of
neighboring atoms, interatomic distances, and structural dis-
order, all of which are critical for elucidating reaction mecha-
nisms.'*® Consequently, such structural information is instru-
mental in establishing correlations between the configuration
of catalytic centers and their activity, as revealed through
quasi-operando and operando XAS studies. Also, XAS is a bulk-
sensitive technique that provides an average valence state of
both surface and bulk regions. Thus, an observed increase in
metal valence from in situ XAS reflects surface oxidation but
does not directly quantify the surface valence state. In contrast,
acquiring EXAFS data in electron yield mode enables surface-
sensitive analysis (within 1-2 nm), allowing detailed character-
ization of the local surface structure.

In addition to determining the coordination environment
of active centers through EXAFS analysis, identifying the oxi-
dation states of active species is crucial for unraveling the bot-
tleneck OER mechanism."'®'*7'*” Ag the energy increases
enough to excite core electrons to unoccupied states, absorp-
tion rises sharply, forming the XANES region. XANES provides
insight into unoccupied electronic states and is highly sensi-
tive to both the oxidation state and coordination geometry of
the absorbing atom. The edge position reflects the oxidation
state, while pre-edge features stemming from the normally for-
bidden 1s to 3d transition become pronounced under reduced
symmetry, such as in tetrahedral coordination, serving as indi-
cators of local structural symmetry. A well-established linear
correlation between the XANES edge position and the oxi-
dation state has made this technique an effective means of
probing the electronic states of catalytic elements.

Recent efforts have increasingly focused on quasi-operando
and operando XANES studies to monitor the dynamic changes
in oxidation states of OER catalysts under realistic
conditions.’**'**> Wu et al. combined quasi-operando XANES
with theoretical calculations to elucidate the role played by Ni
sites in a bimetallic Ni-Fe system. Their findings revealed that
electronic interactions with adjacent Fe atoms modulate the Ni
electronic structure, generating low-valence Ni centers that
bind key OER intermediates with optimal strength, while Fe
sites exhibit overly strong adsorption."*® Since the oxidation
state of active species is strongly dependent on the applied
potential during electrochemical operation, operando XAS
measurements are essential to capture these dynamic trans-
formations."*® Su et al. utilized operando XANES to investigate
the potential-dependent evolution of NiFe-PBA precatalysts.
With increasing potential, the absorption edge shifted to
higher energies, indicating the oxidation of Ni to higher
valence states and the in situ formation of amorphous Ni(OH),
as the true OER-active phase. This oxidation process was
reversible and significantly more pronounced than in crystal-
line Ni(OH),, underscoring the capability of operando XANES
to correlate oxidation-state dynamics with catalytic
performance.'**

Furthermore, XAS is generally divided into two types: hard
XAS, which uses high-energy X-rays to probe bulk properties
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and heavy elements via core-level transitions, and soft XAS,
which employs lower-energy X-rays to study surface-sensitive
phenomena and valence band transitions. Hard XAS is typi-
cally performed in transmission mode, offering bulk-sensitive
analysis with minimal self-absorption effects. In contrast, soft
XAS is measured using fluorescence yield (TFY) and electron
yield (TEY) modes, with probing depths of a few hundred
nanometers and a few nanometers, respectively.">® The choice
of detection mode depends on the sample characteristics;
transmission mode suits well-prepared, concentrated samples,
while fluorescence yield is preferred for dilute systems or those
in dense environments.'>!

Operando XAS studies have provided crucial insights into
the structural evolution MOF based electrocatalysts.'*® Lou
et al. reported a Br-confined Ni-MOF system, where sequential
transformations from the pristine framework to a -Ni(OH),-
like intermediate and finally to a y-NiOOH phase were
observed under operating conditions.”®®> The resulting
y-NiOOH exhibited excellent OER activity, attributed to strong
Br-Ni electronic interactions that promote *O intermediate for-
mation and enhance reaction kinetics. Similar studies have
been included in this review wherein in situ XAS has proved to
be beneficial for understanding the working of MOF-derived
LDHs under electrochemical conditions.

6.2.4. X-Ray photon-electron spectroscopy (XPS). In X-ray
photoelectron spectroscopy (XPS), the absorption of X-ray
photons induces the emission of photoelectrons into the conti-
nuum.'” XPS is a powerful technique for probing the elemen-
tal composition, chemical oxidation states, and electronic
environments of materials.'****® However, conventional ex situ
or quasi-in situ XPS often fails to represent the true surface
chemistry of electrocatalysts under reaction conditions, as air
exposure and lack of applied potential can alter the oxidation
states of surface species. To overcome these limitations,
ambient-pressure XPS (AP-XPS), also known as near-ambient
pressure XPS (NAP-XPS), enables real-time surface analysis at
subtorr to torr pressures and under electrochemical bias, brid-
ging the “pressure gap” between ultra-high vacuum measure-
ments and realistic catalytic environments (Fig. 13). In situ
AP-XPS enables direct monitoring of the electrode electrolyte
interface by operating with an ultrathin liquid layer, thereby
allowing the investigation of catalytic surfaces under near-rea-
listic environments. AP-XPS in combination with other charac-
terizations and DFT has been increasingly applied to study the
surface chemistry of electrocatalysts such as transition-metal-
based oxides, hydroxides, and (oxy)hydroxides under con-
ditions relevant to the oxygen and hydrogen evolution."*">¢

In the context of MOF-derived LDHSs, operando XPS is
especially valuable for monitoring ligand removal, metal oxi-
dation, and interfacial species evolution during electro-
chemical activation."”’®® When combined with DFT calcu-
lations and operando XAS, it can provide a consistent picture
linking surface oxidation, electronic reconstruction, and cata-
lytic performance.'®”®'>* AP-XPS faces challenges such as
limited pressure windows (<1-5 Torr) and signal attenuation
for dilute or nanoparticle catalysts, as highlighted by Nguyen
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Fig. 13 Newly designed reaction cell integrated into the AP-XPS system
of the Tao group. (a) Reaction cell positioned before engagement with
the front-cone aperture of the differential pumping stage; (b) reaction
cell engaged with the front cone; (c) photograph of the cell under oper-
ating conditions; (d) internal configuration of the cell corresponding to
panel (c); (e) cell under vacuum after completing the in situ experiment;
the gas has been purged and the chamber door opened, making it ready
for sample removal. (f) Internal structure of the cell in the open state,
with the sample stage retracted for easy sample retrieval. (g) Cell pre-
pared for a new in situ measurement after inserting a fresh sample,
introducing the reaction gas, and heating the system to the required
temperature. (h) Internal structure of the cell in its ready-to-operate
configuration. (i) Photograph of the cell in standby mode while awaiting
the next sample. (j) Corresponding internal structure of the cell,
adapted from ref. 153 and 157 with permission from American Chemical
Society®™® & AIP publishing,®” respectively Copyright 2019 & 2022,
respectively.

et al. in their comprehensive review.'>® Continued advances in
spectrometer design, “tender” X-ray sources, and electro-
chemical AP-XPS cells are expanding its applicability to liquid-
phase electrocatalysis, making it a cornerstone technique for
probing the authentic working surfaces of MOF-derived LDHs
under true operating conditions.

7. DFT calculations and theoretical
insights into water splitting on MOF-
derived LDHs

Density Functional Theory (DFT) has become an indispensable
tool for unraveling the intrinsic catalytic mechanisms of water
splitting, particularly the OER."*'° DFT provides atomic-level
insights into electronic structure, adsorption energetics, and
reaction thermodynamics, enabling the elucidation of catalytic
activity trends beyond experimental reach. The key intermedi-
ates involved in the OER *OH, *O, and *OOH species are
sequentially adsorbed on possible active sites to compute the
Gibbs free energy change (AG) of each elementary step accord-
ing to the four-electron reaction pathway:

* 4+ H,O— *OH+H" +e”
*OH — *O+H" +e”
*O +H,0 — *OOH + H" + ¢~

*OOH — *+ 0, + H" 4+ e~
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The overpotential (i) is then estimated from the largest
uphill AG among these steps according to:

max(AG;)
n= B e— 1.23V

where 1.23 V represents the thermodynamic equilibrium
potential for OER at standard conditions.

The parameters such as solvent effects, applied potential,
and pH, impart valuable impact on “in situ/operando” theore-
tical studies. Generally, DFT calculations assume a vacuum
environment, overlooking crucial interactions at the solid-
liquid interface. To better represent electrochemical con-
ditions, solvent effects must be incorporated through explicit
or implicit models. In EWS studies, explicit solvent effects typi-
cally account for surface-adsorbed or nearby species such as
H,0, OH™, H', H;0", etc. which significantly influence reac-
tion energetics and intermediate stabilization. Solvent mole-
cules can directly influence electrochemical reactions by stabi-
lizing intermediates and modifying catalytic pathways. While
explicit models capture direct solvent participation, implicit
approaches approximate these effects using the solvent’s
dielectric constant to represent the reaction
environment.'®>*®* Current DFT studies of the OER often rely
on static, implicit-solvent treatments or a few ordered water
layers, which miss key interfacial physics: hydrogen-bond net-
works, proton-transfer chains, electric-double-layer (EDL)
structure, field-dependent charge distribution, and dynamic
solvent reorganization that can change both adsorption geo-
metries and reaction barriers. Explicit-solvent and hybrid
approaches like ab initio molecular dynamics (AIMD), con-
stant-potential DFT, and hybrid quantum mechanics/mole-
cular mechanics (QM/MM) routinely produce different ener-
getics and mechanisms than purely implicit models, so more
systematic, realistic solvent modeling is needed to bridge
theory with operando experiments.'®® Hence, future compu-
tational efforts should place greater emphasis on accurately
incorporating solvent effects to better reflect real electro-
chemical environments.

The applied potential and electrolyte pH can markedly alter
catalyst surface states, impacting OER activity and pathways.
Theoretical studies can thus explore how surface structures
evolve with changes in potential and pH, extending beyond
simple free-energy analyses.'"®® DFT studies to evaluate the
OER mainly focus on the thermodynamic aspects of the reac-
tion pathway, either through the adsorbate evolution mecha-
nism (AEM) or via the lattice oxygen oxidation mechanism
(LOM), which involves direct O-O bond formation from lattice
oxygen species.'® However, due to their computational com-
plexity, reaction kinetics in the OER are less frequently
explored than thermodynamics. Transition-state DFT calcu-
lations reveal that proton-transfer steps proceed readily, while
0O-0 bond formation (*OOH) presents the highest barrier and
is typically rate-determining.’®® Some studies show that these
barriers can be tuned through synergistic effects.'®” Notably,
neglecting kinetic factors often leads to underestimated
theoretical overpotentials.
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7.1. Correlation between DFT predictions and experimental
observations

A key strength of combining DFT with in situ/operando spec-
troscopy and machine learning lies in its ability to correlate
atomic-scale theoretical descriptors with experimentally acces-
sible observables, providing a holistic understanding of water-
splitting mechanisms.’®'*®1%$1%9  pET-derived parameters
such as d-band center position, charge redistribution, and
adsorption free energies of *OH, *O, and *OOH intermediates
directly influence macroscopic quantities like overpotential,
Tafel slope, and impedance-derived charge-transfer resistance
(Rce). DFT calculations show shifting of the d-band centers or
optimized OOH adsorption energy typically correspond to
tuning of the experimental overpotentials and OER kinetics, as
verified by in situ Raman, EIS and Tafel analyses.®*°° Similarly,
computed electron-density difference maps and Bader charge
analysis provide quantitative insight into charge redistribution
among active metal centers, revealing how defects, dopants, or
interfaces modulate electronic structure and adsorption ener-
getics, the key factors governing OER kinetics and supported
by experimental EIS trends'”>'7*

8. Mechanistic insights and surface
evolution of MOF-derived LDHs during
EWS: in situ/operando characterization
and DFT studies

The process of structural evolution of materials under electro-
chemical conditions is complex and dynamic, involving the
continuous rearrangement of a material’s internal structure.
To gain a comprehensive understanding of this phenomenon,
a combination of in situ/operando characterization techniques
is often necessary. Therefore, the studies enumerated here
outline the use of these techniques independently as well as in
combinations (Table 3). Wang et al. reported the fabrication of
edge-enriched (EE) NiFe-LDH nanosheet arrays via an in situ
electrochemical transformation of ZIF-67 nanosheet array
directly grown on NF (Fig. 14(a)).®" The NiFe-BDC array served
as a structure-directing template and working electrode in a
three-electrode system. The electrochemical transformation of
NiFe-BDC MOF NSs into ultrathin NiFe-LDH NS took place
using CV in the potential window of 0-0.5 V vs. SCE for 50
cycles at 50 mV s in 1 M KOH. The EE-NiFe-LDH array deli-
vered an overpotential of 205 mV@10 mA cm > (Fig. 14(b))
and retained 95% of its current density @100 mA cm™> over
24 hours, demonstrating excellent OER activity and long-term
durability. The authors have carried out operando Raman
studies during the OER, in 1 M KOH, to verify the formation of
NiOOH as active catalyst for the OER (Fig. 14(c) & (d)). With
increasing potential, two Raman peaks at 456 and 530 cm ™
shifted to 474 and 548 cm™*, respectively, indicating the oxi-
dation of Ni(u) to Ni(m) corresponding to transformation from
Ni(OH), to NiOOH.">'”® NiOOH formation occurred at a
lower potential 1.4 V in the EE-NiFe-LDH array compared with
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the C-NiFe-LDH (common NiFe-LDH NS) at 1.45 V, reflecting
faster Ni(u)/Ni(ur) conversion and lower overpotential. This was
attributed to the EE-NiFe-LDH’s higher density of edge sites
with unsaturated coordination, which narrowed the bandgap,
enhanced the conductivity, and promoted NiOOH for-
mation."”* At 1.4 and 1.45 V, the NiOOH signals were stronger
in EE-NiFe-LDH, confirming faster kinetics and higher intrin-
sic OER activity.

DFT studies supported by EXAFS-derived structural models
revealed that the superior OER performance of EE-NiFe-LDH
originated from the coexistence of Fe and O vacancies. Surface
reconstruction to NiFeOOH during OER was considered, and
free energy calculations identified Fe as the true active site,
with a lower overpotential (theoretical) 440 mV compared with
Ni 620 mV. While isolated Fe or O vacancies improved activity
moderately, their coexistence further optimized intermediate
adsorption and reduced energy barriers, shifting the rate-
determining step from O* formation, in pristine NiFe-LDH, to
HO* formation.'”® Additionally, Bader charge and PDOS
(Partial Density of States) analysis showed that vacancies-
enriched Fe sites with higher electron density and narrowed
band gap enhanced the conductivity and facilitated charge
transfer, in agreement with the EIS. These findings high-
lighted that coupled Fe-O vacancies and edge-rich structures
synergistically tuned electronic states and catalytic energetics,
thereby underpinning the remarkable OER activity of EE-NiFe-
LDH.

Ni-MOF/LDH heterostructures were synthesized via a “MOF-
on-MOF” growth strategy, where Ni-MOF was first formed on
nickel foam, followed by deposition of oxalate-based MOF (Ox-
MOF) and in situ alkaline transformation into LDH
(Fig. 15(a)).”° The optimized Ni-MOF/LDH electrode exhibited
OER performance requiring a low overpotential of 220 mV to
reach 10 mA ecm™? and showed a small Tafel slope of 36 mV
dec™, outperforming its pure Ni-MOF and LDH counterparts
(Fig. 15(b) & (c)). Mechanistic studies using in situ Raman spec-
troscopy and XPS revealed that Ni sites acted as the primary
active centres via the generation of NiOOH during OER
(Fig. 15(d)-(f)). In situ Raman spectroscopy revealed distinct
signals at approximately 530 and 700 cm ™" when the applied
potential was set to 0.1-0.4 V vs. Hg/HgO, corresponding to
Ni-O stretching vibrations and potential iron hydroxide
phases, respectively. Notably, upon increasing the potential to
0.5 V vs. Hg/HgO, the Raman spectrum exhibited significant
changes, with the emergence of new peaks at 482 and
561 cm™!, attributed to the formation of NiOOH. Furthermore,
XPS analysis showed that the Ni 2p;z, and 2p,,, peaks in Ni-
MOF/LDH shifted positively by 1.4 eV and 1.8 eV, respectively,
while the Fe 2p;), peak shifted negatively by 2.5 eV compared
with the LDH. These shifts indicated partial electron transfer
from the Ni-MOF to the LDH, leading to a reduced electron
density at the Ni sites, which in turn promoted the formation
of NiOOH active species (Fig. 15(g)). These observations indi-
cated that Ni sites played a key role in driving the OER process.

DFT studies demonstrated that Ni-MOF/LDH hetero-
structures exhibited enhanced conductivity with a higher DOS
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Fig. 14 (a) Schematic representation of the structure-inheritance strat-
egy for fabricating the edge-enriched NiFe-LDH nanosheet (EE-NiFe-
LDH NS) array, using a NiFe-BDC MOF nanosheet array as a structure-
directing template; (b) comparative CV/LSV curves of EE-NiFe-LDH
array, conventional NiFe-LDH (C-NiFe-LDH) array, IrO,, and bare NF in
1 M KOH with 95% iR compensation; (c) operando Raman spectra of the
EE-NiFe-LDH array and (d) C-NiFe-LDH array collected in the potential
range of 1.3-1.5 V vs. RHE in 1 M KOH, adapted from ref. 26 with per-
mission from Elsevier,?® copyright 2021.
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Fig. 15 (a) Schematic illustration of the in situ transformation process
from Ni-MOF/Ox-MOF to Ni-MOF/LDH, depicting the structural evol-
ution during LDH formation; (b) LSV curves comparing the overpoten-
tials of the investigated electrocatalysts; (c) corresponding Tafel plots
derived from (b); (d) in situ Raman spectra of Ni-MOF/LDH recorded
under varying applied potentials; (e) high-resolution XPS spectrum of
the Fe 2p region, revealing the oxidation states and electronic structure
of Fe in LDH; (f) XPS spectrum of the Ni 2p region in Ni-MOF/LDH; (g)
schematic diagram illustrating partial electron transfer at the hetero-
structure interface, adapted from ref. 99 with permission from
Elsevier,®® copyright 2021.

near the Fermi level and an upshifted d-band
center (—1.33 eV) compared with Ni-MOF (—2.06 eV) and LDH
(—1.85 eV), which strengthened intermediate adsorption. The
rate-determining barrier was significantly reduced for Ni-MOF/

This journal is © The Royal Society of Chemistry 2026
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LDH (AG = 2.4 eV) relative to Ni-MOF (6.8 eV) and LDH (3.2
eV), highlighting the role played by interfacial electron transfer
in optimizing Ni active sites. This facilitated NiOOH formation
and confirmed the superior OER performance of the
heterostructure.

In situations where true in situ characterization is hindered
by instrumental limitations, such as the requirement for high
vacuum conditions, quasi-operando analysis can be employed.
This approach involves sequential ex situ characterization
using techniques like Raman spectroscopy, FTIR, XPS, and
XAS after subjecting samples to a defined electrochemical
environment, thereby approximating in situ conditions. A
quasi-operando analysis on CoNi-BDC@LDH electrocatalyst
synthesised by Liu et al. via a one-pot hydrothermal method
provided detailed insights into the structural and chemical
transformations that occurred during the OER.'”® This struc-
ture featured numerous CoNi-LDH nanoplates vertically
aligned on cuboidal MOF cores, creating abundant bimetallic
Co-Ni interfacial active sites (Fig. 16(a)). To simulate in situ
conditions, the catalyst was subjected to different applied
potentials: 1.23 V, 1.33 V, 1.43 V, 1.53 V, and 1.63 V vs. RHE in
1 M KOH for 15 minutes, followed by ex situ characterizations.

Raman spectra revealed a transformation from Ni(OH), to
y-NiOOH at higher potentials >1.53 V. There were peaks at
~479 and 557 cm™, indicating the formation of y-NiOOH, a
known active phase that plays a crucial role in facilitating the
OER process by promoting Ni** to Ni*" oxidation
(Fig. 16(b))."’® ATR-FTIR spectra showed a growing band at
1090 cm ™" with increasing potential, indicating O-O bond for-
mation and the presence of peroxo-like species bridging Ni
and Co, evidence for a dual-metal-site mechanism (DMSM)
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Fig. 16 (a) Schematic illustration of the synthesis process for the hier-
archical CoNi-BDC@LDH core—shell structure; (b) ex situ Raman spectra
of CoNi-BDC@LDH under various applied potentials, showing the emer-
gence of additional peaks (~479 cm™ and 557 cm™) at higher overpo-
tentials; (c) enlarged ATR-FTIR spectra highlighting O—O bond formation
at 1090 cm™ under different potentials; (d) variation in Co and Ni
valence states and oxygen vacancy concentrations, as determined by
XPS, after electrochemical treatment at different potentials, adapted
from ref. 175 with permission from Elsevier,"”> copyright 2023.
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that enhanced the OER kinetics via cooperative metal inter-
actions (Fig. 16(c)). Additional FTIR peaks around 3590, 1560,
and 617 cm™" confirmed increasing surface hydroxyl adsorp-
tion and transformation during OER. XPS revealed dynamic
redox shifts: the Ni**/Ni*" ratio initially decreased (1.23-1.43
V), then rose again (1.63 V), while Co**/Co®" showed an inverse
trend, indicating Ni-Co redox cooperation (Fig. 16(d)). The
oxygen vacancy trend paralleled Ni** changes, suggesting
vacancies form near Ni and are vital for activity. Together,
these results support a lattice oxygen-mediated mechanism
(LOM) involving the formation of a Ni-O-O-M intermediate at
the LDH-BDC interface. Ni primarily drove oxygen activation
and desorption, while Co facilitated Ni oxidation. This inter-
play, along with the formation of y-NiOOH and CoOOH during
operation, enhanced OER performance of CoNi-BDC@LDH.
They have achieved a superior OER activity via a synergistic
dual-metal-site and lattice oxygen-mediated mechanism invol-
ving dynamic Ni/Co redox interactions and active intermediate
formation.

Zhang et al. presented a simple, template-free strategy to
fabricate composition-tunable MOF-derived LDHs for water
oxidation applications.'®® They reported the synthesis of hier-
archical trimetallic LDH nanosheets via in situ transformation
through alkaline treatment (Fig. 17(a)). Upon the dropwise
addition of 1 M KOH, the copper foil surface gradually
changed from light yellow to dark yellow, and the MOF-to-LDH
transformation was completed within 30 minutes. The opti-
mized FeCoy.5Nio.5-LDH catalyst retained the octahedral mor-
phology of the MOF precursor while forming ultrathin mono-
layer nanosheets of ~1 nm, significantly enhancing surface
area and charge transport. The catalyst demonstrated excellent
activity in alkaline media, requiring only 248 mV overpotential
to achieve 10 mA cm™> and exhibiting a Tafel slope of 38 mV
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Fig. 17 (a) Schematic depiction of the in situ transformation process of
oxalate-based MOFs into LDHs; (b) IR-compensated LSV curves com-
paring the catalytic performance of FeNi-LDH (black), FeCog.25Nip.75-
LDH (green), FeCoq.5Nig.5-LDH (red), FeCogp.75Nig.25-LDH (blue), FeCo,-
LDH (brilliant blue), and bare copper foil (purple); (c) corresponding
Tafel plots to evaluate the reaction kinetics of the catalysts; (d) chron-
oamperometric stability curve for FeCog.sNig.s-LDH, showing current
response over time, adapted from ref. 168 with permission from
Elseiver,'®® copyright 2020.
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dec™ (Fig. 17(b) & (c)). In situ Raman analyses revealed NiOOH
as the main active species and a beneficial electronic modu-
lation effect from Co incorporation. Despite a modest electro-
chemical surface area, the catalyst showed high intrinsic
activity and stability over 50 hours at both moderate and high
current densities (Fig. 17(d)).

A study by Dai et al. reported a novel confinement-synthesis
strategy to fabricate NiFe layered double hydroxide nanodots
(LDH-NDs) anchored onto a 3D porous carbon network
derived from ZIF-67 (Fig. 18(a))."””” This LDH-NDs@C-MOF
catalyst showed superior OER performance with a low overpo-
tential ~230 mV@10 mA cm ™, outperforming both traditional
LDH nanosheets and commercial RuO, (Fig. 18(b) and (c)).
The in situ XAS studies were critical in identifying the active
sites and understanding the charge transfer processes in the
LDH-NDs@C-MOF catalyst during the OER. The in situ Ni
K-edge XANES spectra showed a clear shift in the white line
from 8350.5 eV to 8351.0 eV when a potential of 1.45 V was
applied, indicating oxidation of Ni** to higher valence states
under working conditions (Fig. 18(d)). This shift was not
observed in the LDH nanosheets (LDH-NSs), suggesting
enhanced redox activity in the nanodots. Moreover, the
EXAFS-FT analysis under the same conditions revealed a pro-
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Fig. 18 (a) Schematic representation of the synthesis procedure for the
Ni—Fe-based MOF-derived catalyst, comprising LDH nanodots anchored
on a MOF-derived carbon network (LDH-NDs@C-MOF); (b) polarization
curves of LDH-NDs@C-MOF, LDH-NSs, C-MOF, and commercial RuO,
in O,-saturated 1 M KOH at a scan rate of 5 mV s™%; (c) durability com-
parison between LDH-NDs@C-MOF and RuO, at a rotation speed of
1000 rpm in O,-saturated 1 M KOH; (d) in situ Ni K-edge XANES spectra
comparison, with the inset showing the shift in the Ni K-edge white line
of LDH-NSs before and after applying a potential of 1.45 V; (e) EXAFS-FT
collected on the as-prepared LDH-NDs@C-MOF under the OCV and
1.45 V adapted from ref. 177 with permission from Springer Nature,*’”
copyright, 2021.
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nounced distortion and peak splitting in the Ni-Ni coordi-
nation shell for LDH-NDs@C-MOF, further supporting the
presence of more edge defects and dynamic structural changes
during catalysis (Fig. 18(e)). For Fe, no significant shift in the
Fe K-edge XANES was observed due to the stability of Fe**, but
the EXAFS Debye-Waller factor increased under applied poten-
tial, indicating structural disorder. These in situ findings, com-
bined with ex situ XAS and DFT, confirmed that a partial
charge transfer occurred from Fe®* to Ni** via bridging oxygen,
optimizing the binding energy of OER intermediates and
enhancing catalytic activity. This work not only identified
active edge sites in LDH-NDs but also presented a general
route for designing high-performance electrocatalysts via nano
confinement and carbon support engineering.

The theoretical insights from DFT calculations provided a
crucial understanding of the OER activity observed in the
LDH-NDs@C-MOF catalyst. Since metals randomly disperse in
LDH, they have constructed two representative structures
models, A and B, with ratios of Fe*": Ni** being 1:2 and 1:3,
respectively.'”! Bader charge analysis of these models revealed
a critical partial charge transfer from Fe*" to Ni** through a
bridging oxygen atom. This electronic redistribution resulted
in a decreased average charge on Fe and an increased charge
on Ni, which optimally tuned the electronic structure for
adsorbing OER intermediates.

Further analysis of the reaction mechanism identified two
potential pathways, with the most favorable route occurring
synergistically on oxygen-bridged Ni-Fe edge sites. The brid-
ging oxygen atom at these active sites was found to carry a less
negative charge than other oxygen atoms in the structure, facil-
itating the crucial step of OH™ adsorption and O-O bond for-
mation. The free energy diagrams depicted that all elementary
OER steps became thermodynamically downhill at an applied
potential of 0.624 V. To quantitatively compare activity, the
difference in adsorption energies of the *OH and *OOH inter-
mediates was used as a descriptor in a volcano plot. Strikingly,
the edge-defect models of the LDH-NDs occupied the peak of
this volcano, exhibiting the lowest theoretical overpotentials
(as low as 0.222 V), which were superior to both vacancy-free
models and even commercial RuO,. These comprehensive DFT
results robustly supported the experimental evidence by con-
firming that the high density of edge sites in the nanodots
governs the enhanced catalytic performance through optimized
electronic structure and intermediate binding energetics.

Deng et al. used various operando techniques to identify the
true active sites and their dynamic behaviour during the OER
in a Co-Cr oxyhydroxide catalyst (Cr-CoOOH) derived from
ZIF-8 MOF.'® The incorporation of high-valence Cr atoms into
active species showed a 12-fold OER enhancement over pure
CoOOH (Fig. 19(a)).

Operando EIS provided direct spectroscopic evidence of
OOH* on the Cr site by tracking reaction kinetics and inter-
mediate formation during the OER (Fig. 19(b)). Nyquist plots
above 1.4 V resulted in two resistive, low-frequency semi-circle
components for deprotonation resistance and a high-fre-
quency semi-circle for OER charge-transfer resistance (R). Cr-
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Fig. 19 (a) OER polarization curves of various catalysts loaded on a
glassy carbon electrode without iR correction (i = current, R = resis-
tance); (b) operando EIS spectra of the Cr—CoOOH catalyst recorded
under different applied potentials during the OER process; (c) schematic
of multistep deprotonation and OER under working conditions; (d)
ATR-IR spectra of Cr—CoOOH collected at various potentials in the
range of 1400-1000 cm™; (e) operando ATR-IR spectra of CoOOOH in
the range of 4000-1000 cm™2, capturing OER intermediates during the
reaction; (f) fitted average valence states of Cr derived from XANES ana-
lysis; (g) proposed reaction mechanism illustrating the dynamic behavior
of Co and Cr sites during the OER process, adapted from ref. 169 with
permission from Elsevier,*®° copyright 2021.

CoOOH showed significantly lower R than CoOOH, which is a
clear indication of the enhanced kinetics and easier intermedi-
ate adsorption. The EIS results demonstrated that Cr incorpor-
ation enhanced both surface deprotonation and charge trans-
fer during OER, confirming its catalytic advantage (Fig. 19(c)).

Operando ATR-IR spectroscopy was conducted to detect
surface-bound OOH* on the OER intermediate (Cr-CoOOH). A
distinct blue shift of the OOH* band from 1186 cm™" (CoOOH)
to 1220 cm™" (Cr-CoOOH) indicated OOH* adsorption on Cr
sites. The shift with increasing potential suggested potential-
dependent Cr-OOH* interaction. These results provided direct
spectroscopic evidence that Cr sites, and not Co, bind OOH*
intermediates, identifying them as the active OER sites
(Fig. 19(d) & (e)). Thus, incorporation of high-valence metals
like Cr into oxyhydroxide matrices offers a promising route to
boost OER performance.

Operando XAS was employed to monitor real-time changes
in the oxidation states and local coordination environments of
Co and Cr in a Cr-doped CoOOH catalyst during the OER.
There was a dynamic oxidation from Cr’>”* to Cr*”* during the
OER, indicating its active role. Also, the Cr-O bond shortening
under applied potentials, suggested the formation of OER
intermediates on Cr sites (Fig. 19(f)). Based on the observed
changes in oxidation states and coordination environments of
the metal centers, a reaction mechanism was proposed to
explain the dynamic behavior of Co and Cr sites during the
OER process (Fig. 19(g)).

DFT analysis revealed that at 1.6 V vs. RHE, the basal planes
of both Cr-CoOOH and CoOOH readily deprotonated, a
process reflected experimentally by the observed increase in
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Co and Cr oxidation states. Edge sites, however, remain proto-
nated under these conditions, requiring potentials above 2.09
V. Using the deprotonated basal-plane structures, mechanistic
calculations showed that the OER proceeds most efficiently on
edge-confined Cr atoms, which lower the limiting potential to
1.72 V, substantially below that of edge-Co in Cr-CoOOH
(2.14 V) or pure CoOOH (2.09 V). In-plane Cr sites were inac-
tive, demanding an unrealistically high potential of 2.54
V. The enhanced activity of edge-Cr originates from its higher
density of 3d states, which optimizes O* binding relative to
OH* and OOH*, equalizing intermediate energetics and mini-
mizing the potential barrier. These findings pinpoint edge-Cr
as the dominant active site, reconciling theoretical predictions
with operando spectroscopic observations.

In conclusion, these studies demonstrate that edge-enrich-
ment, interfacial engineering, and heteroatom doping can
accelerate Ni(u)/Ni(m) and Co(u)/Co(ui) conversions, optimize
adsorption energetics, and enhance overall OER activity.
However, critical gaps remain where most mechanistic insights
are restricted to ZIF- and NiFe-based systems, the nature of
early intermediates and ligand decomposition during MOF-to-
LDH conversion is poorly understood, and many in situ tech-
niques are limited by environmental constraints, forcing
reliance on quasi-operando analyses that may not capture tran-
sient states.

9. Stability of MOF-derived LDH
during OER: experimental validation
and theoretical insights

The stability of MOF-derived LDH electrocatalysts during the
oxygen evolution reaction represents a defining criterion for
their practical deployment in alkaline water electrolysis, as the
harsh oxidative potentials and strongly basic conditions
impose substantial structural and chemical stresses on the
catalyst. Unlike conventionally synthesized LDHs, MOF-derived
LDHs possess atomically dispersed metal centers, hierarchical
mesoporosity, and defect-rich nanosheet architectures that not
only accelerate catalytic kinetics but also endow the material
with improved resilience against dissolution and structural
fatigue."”®'”® The stability of MOF-derived LDH electrocata-
lysts during the oxygen evolution reaction is governed by the
active species actually formed under anodic bias, how those
species are chemically stabilized, and how the reconstructed
domains are mechanically and electronically supported by the
remaining MOF-derived matrix or engineered heterointer-
faces."®® Most MOF/MOF-derived LDHs do not act as the final
active phase but instead undergo controlled electrochemical
reconstruction into high-valent oxyhydroxides or mixed-metal
LDH domains whose composition, defect density and local
coordination environment determine both activity and
durability.**”*'®! For instance, MOFs such as ZIF-67,'%>7'%
NBU-4,** MOF-74,'"% and Ni-MOF'®® readily transform into
corresponding oxyhydroxides under anodic polarization.
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Nonetheless, operando studies show that these high-valent
M(m)/M(v) centers and adjacent oxy/hydroxy ligands appear
rapidly during activation and, when hosted in ultrathin,
defect-rich LDH nanosheets derived from MOF precursors, can
remain the dominant surface species during prolonged OER
provided that metal leaching and organic decomposition are
minimized."®’

The chemical stability of the active species is therefore
determined by factors including (a) composition (e.g., metal-
metal ratio), which controls the ability to stabilize high-valent
states (NiFe-LDHs stabilize Ni(u/iv) and improve OER
kinetics),"®®'%° (b) defect and coordination structure (edge
sites and under-coordinated metal centers are most active but
also most vulnerable to dissolution),***°! and (c) the presence
of residual conductive carbon/graphitic shells from partial
MOF carbonization, which buffer volume changes and main-
tain electronic percolation, factors repeatedly correlated with
improved long-term potential stability in chronopotentiometry
tests.”>'?

Crucially, the MOF precursor acts as a molecular template
that controls metal ratio, spatial dispersion and porosity so the
in situ formed LDH has abundant under-coordinated edge
sites (the true catalytic centers) along with residual carbon-
aceous frameworks or conductive residues.'®®> The most impor-
tant part of the MOF is the ligand framework that plays a
pivotal role in modulating both the morphology and the
electrocatalytic performance of the resulting LDH electrocata-
lyst. This is evident from the work of Hu et al., where the 2,5-
dihydroxyterephthalate (DHTP) ligand released from MOF-74
during its dissociation chemically modified NiFe LDH."** This
ligand promoted the formation of Ni(m) and resisted ClI~ cor-
rosion. Thus, LDH-MOF74@NF outperformed almost all pre-
viously reported NiFe LDH@NF electrocatalysts, exhibiting
excellent OER performance and high durability in KOH and
KOH/NaCl solutions. Similar reports have been reported in
MOF-derived hydroxides/oxyhydroxides where the nature of
the linker significantly influences not only the stability and
integrity of the MOF but also governs the transformation
pathway and kinetics during electrochemical activation.'®>'%®
Parameters such as ligand basicity (pK,), steric effects, n-n
stacking interactions, and impact on porosity and hydrophili-
city collectively determine how and when the metal-ligand
coordination bonds break, allowing hydroxide ions to replace
the linkers and form catalytically active metal hydroxides.

Furthermore, it has been reported that the synergistic effect
of two metal centers in LDH can enhance both the activity and
stability of the LDH electrocatalyst. In the work of Lang et al.,
DFT calculations revealed pseudo re-oxidized metal-stable Ni**
near oxygen vacancies (Oyac), which suppressed the 3d-e, of
the Ni-site and elevated the d-band center towards the compe-
titively low electron-transfer barrier during the OER.'” A
similar observation has also been reported for bimetallic MOF
precursors reconstructing into LDHs whose durability under
accelerated durability tests and long chronopotentiometry has
been benchmarked with operando studies to show retention of
high-valent oxyhydroxide signatures even after extensive
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cycling, evidence that a controlled reconstruction pathway
yields a robust active phase rather than a fragile transient
one'76,1987200

Furthermore, when the LDH is intimately interfaced with
conductive carbon (LDH/carbon),>°’%* oxides (LDH/
oxides),?**?% sulfides (LDH/sulfides)**® or a metallic scaffold
(LDH/metal),"’%*” a heterojunction is formed which is a
powerful route to stability. This heterointerface electronically
stabilizes high-valent centers via interfacial charge redistribu-
tion and mechanically confines reconstructed domains to
prevent aggregation, delamination and rapid metal loss.'>2%%20%
For example, the Co-LDH@ZIF-67 core-shell heterojunction
structure reported by Yang et al. exhibited good stability over
50 h of constant current density of 30 mA cm™2.>'° Similarly,
MOF-derived  CoSe,@NiFeOOH  heterostructures  show
enhanced OER durability for 100 h CPE at 1.54 (V vs. RHE)
owing to the synergistic effect of the inner layer CoSe, and
NiFeOOH outer layer."®” Similarly, the work of Wang regarding
the (Co,Ni)Se,@NiFe layered double hydroxide (LDH) nanoc-
age derived from ZIF-67 exhibited good stability over 17 h of
continuous chronopotentiometry at 10 mA cm™> owing to the
synergistic effect between iron and nickel/cobalt in optimizing
the adsorption/desorption nature of the oxygenated species
and the partial delocalization of spin status at the interface (x
electron transfer occurred via the bridging 0*>7).>"

Additionally, MOF/LDH heterojunctions are also reported
to enhance performance and stability through generation of
defects, optimizing the energy barrier of the OER process, and
decrease the adsorption energy of oxygen-containing inter-
mediates.”® In this context controlled and partial hydrolysis of
NiFe MOF led to formation of a NiFe MOF/LDH (NiOOH
served as active site) heterojunction with interfacial charge
transfer showing minimal potential drift over 50 h at 100 mA
em™?, validated through experimental as well as theoretical cal-
culations.'”® However, excessive hydrolysis, whether by pro-
longed duration or higher temperature, drives complete con-
version of the MOF into LDH, which eliminates the hetero-
junction and disrupts the internal charge-transfer pathway,
ultimately diminishing OER activity. In contrast, a finely tuned
partial transformation preserves the MOF/LDH interface,
enabling synergistic electronic coupling that delivers superior
catalytic performance.’®® A similar observation was also
reported by Zhai et al. where the semi-transformed hierarchi-
cal Fe-Ni LDH/MOF-b2 exhibited better performance than the
fully transformed Fe-Ni LDH/MOF-b3.>"?

Moreover, the stability of MOF-derived LDHs is greatly
enhanced by fabricating self-supported electrodes grown
directly on conductive substrates such as nickel foam or
carbon cloth, further enhancing operational durability by pre-
venting catalyst detachment under vigorous O, bubble evol-
ution.®® Chen et al. reported NiS@NiFe-LDH heterostructured
nanosheet arrays on nickel foam (NF) which facilitated electro-
lyte diffusion and efficient release of bubbles, ensuring rapid
electron transfer and robust electrochemical stability.*"?
Similarly, Hu et al. reported NF-supported NiFe LDH electro-
des directly derived from NF-supported-bimetallic MOF-74
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(NiFe) known as LDH-MOF74@NF, exhibiting excellent OER
performance and high durability in KOH and KOH/NaCl
solutions.™*

Apart from these, thermodynamic stability also plays a
crucial role in the performance and durability of heterojunc-
tion-type catalysts derived from MOFs transforming into LDHs
for the OER.**”®?1° From a thermodynamic standpoint, stabi-
lity is achieved when the active phase and heterointerfaces lie
within the lowest-free-energy regions of the potential-pH
phase diagram under OER conditions. Experimentally, hetero-
junctions with better lattice matching and stronger interfacial
cohesion show much lower rates of overpotential increase and
far less metal dissolution, key indicators of improved thermo-
dynamic stability.”’* Unlike short-term activity metrics,
thermodynamic stability describes whether the phases and
interfaces present in the catalyst are the lowest-free-energy
states under the electrochemical conditions of interest (poten-
tial, pH, temperature) and therefore whether they will persist
or spontaneously transform, dissolve, or reconstruct during
operation. It is well established that in strongly oxidizing
aqueous media, metal oxides constitute the most thermo-
dynamically favored state for the vast majority of metals.>*>*'®
Accordingly, a wide range of metallic compounds tend to
undergo spontaneous conversion toward oxide or oxyhydroxide
phases (during anodic polarization) under such conditions.”***'®
For MOF-derived systems, which commonly pass through
ligand-leaching, dissolution-reprecipitation, and oxyhydroxide
formation pathways,”®° the relevant stability questions are
twofold: (i) which bulk phases (precursor, intermediate, final
LDH/oxyhydroxide) are thermodynamically favored at OER
potentials, and (ii) whether the heterointerface (LDH/support,
LDH/oxide, remaining MOF fragments) is energetically coher-
ent or prone to segregation or delamination.

The dissolution-redeposition equilibrium can also be delib-
erately tuned by introducing metal ions into the electrolyte.
Under the right combination of substrate, potential, and ion
concentration, a stable dynamic balance between metal dis-
solution and redeposition can be established, leading to mark-
edly improved long-term durability. For example, trace
amounts of Fe ions (~0.1 ppm) added to alkaline media
enable transition-metal (oxy)hydroxides such as NiOOH,
CoOOH, and NiCuOOH to develop dynamically stabilized Fe
active sites.”’” These sites form through continuous Fe dis-
solution and redeposition and significantly enhance the cata-
lyst’s stability compared with Fe-free electrolytes. In this
process, [Fe(OH) ]~ is believed to serve as the adsorbing
species during anodic redeposition, with the Fe-host adsorp-
tion energy governing the overall equilibrium.?*® Similarly,
incorporating foreign ions can meaningfully reshape the OER
pathway in MOF-derived LDH systems.>'® During electro-
chemical reconstruction, external cations, from either the elec-
trolyte or the MOF precursor, can integrate into the developing
LDH framework, altering its electronic structure, active-site
environment, and interaction with key OER intermediates
(OH*, O*, OOH*), substantially boosting both catalytic activity
and operational stability. In this context, Abdelwahab reported
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a Sn-doped NiFe LDH integrated with ZIF-67, termed NiFe-
LDH-Sn/ZIF-67.”* Sn doping facilitated the electron transfer
process by reducing the equivalent series resistance (ESR)
from 325 Q to 161 Q, while ZIF-67 improved charge redistribu-
tion and catalytic stability by 91.8% after 24 h. Overall, tuning
electrolyte metal ions offers a promising strategy to control
OER pathways, enhance activity, and achieve durable, dynami-
cally stable catalysis.

Apart from these, Kim et al. reported ZIF-67-derived FeCo-
LDH. They employed different iron salts including
FeSO,-7H,0, FeCl,-4H,0 and Fe(NO3);-9H,0, which had a sig-
nificant impact on the morphology and charge transfer pro-
perties of the resulting materials. Among them FeCo-LDH syn-
thesized from iron sulfate solution (FeCo-LDH-SO,) exhibited a
hybrid structure of nanosheets and nanowires, exhibiting a
long-term stability of 40 h for the OER.**°

From a computational perspective, rigorous evaluation of
thermodynamic stability combines ab initio (DFT) formation
energies with electrochemical grand-canonical corrections
(computational Pourbaix analysis) and, where feasible, expli-
cit-solvent/constant-potential methods,'63210:221,222
Theoretical Pourbaix diagrams provide a powerful lens for
understanding catalyst evolution. By charting surface stability
as a function of pH and potential, they illuminate when metal-
based catalysts are prone to reconstruct or dissolve during the
OER, thereby revealing the thermodynamic pathways that
govern their transformation.?*®> On the other hand, formation
energies and vacancy formation energies (metal and oxygen)
computed by DFT provide the baseline energetic ordering of
crystalline phases and the cost of generating defects that often
control activity. However, these vacuum energies must be
adjusted for aqueous electrochemical environments by
accounting for the chemical potentials of solvated ions and
electrons (i.e., potential and pH) to construct Pourbaix dia-
grams that predict the stability windows for solids versus dis-
solved ionic species. Constant-potential DFT, implicit/explicit
solvent models, and AIMD snapshots are increasingly rec-
ommended because they capture electric double-layer and sol-
vation stabilization effects that alter relative stabilities under
bias.'®*?**227 guch combined computational workflows ident-
ify: (a) the dissolution potentials for cations (a direct predictor
of leaching), (b) the thermodynamic driving force for phase
transformation of LDH to amorphous oxyhydroxides or higher-
valent species that may be more active but mechanically
weaker or transient, (c) the energy of interfacial formation/
adhesion that dictates robustness of heterojunctions and (d)
lattice-oxygen participation (LOM) in which removal of lattice
oxygen (thermodynamically favored under some compositions/
defect densities) increases activity yet can progressively desta-
bilize the lattice."®® These pathways often compete with each
other. For example, vacancy formation can simultaneously
enhance *OOH binding (improving activity) and lower the
energy required for lattice-oxygen loss (reducing stability).
Quantifying these competing thermodynamic tendencies is
therefore central to the rational design of active and stable
MOF-derived electrocatalysts.
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Nonetheless, few theoretical calculations are available in lit-
erature with respect to MOF-derived LDHs for OER. Yang et al.
reported DFT calculations combined with interfacial engineer-
ing of a Co-LDH®@ZIF-67 heterojunction that enhanced the
strength of the Co-O,,; bond in Co-LDH, which made it easier
to break the H-O,, bond and resulted in a lower free energy
change of the potential determining step in the OER and con-
currently enhanced the structural stability under alkaline oper-
ation.>'® In another case, DFT combined with Monte Carlo
simulation of a CoFe-LDH@Ti;C,T, heterojunction revealed
guided growth energetics that reduced metal cation leaching
and stabilized the conductor-LDH interface under high
current densities, thereby improving both activity and thermo-
dynamic resilience.*?®

Several recent studies illustrate how combined DFT/
Pourbaix and operando experiments clarify stability-activity
tradeoffs in MOF-derived LDH systems. Liquid-cell TEM visual-
izations of ZIF-derived transformations show etching and con-
current LDH nanosheet growth processes whose rates and
completeness depend on solution composition and thus on
the thermodynamic driving forces for MOF dissolution vs.
LDH formation."®”®'** Operando studies on LDH and hetero-
structures reveal potential-driven oxidation and bond-length
changes consistent with DFT-predicted energetics for active-
phase emergence, while controlled heterointerface design
(improved lattice match, stronger adhesion energies) reduces
measured metal leaching and slows overpotential increase
during prolonged OER tests.>'* These examples underscore
that thermodynamic resilience is frequently achieved not by
avoiding reconstruction, but by steering reconstruction toward
stable, active, and electronically coupled phases via compo-
sition and interface engineering."®

Best practice for demonstrating stability therefore couples
thermodynamic predictions validated with operando probes
and electrolyte analysis. Operando X-ray absorption spec-
troscopy (XANES/EXAFS) and ambient-pressure XPS reveal
potential-dependent oxidation state shifts and local coordi-
nation changes that indicate phase conversion (for example,
Ni** — Ni**/Ni*" accompanying y-NiOOH formation), while
in situ Raman/SHINERS and ATR-FTIR detect surface species
and intermediates (e.g., OOH*), corroborating DFT adsorption
energetics. ICP-MS of the electrolyte quantitatively confirms
cation leaching predicted from Pourbaix analysis, and LCTEM
(liquid-cell TEM) can directly visualize MOF to LDH morpho-
logical evolution (etching, hollowing, nanosheet formation)
under chemically driven conditions. Together, these operando
and post-mortem methods link theoretical thermodynamic
windows to real-time transformations and degradation
mOdeS.187’229

In summary, a thermodynamically robust MOF-derived
LDH OER catalyst is one whose active phase and heterointer-
face lie within stable regions of the potential-pH phase
diagram for the intended operating window, whose defect
chemistry is tuned to balance activity with lattice integrity, and
whose interfacial energetics ensure persistent electronic coup-
ling under bias. Achieving this requires a coupled workflow of
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DFT/Pourbaix modeling (including solvent and potential
effects where possible), predictive interfacial energetics, and
operando validation (XAS, AP-XPS, Raman) alongside quantitat-
ive leaching tests (ICP-MS) and long-duration electrochemical
stress tests. Incorporating such thermodynamic assessments
into studies of MOF-derived LDHs not only explains observed
degradation mechanisms but also provides actionable routes
to design catalysts that combine high OER activity with the
long-term durability required for practical devices.'®°

10. Conclusions and perspectives

In summary, LDHs hold emerging prospects for designing and
developing low-cost and high-performance electrocatalysts
towards sustainable energy solutions. Owing to their excellent
intrinsic structural and electronic properties, specifically their
plentiful active sites, tunable chemical properties, and robust
lattice structure, LDHs are today recommended as emerging
functional materials. Future work integrating advanced oper-
ando methods like synchrotron XAS, cryo-TEM, and time-
resolved vibrational spectroscopy with multiscale simulations
will be essential to resolve active-site dynamics with higher
precision, generalize the transformation mechanism across
diverse MOF families, and enable rational catalyst design for
scalable energy applications. Beyond OER, expanding the
scope of MOF-to-LDH transformations to other electrocatalytic
reactions such as the HER, CO, reduction, and nitrogen fix-
ation will provide broader insights into structure-activity
relationships. Additionally, coupling operando studies with
machine learning-guided data analysis could accelerate the
discovery of descriptors for active sites, while scalable syn-
thesis strategies and integration into industrially relevant elec-
trode architectures will be critical for translating these scienti-
fic advances into practical energy technologies.

To guide the future advancement of MOF-derived LDH
materials for EWS, this article concludes with several perspec-
tives as discussed below:

10.1. The rational design of the MOF precursor

The breakthrough in the advanced synthetic design of MOFs
highlights the importance of a strong foundational under-
standing of MOF chemistry in driving meaningful progress
and innovation in the field. For these materials to bridge the
gap between laboratory research and industrial deployment,
emphasis must also be placed on developing low-cost, scalable
MOFs. To date, most efforts have centered around transition
metal-based MOFs, particularly those containing Ni, Co, and
Fe, for in situ conversion into LDHs aimed at water splitting.
However, broadening the material palette to include more
affordable and redox-active metal ions such as Mn, Cu, V, Cr,
Mo, and W offers exciting opportunities. Such expansion in
design strategy may pave the way for the next generation of
efficient, robust, and scalable materials for clean energy
technologies.
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10.2. The in situ MOF-to-LDH transformation process

Various in situ synthetic strategies have been developed for
transforming MOFs into LDHs. However, there remain press-
ing challenges, such as maintaining phase purity, achieving
precise cation ratios, and controlling the release of metal ions,
that are commonly encountered during LDH synthesis.
Addressing these issues calls for rational and controllable
structural design strategies that can minimize agglomeration
during the in situ transformation process. Importantly, fine-
tuning the structural and electronic properties of MOFs under
actual reaction conditions may enable the formation of stoi-
chiometrically precise and structurally well-defined LDH. The
strategic selection of metal ions and organic linkers, combined
with the power of advanced computational tools and machine
learning, could pave the way for predictive design and efficient
synthesis routes, ultimately leading to more reliable and high-
performing MOF-derived LDH electrocatalysts.

10.3. In-depth characterizations and mechanistic
understanding of the derivation of LDH electrocatalysts

The molecular and atomic-level mechanisms underlying the
transformation of MOFs into LDHs remain largely elusive.
Despite growing interest, a clear understanding of the dynamic
structural and chemical evolution during this process is still
lacking. Advanced in situ and operando characterization tech-
niques, such as XAS, XPS, Raman spectroscopy, and TEM, are
essential to capture real-time changes and unravel the trans-
formation pathway. Moreover, limited knowledge of the reac-
tion kinetics, diffusion behaviour, and thermodynamic driving
forces continues to hinder the development of high-perform-
ance MOF-derived LDH electrocatalysts. During the MOF-to-
LDH transformation and subsequent OER operation, the
applied anodic potential can induce not only LDH formation
and oxygen evolution but also the redeposition of dissolved
metal species. Though often overlooked, this phenomenon
can markedly influence the catalytic pathway. It underscores
that dissolution-redeposition dynamics are strongly governed
by the catalyst’s intrinsic composition and structural features.

To overcome these challenges, systematic investigations
and computational modelling are necessary to enhance trans-
formation efficiency and gain precise insights into atomic
arrangements, lattice dynamics, interlayer spacing, defect for-
mation, and the roles played by individual components.
Leveraging both theoretical and experimental approaches,
including machine learning and spectroscopic tools, will
enable the rational design of next-generation electrocatalysts
with optimized performance and stability.

10.4. Performance/stability of MOF-derived LDH
electrocatalysts

Despite notable advancements, MOF-derived LDH electrocata-
lysts still face several critical challenges. A key limitation lies in
their narrow functional scope. Most studies to date have pri-
marily focused on their application in the OER, with limited
exploration of truly bifunctional systems capable of efficiently
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catalyzing both the HER and OER within the same electrolyte
environment. One promising approach for addressing these
shortcomings involves the construction of well-integrated
MOF-LDH heterostructures or hybrid composites anchored
onto conductive substrates such as carbon cloth or nickel
foam. These architectures not only improve electron transport
pathways but also enhance mechanical stability during pro-
longed electrochemical operation for overall bifunctional
activity. Furthermore, the deliberate incorporation of dopants
and the engineering of defects, such as oxygen vacancies or
heteroatom substitution, can significantly modulate the elec-
tronic structure of LDH layers. Such modifications enable the
fine-tuning of adsorption energies and facilitate faster reaction
kinetics for key electrochemical processes, including the OER
and HER.

Dissolution and redeposition processes play a major role in
determining the long-term stability of OER catalysts, driven by
harsh acidic/alkaline conditions, oxidative environments, and
even processes such as surface reconstruction or lattice-oxygen
involvement. Because dissolution behavior varies with catalyst
facets, substrates, and applied potentials, its mechanisms
remain complex and not fully understood. Moreover, dissolved
species in the electrolyte can influence catalytic activity or
undergo redeposition, a phenomenon that has received rela-
tively little attention despite its significant impact on long-
term stability. Future research should focus on the roles played
by ion effects and redeposition during electrochemical
operation.

Furthermore, recent studies have shown that catalysts such
as mixed Ni-Fe hydroxides behave very differently under cyclic
voltammetry (CV) and chronoamperometry (CA), highlighting
the sensitivity of catalyst structure to applied potential. While
CV cycling can simulate start-up and shutdown conditions in
practical electrolyzers, it does not fully capture the complex
redox-driven structural changes that occur under steady OER
operation. Therefore, meaningful stability evaluation should
rely on long-duration chronoamperometry or chronopotentio-
metry tests, typically hundreds of hours, supported by
measurements of dissolved metal species.

Looking forward, future research must focus not only on
boosting intrinsic catalytic activity but also on ensuring long-
term operational durability under industrially relevant
conditions.

10.5. Regeneration and recyclability of MOF-derived LDHs

Although MOF-derived LDHs often exhibit good initial stabi-
lity, little is known about their reactivation or recyclability after
performance decay. We rarely encountered an article directing
research towards understanding the degradation mechanisms
of and developing regeneration strategies for MOF-derived
LDHs. The future scope lies in identifying the dominant degra-
dation mechanisms through post-mortem and operando ana-
lyses, and in developing regeneration protocols that restore or
enhance activity, such as thermal treatment, chemical reactiva-
tion, or electrochemical cycling. Establishing a clear under-
standing of recyclability will not only improve the sustainabil-
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ity of MOF-derived LDHs but also provide critical insights for
designing more robust catalysts capable of long-term, indust-
rially relevant operation.

10.6. Role played by electrolytes in electrocatalytic WS using
MOF-derived LDHs

The influence of electrolyte composition such as pH, ionic
species, and additives on catalyst stability and activity is often
overlooked. Tailoring electrolyte environments to stabilize
active phases and optimize ion transport could be as impor-
tant as catalyst design itself. Future directions should focus on
integrated catalyst-electrolyte optimization, combining oper-
ando characterization and computational modeling to map
how different electrolyte environments influence active site
stability, reaction pathways, and ion transport kinetics. Such
insights will be essential for moving MOF-derived LDHs from
proof-of-concept demonstrations to practically viable water-
splitting systems, where electrolyte engineering and catalyst
design evolve hand-in-hand.

10.7. Hybrid structures with 2D materials

The integration of LDHs with 2D supports like MXenes, gra-
phene, and GQDs has shown promising improvements in con-
ductivity, dispersion, and stability. A key research gap lies in
the absence of systematic comparative studies that evaluate
different 2D platforms under identical conditions. Without
such benchmarks, it remains difficult to establish clear design
principles governing optimal hybrid architectures. Expanding
the material palette to include less-explored 2D systems, such
as black phosphorus, transition metal dichalcogenides
(TMDs), boron nitride, or layered double chalcogenides, could
open new opportunities to modulate electronic interactions,
tailor surface chemistry, and improve structural robustness.

10.8. Limited research data in the field of MOF-derived LDH
using in situ/operando characterization

More extensive research into integrating various in situ /oper-
ando characterization techniques to establish mechanistic
insights is needed. A major bottleneck in the development of
MOF-derived LDHs lies in the limited availability of real-time
mechanistic data. Future research should prioritize the inte-
gration of complementary in situ and operando techniques
such as XAS, Raman, XPS, and electrochemical impedance
with advanced imaging approaches like LCTEM. When com-
bined, these methods could provide unprecedented resolution
in tracking electronic structure changes, ion diffusion, and
lattice rearrangements during water splitting. Beyond conven-
tional spectroscopy, coupling operando LCTEM with spectro-
scopic mapping will allow simultaneous monitoring of nano-
scale morphology and electronic configuration in real time.
Such multimodal approaches can reveal transient intermediate
phases, surface reconstruction events, and defect dynamics
that are otherwise overlooked.
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10.9. Development in theoretical calculations

Theoretical investigations of MOF-to-LDH transformation and
their subsequent application in the OER, despite recent pro-
gress, still face several fundamental challenges. The transform-
ation from MOFs to LDHs involves complex structural collapse,
ligand detachment, metal migration, and dissolution-repreci-
pitation events that are difficult to capture using conventional
static DFT. Existing models often rely on idealized MOF struc-
tures that overlook real-world disorder, defect generation, and
amorphization occurring during electrochemical activation.
Furthermore, accurately simulating the roles played by solvent,
hydroxide ions, local pH gradients, and electrolyte compo-
sition remains a major limitation, as traditional implicit
solvent models fail to reflect the dynamic, highly hydrated
environment in which LDH nucleation occurs. Another key
challenge is the absence of constant-potential simulations,
which limits the ability of current theoretical methods to cor-
rectly describe potential-dependent energetics, electric double-
layer effects, and surface charging during the OER. Short-lived
metastable intermediates observed experimentally through
operando Raman or XAS are equally difficult to stabilize com-
putationally, making it challenging to construct reliable
mechanistic pathways. In addition, LDHs derived from MOFs
often possess high defect densities, edge-exposed sites, and
partially amorphous regions, features that are difficult to
model using periodic slab calculations. Reactive dynamics
methods such as AIMD**® and ReaxFF**! can, in principle,
track transformation pathways, but their high computational
cost restricts simulation length and system size, especially for
large MOF frameworks. A further challenge lies in capturing
competing thermodynamic tendencies; the same defect that
enhances OER kinetics may also accelerate lattice oxygen loss
or structural weakening, complicating the prediction of dura-
bility for MOF-derived electrocatalysts.

Looking ahead, several strategies can significantly
strengthen theoretical studies in this domain. The adoption of
constant-potential DFT and grand-canonical approaches, often
via computational Pourbaix analysis, will enable more realistic
modeling of electrochemical bias and surface charge evolution
during MOF degradation and LDH formation. These Pourbaix
diagrams, constructed by adjusting DFT-calculated vacuum
energies for the chemical potentials of solvated ions, electrons,
pH, and applied potential, provide a powerful framework for
identifying stability windows, predicting dissolution potentials
of metal cations, and determining when MOF-derived LDHs
are prone to reconstruct or convert into amorphous oxyhydrox-
ides under OER conditions. Grand-canonical DFT, explicit/
implicit solvation models, constant-potential methods, and
AIMD snapshots are increasingly recommended because they
better account for electric double-layer structure, solvation
stabilization, and potential-dependent restructuring. The inte-
gration of AIMD with machine-learning potentially promises
to overcome computational limitations, allowing for simu-
lations of large, defect-rich MOF structures over longer time-
scales. Improved reactive force fields tailored for mixed-metal
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MOF and LDH systems will enhance the accuracy of transform-
ation pathway predictions. Moreover, hybrid explicit-implicit
solvation models can more accurately simulate ion transport,
local pH effects, and solvation dynamics at electrified inter-
faces. Multiscale modeling frameworks that combine DFT,
reactive dynamics, mesoscale models, and the kinetic Monte
Carlo method can offer a unified picture of MOF disassembly,
LDH nucleation, and OER catalytic cycling. Future work inte-
grating DFT with in situ/operando experiments, such as
Raman, LCTEM, and XAS, can validate theoretical predictions,
identify true active sites, and uncover transformation signa-
tures. Advanced free-energy methodologies can further map
the thermodynamic and kinetic stability of intermediates
involved in framework collapse and OER turnover. Ultimately,
the development of real-time computational studies of MOF-
derived LDHs, incorporating defects, mixed-metal compo-
sitions, and operando environmental factors, holds immense
potential for guiding the rational design of next-generation
OER electrocatalysts.

10.10. Potential cross-disciplinary approaches

Emerging tools such as Al-driven synthesis planning and
machine-learning-assisted operando data interpretation remain
underutilized in this field. Their integration could accelerate
the rational discovery of new materials and uncover hidden
correlations between structure, activity, and stability.
Furthermore, incorporating machine-learning-driven data ana-
Iytics can accelerate the interpretation of large, complex oper-
ando datasets, enabling predictive insights into structure—
activity-stability relationships. Establishing such mechanistic
clarity will be pivotal for the rational design of robust MOF-
derived LDH electrocatalysts tailored for long-term, industrially
relevant operation.

10.11. Testing electrocatalysts under industry-like conditions

Establishing standardized benchmarking metrics, along with
testing under industrially relevant conditions, is critical for
evaluating the true practical potential of MOF-derived LDH
electrocatalysts. Inconsistent experimental protocols including
differences in iR correction, mass loading, and electrolyte com-
position make it difficult to compare results across studies.
Testing under realistic operational conditions, including high
current densities, long-duration electrolysis, and exposure to
practical electrolytes, e.g., alkaline, neutral, or seawater, will
provide meaningful insights into catalyst robustness, scalabil-
ity, and commercial viability. Integrating these approaches
shall ensure that reported performance reflects practical appli-
cability and accelerates the design of MOF-derived LDH cata-
lysts suitable for real-world water-splitting devices.

In summary, thermodynamic analysis and DFT insights
together yield several practical design principles for creating
stable and active MOF-derived LDH electrocatalysts. First, con-
structing mechanically and electronically robust heterointer-
faces, characterized by low interfacial formation energies,
favorable lattice matching, or conformal amorphous inter-
layers, helps prevent delamination and ensures efficient

Dalton Trans., 2026, 55, 1548-1583 | 1577


https://doi.org/10.1039/d5dt01557j

Published on 28 November 2025. Downloaded on 6/18/2026 1:50:37 AM.

Perspective

charge transfer during the OER. Second, while introducing
defects, vacancies, and edge sites can significantly lower reac-
tion barriers and enhance intrinsic activity, their concentration
must be carefully controlled, as excessive defect densities can
trigger irreversible lattice-oxygen loss and structural degra-
dation. Third, heteroatoms and residues inherited from MOF
precursors, such as phosphate or nitrogen groups, can act as
stabilizing ligands that increase the dissolution potential of
metal centers, thereby improving resistance to oxidative leach-
ing. Fourth, protective yet conductive ultrathin overlayers, such
as carbon coatings or doped phosphate shells, can suppress
metal dissolution while maintaining high electrical conduc-
tivity. Finally, strategic alloying or trace-metal doping (e.g., Fe,
Cr, Mn) helps redistribute redox load across the lattice, miti-
gating localized over-oxidation that would otherwise accelerate
catalyst breakdown. These design rules are most powerful
when guided by DFT-calculated formation and segregation
energies, vacancy formation costs, and Pourbaix-predicted dis-
solution thresholds, and subsequently validated through oper-
ando spectroscopy and electrolyte analysis. Collectively, such
an integrated computational-experimental approach provides a
rational pathway for advancing durable, high-performance
MOF-derived LDH catalysts for oxygen evolution.

We anticipate that MOF-derived LDHs may turn out to be
the next-generation low-cost advanced electrocatalysts for
water splitting and the sustainable green energy economy.
There is still plenty of room to achieve more novelty in MOF-
derived LDH electrocatalysts.
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