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ABSTRACT: Alkaline water electrolysis (AWE) is a promising
hydrogen production method but faces challenges with the sluggish
oxygen evolution reaction (OER), which requires high voltages.
Nickel-based layered hydroxides (LHs) are effective earth-
abundant OER catalysts, though Fe incorporation from electrolyte
impurities significantly enhances their performance. This study
systematically examines Fe impurity incorporation in Ni-based LH
phases: α-Ni-LH, β-Ni-LH, and NiAl- and NiFe-layered double
hydroxides (LDHs). Two incorporation methods were explored: a
standard electrolyte purification process and an electrochemical
activation approach. Electrochemical activation is more effective,
and expanded phases have more affinity to allocate Fe.
Incorporation experiments suggest a partial transformation of
NiAl into NiFe-like LDH, which exhibits a superior electrocatalytic performance. Spectroscopical techniques suggest that the Fe
incorporated in the NiAl LDH could be structural due to synergy with the concomitant leaching of Al in the electrolyte. For pristine
NiFe-LDH, these treatment strategies proved ineffective, suggesting that such approaches are unsuitable for optimized compositions.
Furthermore, the process is highly dependent on the Fe impurity concentration in the electrolyte. This work highlights the role of
the initial LH phase in determining structural Fe incorporation, providing insights for designing efficient electrodes in AWE. It also
emphasizes the need for strict control of the electrolyte to optimize catalyst performance.

■ INTRODUCTION
Alkaline water electrolysis is regarded as one of the most
sustainable methods for producing hydrogen.1−3 However, the
oxygen evolution reaction (OER), which stands as the
bottleneck for this technology due to its slow kinetics, thus
demanding high voltages. This process leads to a significant
loss in energy efficiency within water-splitting systems,
requiring the implementation of better catalysts to lower the
energy barriers.4−6 Over the past decade, considerable efforts
have been dedicated to developing outperforming electro-
catalysts derived from abundant resources, as opposed to
traditional benchmarks based on platinum group metals
(PGM), reducing costs and minimizing raw material supply
problems. Among the different non-precious-metal OER
catalysts reported in the literature, nickel-based materials
have risen as one of the most widely adopted.7−9

Layered hydroxides (LHs) have proven to be exceptional
electrocatalysts for the OER standing out about all the NiFe-
based layered hydroxides.9−11 Moreover, their chemical
versatility has facilitated the exploration of modified com-
pounds to enhance OER activity by tuning different
phases,12−14 morphologies,15 interlayer anions,16−19 or cationic
compositions.8,20 The observed catalytic improvement is the

result of increased surface areas, enhanced OH− adsorption
ability, and the intrinsic reactivity of the electroactive sites.
Besides their impressive electrochemical performance, these
materials are also cost-effective, and composed of non-
geolocalized abundant elements, which make them practical
for water electrolysis applications.21−25 Currently, the most
promising phases for OER electrocatalyst cannot be obtained
through conventional synthetic methods, and their scale-up
remains elusive, with few exceptions.26−29

When evaluating the electrochemical properties of the
catalyst in alkaline water electrolysis, the presence of iron
(Fe) impurities�originating from the electrolyte (NaOH and
KOH) or leached from system components such as pipes,
glassware, and reactors�has become a high-importance topic
due to the extrinsic catalytic performance enhancement
observed.30−34
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This boosting, also observed in different families of catalyst
for OER such as perovskites,35,36 gold-based electrodes,37−39

metal (hydr)oxides,30,40 and Ni-based metal X-ides,41−43

among others, can reach up to a 200-fold increase in the
electrochemical performance. The enhancement is highly
dependent on the catalyst used, its affinity for Fe, and the
electrochemical process involved. Indeed, the in situ
incorporation of Fe in typical Ni-based materials used as
electrocatalysts could lead to the formation of new and more
electroactive phases that could hinder real performance in
novel chemistries. As a result, efforts have emerged to purify
these electrolytes used for characterization employing materials
like Ni collectors and Ni hydroxides,44 besides the use of
electrochemical techniques for being applied in high-quality
electrochemical tests.45,46 The review by Li et al. summarizes
the effects of Fe incorporation in various materials, through
different approaches, in a systematic way, demonstrating that
the enhancement of the electrochemical properties can be
intended as well.34

Inspired by these reports and the techniques proposed, in
this work, we employ two previously reported methods for
electrolyte purification to explore the extent of Fe incorpo-
ration in three different Ni-based layered materials. Besides a
mechanical method,44 where Ni-based layered materials are
aged against nonpurified KOH, an in situ electrochemical
approach was also conducted, according to different works that
claim that the activation processes for some materials using a
nonpurified KOH leads to a Fe incorporation.45,46

The results demonstrate that the electrochemical approach
is the most effective technique for iron incorporation into Ni-
based hydroxides. Among the different phases studied for the
Ni-based layered phases, the expanded phases exhibit the
highest affinity for incorporating Fe at lower potentials.
Subsequent electrochemical characterization suggests that the
NiAl phase may incorporate Fe structurally within the layer
due to the dissolution of Al in the basic medium, resulting in
an improved electrochemical performance. Moreover, pristine
NiFe-LDH did not benefit from the studied incorporation
processes, suggesting that such approaches are unsuitable for
LH electrocatalysts with an optimized Fe content. These
incorporation methods are highly dependent on the quantity of
impurities present in the electrolyte, leading to variable results
when relying solely on impurities in commercial electrolytes.
Overall, this work provides a systematic study of the impact of
Fe incorporation in Ni-based layered materials on their
electrochemical performance in alkaline water electrolysis. It
paves the way for the straightforward preparation of NiFe-
based efficient electrocatalysts and emphasizes the importance
of controlling the concentration of relevant transition metal
cations in electrolytes.

■ EXPERIMENTAL SECTION
Chemicals. Aluminum chloride hexahydrate (AlCl3·6H2O),

(NiCl2·6H2O), urea, hexamethylenetetramine (HMT), glycidol
(Gly), acetylene black, and Nafion (117 solution) were purchased
from Sigma-Aldrich.
Potassium hydroxide (KOH) at 85% was purchased from Supelco,

Thermo Fisher, and Sigma-Aldrich, and at 99.98% from Thermo
Fisher. Ethanol absolute (EtOH) was purchased from Panreac. All
chemicals were used as received. Milli-Q water was obtained from
Millipore Milli-Q equipment. NiFe-LDH was purchased from
Matteco Team S.L.
LH Synthesis. Samples were obtained through specific synthetic

protocols for each phase, as described below. In all the cases, solids

were separated for the mother liquors by filtration, washed three times
with water, water:ethanol mixture, and finally with ethanol. Samples
were dried at room temperature and kept in desiccators for further
characterization.
Synthesis of α-LH. α-Ni LH was synthesized by employing the

Epoxide Route47,48 following the protocol reported by Arencibia et
al.49,50 Typically, precipitation is driven by the reaction taking place
between chloride and Gly at room temperature for 48 h, in an
aqueous solution containing initial concentrations fixed to [NiCl2·
6H2O] = 10 mM, [NaCl] = 80 mM, [Gly] = 400 mM.
Synthesis of β-LH. β-Ni LH sample was synthesized by

employing HMT as an alkalinization reagent following the protocol
reported by Liang et al.51 Typically, β-LH precipitation is driven by
the hydrolysis of HMT at ca. 97 °C for 5h, under an inert atmosphere,
in an aqueous solution containing initial concentrations fixed to
[NiCl2·6H2O] = 7.5 mM and [MHT] = 45 mM.
Synthesis of NiAl LDH. NiAl LDH was synthesized following a

hydrothermal route by employing urea as an alkalinization reagent
following the protocol reported by Liu et al.52 Typically, LDH
precipitation is driven by the hydrolysis of urea at ca. 97 °C for 48 h,
under inert an atmosphere, in an aqueous solution containing initial
concentrations fixed to [NiCl2·6H2O] = 10 mM, [AlCl3·6H2O] = 5
mM, [urea] = 70 mM. I
Fe Incorporation Approaches. Aging Incorporation. Based on

the work of Marquez et al.,44 in a 50 mL Falcon tube, 20 mg of a Ni-
based layered hydroxide was introduced. The hydroxide was subjected
to a thorough washing process with 4 mL of 1 M KOH solution
(purity of 85%). The mixture was vigorously agitated by using a
vortex mixer. Subsequently, an additional 20 mL of the same 1 M
KOH solution was added to the Falcon tube, followed by a 10 min
sonication period. The Falcon tube containing the hydroxide
suspension was once again vigorously shaken in a vortex, subjected
to centrifugation at 8000 rpm for 10 min, and then shaken again. The
resulting suspension was left aging for a duration of 48 h. After that
time, the solids were recuperated by filtration and dried in a
desiccator.

Electrochemical Incorporation. The electrodes, which were
prepared as delineated in the electrochemical characterization section,
were carefully positioned within a three-electrode cell configuration.
This setup featured a Ag/AgCl reference electrode, complemented by
a slightly larger Carbon Paper counter electrode. Subsequently, a total
of 2000 cyclic voltammetries were conducted within a voltage range
spanning from −0.2 to 0.55 V vs reference, employing a 1 or 6 M
KOH electrolyte (with an 85% purity level). Following this initial set
of experiments, the electrolyte was substituted with a meticulously
purified 99.9% 1 M KOH solution.
The first electrochemical incorporation experiments were per-

formed using a KOH 85% provided by Supelco, while the following
experiments were performed using a KOH 85% ultrapure, from
Thermo Fisher.

KOH Purification. To purify the electrolyte (KOH 1 M 99.98%
purity), Ni fibers (BEKIPOR 2Ni18−0.25, Bekaert, 99.9% purity)
were used as both working and counter electrodes for a prolonged
electrolysis process lasting 1 day at high current densities. This
approach was motivated by previous reports.45,46

Electrochemical Characterization. Electrode Preparation. Inks
for the Ni-based layered hydroxides were prepared using 3 mg/mL
solid and 5 μL/mL Nafion 5% in ethanol. The dispersion was stirred
overnight to obtain a well-dispersed suspension. In the case where it
was necessary, the dispersion was also sonicated. The ink was
deposited on Carbon Paper collectors with an area from 3 to 5 cm2 by
spray coating (using an airbrush from Harder Evolution), obtaining
an average mass loading of 0.60 mg/cm2.

Electrochemical Measurements. Electrochemical tests were
performed in a three-electrode cell equipped with a carbon paper
electrode acting as the working electrode with an electrode size of 1
cm2 and a platinum electrode as counter electrode of 2 cm2. As the
reference electrode, a silver−silver chloride (Ag/AgCl (3 M KCl))
was used.
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All potentials were converted by referring to the oxygen evolution
reaction overpotential. Gamry 1000E potentiostat/galvanostat was
controlled by Gamry. Linear sweep voltammetry (LSV) measure-
ments were carried out at 5 mV/s in a 1 M KOH aqueous solution.
Prior to this, 30 cyclic voltammetry measurements were performed at
50 mV/s to activate the material.

Chemical and Structural Characterization. Induced coupled
plasma mass spectroscopy (ICP-MS) was carried out by using an
Agilent Technologies. ICPMS7900. Samples after the electrochemical
characterization, in carbon paper, were pretreated in a digestion
microwave. All samples of KOH were measured using a solution of 1
M.
Powder X-ray powder diffraction (PXRD) patterns were obtained

employing a PANalytical Empyrean X-ray platform with a capillary
platform or a Bruker D8 ADVANCE A25 with surface platform and
copper radiation (Cu Kα = 1.54178 Å). Measurements were carried
out in triplicate in the 2-θ range 2−70° by employing a step size of
0.02 °/step with an integration time of 1 s.
Scanning electron microscopy with energy-dispersive X-ray spec-

troscopy (SEM-EDX) data was acquired using a SCSIOS 2 FIB-SEM,
with a beam energy of 10 keV. The samples on carbon paper were
directly investigated without any surface coating.
Transmission electron microscopy images were acquired using a

Hitachi HT 7800 TEM, with a beam energy of 100 keV. The samples
were deposited on Cu grids prior to the measurement.
Individual point Raman spectra were carried out using a Horiba

LabRAM HR evolution, employing a red laser (633 nm) in the 100−
1000 cm−1 range. For the acquisition of all Raman spectra, a 50×
Objective with a 600 mm−1 grating was employed. Measurements
were performed at least five times at 1.25 mM laser power, with an
acquisition time of 20 s.
X-ray photoelectron spectroscopy (XPS) measurements were

recorded on a Thermo Scientific K-Alpha X-ray Photoelectron
Spectrometer. Al Kα X-ray radiation was employed as an X-ray
source (1486.6 eV). For all the elements, more than 100 spectra were
recorded employing a step of 0.1 eV with a focused spot higher than

400 μm. XPS data were analyzed with Thermo Avantage v5.9912
software. Additional XPS measurements were performed using a
SPECS spectrometer equipped with a Phoibos 150 MCD-9 analyzer
using nonmonochromatic Mg Kα (1253.6 eV) X-ray source working
at 50 W. As reference for the peak positions in the XPS spectra, the C
1s peak has been set at 284.5 eV.

X-ray Absorption Spectroscopy. XANES and EXAFS spectra at
the Ni and Fe K-edges were recorded at the BL16-NOTOS beamline
of the ALBA Synchrotron. The measurements were performed at
room temperature in the fluorescence mode. The samples were
deposited onto carbon paper and measured before and after the
treatments.
A Si(111) double-crystal monochromator was used to obtain a

monochromatic incident beam over the sample. The intensity of the
incident X-rays was measured using an ionization chamber, and the
fluorescence signal was detected using a 13-element SDD detector.
XAS spectra were collected in fly-scan mode for both edges: from
7000 to 7500 eV for the Fe K-edge and from 8200 to 9300 eV for the
Ni K-edge, with energy steps of 0.3 eV in both cases. The incident
photon energy was calibrated using the first inflection point of the Fe
K-edge (7112 eV) and Ni K-edge (8333 eV) from reference foils of
metallic Fe and Ni, respectively. For each sample, three spectra were
taken with exposure times of 4 min each one to later be averaged.
XANES data treatment was performed by subtracting the pre-edge
background, followed by normalization by extrapolation of a quadratic
polynomial fitted at the post-edge region of the spectrum using
ATHENA AUTOBK background removal algorithm.53

The quantitative analysis of the EXAFS results was performed by
modeling and fitting the isolated EXAFS oscillations. The EXAFS
oscillations χ(k) were extracted from the experimental data with
standard procedures by using the Athena program. The k2 weighted
χ(k) data, to enhance the oscillations at higher k, were Fourier
transformed. The Fourier transformation was calculated using the
Sine filtering function. EXAFS modeling was carried out using the
LARCH software.54

Scheme 1. Proposed Methodologies for the Fe Incorporation in Ni-Based Layered Hydroxidesa

aAging and electrochemical incorporations were performed under KOH 85% 1 M.
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Theoretical scattering path amplitudes and phase shifts for all paths
used in the fits were calculated using the FEFF9 code.55 The k-range
was set from 2.5 to 12.0 Å−1. The passive reduction factor S02 was
restrained to 0.82 for Ni fitting. This value was obtained from the
fitting of a standard metallic Ni foil with the coordination numbers
constrained to those corresponding to its structure.

■ RESULTS
Two different approaches were employed to incorporate Fe
into Ni-based layered hydroxides (Scheme 1). The first
approach (Scheme 1A) is an adaptation of the purification
method proposed by Marquez et al.,44 where a nonpurified
KOH (1 M) is aged in contact with a nickel salt to form a Ni-
hydroxide. This Ni-hydroxide further incorporates Fe
impurities between its layers. In this adaptation, intentionally
synthesized Ni-based layered hydroxides were used instead of
nickel salts to study the incorporation of iron in these layered
materials. This approach is referred to as “aging incorporation”
throughout the text.
The second approach (Scheme 1B) involves electrochemical

incorporation based on material activation through cyclic
voltammetry applied in ranges below the OER over 2000
cycles. This will be denoted as “electrochemical incorporation”
henceforth. The as-synthesized samples and those obtained
after applying both Fe incorporation approaches were
subjected to electrochemical measurements, including cyclic
voltammetries (CVs) and linear sweep voltammetries (LSVs).
The aim of this work is to explore how these methods of Fe

incorporation interact with Ni-based layered hydroxides
without necessarily focusing on improved OER catalyst
performance. For this purpose, electrochemical incorporation
and subsequent electrochemical characterizations were per-
formed by using carbon paper as the supporting electrode.
This type of electrode allows the performance of post-mortem
characterization of the materials. Unlike typical Ni-based
electrodes used in OER, the absence of metal in carbon paper
eliminates interfering signals, allowing for more accurate
observations and interpretations, even though it may exhibit
slightly lower electrochemical performance.20

To perform these incorporation methods, a prior study of
the impurities present in five different commercial KOH
samples was conducted using inductively coupled plasma mass
spectrometry (ICP-MS) to select the one most suitable for our

purpose. The samples were prepared as 1 M solutions for
comparability. The KOH sample labeled KOH 1 (with 85%
purity) had the highest amount of Fe impurities and was
selected for the incorporation approaches (see Figure S1).
Fe incorporation tests were conducted on three different Ni-

based layered hydroxides (LHs), including the Brucite-like (β-
Ni LH), Al-containing hydrotalcite-like (NiAl LDH), and
turbostratic-like (α-Ni LH) phases (see Scheme 1, right side)
to validate their ability to allocate Fe ions. The choice of
aluminum in the hydrotalcite-like phase is due to its nonactive
nature, ensuring that the observed effects are primarily
attributed to the divalent metal, which allows for a more
straightforward comparison between the three phases. More-
over, in previous studies, it was observed that under similar
conditions to those proposed for the electrochemical
incorporation experiments (1 M KOH at room temperature),
the NiAl 2:1 sample remained stable during long-term
measurements (24 h).13

In the nonexpanded β-LH phase, metallic cations are
exclusively situated in octahedral environments MII(Oh),
resulting in basal space distances (dBS) below 5 Å.56,57 One
of the most relevant materials of the LH family are the layered
double hydroxides (LDHs), also known as anionic clays.58

LDHs consist of positively charged layers containing divalent
MII(Oh) and trivalent MIII(Oh) cations. Due to the excess of
charge, anions and solvent molecules are incorporated into the
interlayer space, expanding the dBS to values greater than 7 Å.
The electrostatic interaction between the anions and the layers
allows for the synthesis of various LDHs through anion
exchange reactions. This versatility results in numerous
intriguing materials with diverse applications, with a primary
focus on energy systems.59−61

Finally, the α-LH phases are expanded structures with
anions located in the interlayer space.62,63 The specific
crystallographic structure and anion-sheet interaction in α-
LH phases are highly dependent on the nature of the divalent
cations, which can adopt octahedral(Oh) or tetrahedral(Td)
environments.12 For example, Co-based LHs exhibit this
variability.64−66 However, Ni-based α-LHs feature a turbos-
tratic layered hexagonal structure, exclusively containing
NiII(Oh).

56,67 Notably, even in the absence of trivalent cations,
this layered compound exhibits anion exchange properties like

Figure 1. Electrochemical characterization in purified 1 M KOH of the as-synthesized samples prior to iron incorporation treatments: Cyclic
voltammetries for the samples α-Ni LH, β-Ni LH, and NiAl LDH in (A). Linear sweep voltammetry curves measured at 5 mV/s (B) and
overpotential values required for a current density (values at 10 mA/cm2 depicted in the inset in (B)).
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LDHs due to the presence of nickel vacancies along the
octahedral environment.68

In Figure S2, powder X-ray diffraction (PXRD) patterns are
presented, highlighting the differences among the three studied
phases. These phases are consistent with the corresponding
ICDD reference data reported in the literature (ICDD 38−
0715 for α-Ni LH, ICDD 14−0117 for β-Ni LH, and ICDD
15−0087 for NiAl LDH).69−75 However, in the case of α-Ni
LH, a noticeable shift of the low-angle reflections is observed
compared to the ICDD references, attributed to the specific
room-temperature synthetic conditions that promote a less
crystalline character. This is evidenced by the broad bands
corresponding to the main reflections at low 2θ values, but
remain in agreement with the α-Ni LH reported previously for
this synthetic approach.13,49

Prior to any iron incorporation, an electrochemical analysis
of the as-synthesized phases was performed, employing a
purified 1 M KOH solution as electrolyte (see the
Experimental Section for further details). An ICP-MS analysis
evaluating the amount of Fe and Ni before and after the
purification method for the electrolyte is presented in Figure
S3, exhibiting a decrease of Fe impurities in the electrolyte. In
Figure 1, a summary of the electrochemical characterizations of
as-synthesized Ni-LHs is presented, including the activation
process of each material by CVs and a comparison in the OER
performance by LSVs. Figure 1A illustrates the activation
process for the different materials, with the initial cycle
depicted in black and the final cycle represented in the
corresponding color (lighter colors showed the electrochemical
evolution during the activation process).
In all cases, a typical activation process of layered hydroxides

is observed: the first cycle exhibits low current density values,
while subsequent cycles display a gradual increase. This
behavior is attributed to the poor electrical conductivity of as-
synthesized LHs, which require redox-driven surface recon-
struction to reveal their intrinsic electrochemical activity.13,25,76

The α-Ni LH exhibited higher values of activation, followed by
the NiAl LDH, and lastly, the β-Ni LH, according to the
current density values achieved on each activation process
(please note the scale values of the y-axis in Figure 1A for the
β-Ni). In Figure 1B, the LSV curves show the good
performance of the α-Ni LH compared to the other two
phases when purified KOH is used. Although the lower
activation values were shown for the β-Ni LH, it performed
better than the NiAl LDH at higher potentials (Figure 1B), as
expected from previous works.13

The overpotential values obtained at 10 mA/cm2 for each
phase are 450 mV for the α-Ni LH, 486 mV for the β-Ni LH,
and 535 mV for the NiAl LDH (see the inset in Figure 1B). It
is important to note that, throughout this work, the OER
performance is reported relative to the geometric area of the
electrode, following common practice in the field. Alternative
approaches, such as ECSA determination or quantification of
active sites, are not straightforward and rely on assumptions.
This normalization ensures consistency across the different LH
phases studied and allows for meaningful comparison in the
subsequent Fe incorporation experiments. This issue is
currently a topic of significant discussion, as highlighted in
several recent studies and reviews.77−80

These findings emphasize the distinct electrochemical
behavior of these phases, particularly highlighting the favorable
performance of the α-Ni LH sample in this context.13 The
limited electrochemical performance of the NiAl LDH is

attributed to the deliberate selection of aluminum (Al) as a
nonactive cation within the LDH structure.
Once the incorporation processes were performed, ICP-MS

analysis was carried out to quantify the Ni and Fe content in all
samples and assess the effectiveness of the different approaches
by comparing the Ni:Fe ratios. The as-synthesized samples
exhibited high Ni:Fe ratios, approaching the detection limit of
the instrument, due to the absence of Fe in these samples
(Table 1). These values serve as a reference. Through the

aging approach, the incorporation of Fe is observed in all three
phases, resulting in a Ni:Fe ratio of approximately 900 in all
cases, which indicates a consistent incorporation of Fe,
regardless of the specific phase of the LH. For the
electrochemical incorporation process, a significant increase
in Fe incorporated was observed, leading to a decrease in the
Ni:Fe ratio. Among the samples, the expanded ones exhibit the
highest affinity to allocate iron, with the α-Ni LH showing the
lower ratios, followed by the NiAl LDH and the β-Ni LH. To
assess the effect of aging incorporation on Ni-based samples,
various characterizations were performed, as detailed in SI
Section 1. However, due to the significantly higher iron
incorporation achieved through the electrochemical method,
from now on, the discussion and analysis will primarily focus
on this approach.
The strategy for electrochemically incorporating Fe from

impurities in KOH involves an in situ approach, where cyclic
voltammetries were performed over a range of activation
potentials below typical Oxygen Evolution Reaction (OER)
values. These experiments were carried out for up to 2000
cycles also using impure KOH 1 M (85%), as illustrated in
Scheme 1B, on carbon paper electrodes (see the Experimental
Section for more details). During the activation process, it is
expected that the redox processes are involved, and the
diffusion of the electrolyte through the sample allows that
some of the impurities present in the KOH get attached to the
layered structure, incorporating Fe into the Ni-based LHs.
Figure 2 describes the CVs of the electrochemical incorpo-
ration approach for the three phases, where the successive
cycles move from green to red color.
Herein, the performance for the α-Ni LH initially improved

up to the 300th cycle. From this point, the material remained
stable up to the 1300th cycle when a decrease in the activity
started to appear. In contrast, the β-Ni LH phase exhibited a
constant enhancement in its performance along the activation
cycles up to the 800th cycle, when it seemed to remain stable
without significant changes. Notably, when looking at the last
cycles, both α-Ni and β-Ni LHs showed a similar electro-
chemical behavior, suggesting a potential transformation where
these two phases converge. As it happened in the aging
treatment, a phase transformation that could be explained by
the Bode diagram is observed, due to the displacement of the
peaks from 2-θ = 8 ° to ca. 20 ° of the α-Ni LH, resembling the

Table 1. Ni:Fe Ratios Calculated by ICP-MS for the
Incorporation Approaches

Ni:Fe ratio

no treatment aging electrochemical

α-Ni LH 17391 916 23.6
β-Ni LH 13780 934 57.5
NiAl LDH 12978 905 42.4
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crystallographic fingerprint of a β-Ni LH after the aging in
basic media.81

However, in this case, the transformation is forced by an
electrochemical process, suggesting that both the α- and β-
phases evolve into the Ni (oxy)hydroxide phase −NiOOH−
after the exposure to the cycles, as it was reported in previous
works.82 It is important to note that the Ni (oxy)hydroxide
phase can be reached by both α-Ni and β-Ni LHs. However,
the α-Ni LH reaches the NiOOH phase faster than the β-Ni
LH, which requires long-duration electrochemical processes.13

Conversely, in the case of NiAl LDH, a significant and
continuous increment in electrochemical activity is shown with
increasing the number of cycles up to the 1200th cycle. This
phase exhibits higher activity values compared to the as-
synthesized phase when activated in purified KOH. The
enhancement in electrochemical performance observed for this
phase during the electrochemical incorporation process can be
related to two main processes. The first one is related to the
dissolution of aluminum (leaching process) from the hydroxide
layer into the alkaline media due to the potential stress the
material is forced to, as was reported previously for different
aluminum phases in KOH electrolytes.16,83−85 The second one

deals with the incorporation of Fe in the vacancies left by the
Al that led to the formation of a highly OER active NiFe-like
phase (vide infra). This leaching of amphoteric metals such as
Zn or Al in LDHs is a well-studied approach for generating
vacancies within the layered structure, allowing for the
incorporation of additional cations or modification of the
electronic environments of the cations in the layer.16,86−89 This
process is typically applied to samples containing electroactive
cations, such as Co, Ni, or Fe, with a low percentage of Zn or
Al in the structure. To enhance Al leaching in these processes,
higher KOH concentrations and higher temperatures are
commonly used.
Once the electrochemical Fe incorporation approach was

completed, the treated electrodes (hydroxides over carbon
paper) were measured in purified KOH to observe and
compare their electrochemical properties, as was done before
for aged and pristine materials. In Figure 3, the activation CVs
and the comparison between the LSV are shown for the
electrochemically treated LHs. In the activation CVs for the
three phases (see Figure 3A), there are no significant changes
in the intensity values between the initial cycle (depicted in
black) and the subsequent cycles (color-coded according to

Figure 2. Voltamperograms for the electrochemical incorporation approach in a range of −0.2 to 0.55 V, in nonpurified 1 M KOH for samples α-Ni
LH, β-Ni LH, and NiAl LDH over 2000 cycles. Greenish cycles correspond to the first ones, while reddish ones belong to the last ones.

Figure 3. Electrochemical characterization in purified 1 M KOH of the samples treated by electrochemical incorporation: Cyclic voltammetries for
the samples α-Ni LH, β-Ni LH, and NiAl (A). Linear sweep voltammetry curves measured at 5 mV/s (B) and overpotential values required for a
current density of 10 mA/cm2 (inset in B).
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the sample). This is attributed to the fact that the material had
already been activated through the electrochemical Fe
incorporation method, and no further activation occurred
after the treatment applied to the different phases of Ni-based
LHs.
LSVs of activated electrodes after electrochemical incorpo-

ration in Figure 3B revealed a change in the electrochemical
performance trend shown for both the as-synthesized and aged
electrodes described previously. Here, the α-Ni LH presents
the highest values of OP@10 mA/cm2, followed by the β-Ni
LH, with the NiAl LDH having the lowest OP values. The OP
values at 10 mA/cm2 obtained are as follows (inset of Figure
3B): 435 mV for the α-phase, 415 mV for the β-phase, and 370
mV for the LDH phase. Typical OP values of on-purpose-
synthesized NiFe LDHs ranged between 250 and 350 mV at
10 mA/cm2.17,20,90−93 A comparison between the LSVs and
the values of OP@10 mA/cm2 obtained by the electrochemical
measurements in purified KOH for the nontreated and the
treated samples with 1 M nonpurified KOH is presented in
Figure S5A,B, respectively.

The electrochemical Fe incorporation was also conducted in
6 M KOH 85% (see Figure S6), and the results obtained after
the characterization in purified KOH (Figure S7A,B) exhibited
similar trends. The NiAl LDH displayed the most significant
enhancement in terms of OP@10 mA/cm2, followed by the α-
Ni LHs and finally the β-Ni, which presents a lower value but
still better than its pristine value. The slight deviations
observed may be attributed to the decomposition of the
electrode caused by the high concentration of KOH and the
prolonged duration of the process. A comparison of the LSVs
obtained for both electrochemical incorporations at 1 and 6 M
is shown in Figure S7C.
The improved performance of the NiAl LDH phase after the

electrochemical process can be ascribed to the framework Fe
incorporation in the structure of the LDH due to the leaching
of structural Al, establishing Fe-rich regions within the NiAl
LDH layers. It is worth highlighting that although the
electrochemically treated NiAl LDH phase that incorporates
iron has an interesting electrochemical performance, the values
are far from the typical ones shown by purposely synthesized

Figure 4. Voltamperograms for the electrochemical incorporation approach in a range of −0.2 to 0.55 V, in nonpurified 1 M KOH for NiFe LDH
over 2000 cycles. Greenish cycles correspond to the first ones, while reddish ones belong to the last ones (A). Electrochemical characterization in
purified 1 M KOH of the sample treated by electrochemical incorporation: Linear sweep voltammetry curves were measured at 5 mV/s (B).

Figure 5. SEM images of the Ni-based LHs supported on carbon paper, before and after treatment by electrochemical methods.

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.5c02786
Inorg. Chem. 2025, 64, 23360−23376

23366

https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5c02786/suppl_file/ic5c02786_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5c02786/suppl_file/ic5c02786_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5c02786/suppl_file/ic5c02786_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5c02786/suppl_file/ic5c02786_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c02786?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c02786?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c02786?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c02786?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c02786?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c02786?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c02786?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c02786?fig=fig5&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.5c02786?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


NiFe LDH (see Figure S9). Based on ICP-MS data (Table 1),
it is worth highlighting that the NiAl LDH after the
electrochemical treatment exhibits a ratio notably distant
from the typical ratios observed in NiFe LDHs, which typically
range between 2 and 4.

This electrochemical Fe incorporation method was also
tested on NiFe-LDHs using nonpurified KOH at 1 and 6 M
(See Figure 4A). For the sample incorporated in 1 M KOH, as
the number of cycles increases (from green to red), a slight
decrease in current intensity is observed, most notably in the
reduction peak, which exhibits a variation of approximately 1

Figure 6. TEM and SEM-EDX images of the Ni-based LHs recovered from the electrodes before and after the electrochemical treatment. SEM
images were taken at 3 kV.
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mA/cm2. When analyzing the activation CVs and LSV of the
sample, we first observe that the CV becomes activated. At 6
M, the behavior remains consistent; however, a small plateau
appears before the reduction peak during the activation cycles,
which becomes more pronounced as the cycles progress. After
electrochemical characterization in purified 1 M KOH, this
plateau disappeared, and both samples exhibit similar behavior.
In both cases, when measuring the LSV (Figure 4B), the

OP@10 mA/cm2 observed for both samples treated at 1 and 6
M decreases in comparison with the bare sample, being 390
and 430 mA/cm2. Mass loading control before and after the
electrochemical measurements confirms that there is no
significant change in the amount of material in the electrode
at the end of the experiments, highlighting the effectiveness on
the spray coating deposition method. The decrease in NiFe-
LDH performance may be attributed to inherent and well-
documented stability issues of these materials in alkaline media
during OER processes. These include iron dissolution and
reincorporation, which can lead to the formation of less
reactive metal oxide layers, as well as structural reconstruction
and chemical degradation.80,94−97 This demonstrates that these
Fe incorporation treatments, at least under the conditions used
in this work, are not an efficient strategy for improving the
electrochemical performance for pure NiFe LDH samples.
Scanning electron microscopy with energy-dispersive X-ray

spectroscopy (SEM-EDX) analysis was performed for the
electrodes deposited on carbon paper both before and after
electrochemical treatment in nonpurified 1 M KOH (see
Figures 5 and SI10−12). Regarding the morphology, no
appreciable change was observed between the samples
attached to the carbon paper. For the EDX analysis, in all
the cases, the pretreated samples displayed trace amounts of
Fe, ascribed to the initial number of metal signals observed in
the carbon paper without any electroactive material (Figure
S9). All the samples exhibit an increase in the Fe signals after
the electrochemical incorporation process, as can be observed
in Figures S10, S11, and S12, for the α-LHs, β-LHs, and LDH,
respectively. Table S1 summarizes the EDX results, showing
that the Fe content in the post-treatment samples is generally
between 0.5 and 0.7%.
To further investigate the morphology of the particles

without interference from the electrode, samples were
collected from the electrodes both before and after the
electrochemical process. This was achieved by scraping the
catalyst layer, which was then dispersed in ethanol to prepare
inks for transmission electron microscopy (TEM) analysis.
Additionally, the dispersion was deposited onto a silicon (Si)
substrate for SEM-EDX measurements. These analyses were
conducted to confirm that the observed particles correspond to
Ni-based LHs rather than to species originating from the
current collector or the Si substrate. The resulting images are
presented in Figure 6.
In the α-LH phase, increased particle agglomeration is

observed, and its morphology appears to be flatter compared
to the typical flower-like structure characteristic of this
phase.13,98 In the β-phase, a slight degradation of the edges
after the electrochemical incorporation is observed by the SEM
image; however, TEM analysis reveals that some particles
remain with the typical hexagonal morphology of these
samples, despite the electrochemical stress. For the NiAl
phase, the agglomeration of the particles is also observed,
comparing the sample before and after the treatment. Before
incorporation, small groups of particles are observed; although

aggregated, they are somewhat dispersed, while after
incorporation, it is observed how much larger, more compact
particles are formed. In the case of the NiFe LDHs (Figure
S13), there are no appreciable morphological changes despite a
better form at the edges of the sample after the electrochemical
treatment. Figure S14 shows the EDX spectra corresponding to
the elemental mapping presented in Figure 6. A strong
aluminum signal is observed in all spectra (also for samples
that do not contain Al), although the elemental maps do not
display a clear distribution of this element. This aluminum
signal is most likely an artifact, attributable to external factors
such as contributions from the sample holder or the sputter-
coating process, rather than to the intrinsic composition of the
samples.
ICP-MS analysis was done on the electrodes prior to and

after the electrochemical incorporation treatment, to deter-
mine the content of Ni, Fe, and Al of the samples, to gain
insights into the atomic composition, and to compare with the
previously explored EDX (Table 2). In all the samples (except

in the NiFe LDH), the Fe content increases as expected,
observing similar percentages to those obtained in EDX. For
the α-Ni LH, a noticeable increase in Aluminum content was
also observed. This may be due to adsorption from the glass
container used during the experiments; however, this large
increase of Al content was only in this sample. In the case of
NiAl LDH, an important decrease in the Al content is
observed, going from ca. 40% to lower than 18%, confirming
the leaching of the aluminum during the electrochemical
process.
In the case of NiFe LDHs, although electrochemical

performance issues were observed after Fe incorporation
treatment, the Ni and Fe contents remained stable. This
suggests, on one hand, that no additional iron was successfully
incorporated during the experiment�remarking that this
electrochemical incorporation method is not suitable for as-
synthesized NiFe LDHs, and, on the other hand, that
redissolution processes may be occurring in the system due
to prolonged cycling, where the material undergoes both
oxidative and reductive processes.
Once the morphology and the composition of the samples

were explored, post-mortem analysis using PXRD was
conducted on the phases after the electrochemical approach
to examine potential changes in their crystalline structures.
Figure S15 depicts the diffractograms of the samples deposited
on carbon, both before and after the treatment, with a focus on
the primary peaks below 2-θ = 25°. In the case of α-Ni LH, a
notable shift in the primary reflection is evident. In the as-
synthesized sample, the 003 reflection is positioned below 2-θ

Table 2. Ni, Fe, and Al Atomic Percentages Obtained by
ICP-MS for the Electrochemical Incorporation Approach
for the Ni-Based LHs

sample Ni (%) Fe (%) Al (%)

α-Ni LH Pre 99.16 0.08 0.76
α-Ni LH Post 92.42 0.59 7.00
β-Ni LH Pre 98.93 0.09 0.99
β-Ni LH Post 99.01 0.25 0.75
NiAl LDH Pre 57.01 0.26 42.73
NiAl LDH Post 81.26 1.21 17.52
NiFe LDH Pre 65.81 33.55 0.64
NiFe LDH Post 65.16 32.39 2.45
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= 10°. However, in the post-treatment sample, this peak shifts
to around 2-θ = 13°. This shift was observed in previous works,
highlighting the presence of the Ni-(oxy)hydroxide phase.13

For the β-Ni LH, the as-synthesized sample displays the typical
001 reflection close to 2-θ = 19°. However, after treatment, the
peak around 19° remains with less intensity, and a new peak
near 13° emerges. This confirms the transformation of β-Ni
LH into a Ni (oxy)hydroxide phase, resembling the behavior of
the treated α-Ni LH, as previously seen in the CVs, where both
α-Ni and β-Ni LHs end into the (oxy)hydroxide. Regarding
the NiAl LDH sample, the peak observed in the pristine
sample above 2-θ = 11° persists but appears less crystalline
after treatment. This reduction in crystallinity could be
attributed to the presence of new amorphous phases related
to the incorporation of iron in the material and also to the
leaching of Al from the LDH structure.
Raman spectroscopy is a powerful technique that allows the

detection of different vibrational modes in transition metals
due to the high sensitivity of the technique. In the case of α-Ni
and β-Ni LHs, it has been proven that after an electrochemical
treatment in purified KOH, the samples end up in the NiOOH
phase, due to the characteristic vibrations ca. 470 and 550
cm−1.99−104 The NiOOH can be either β-NiOOH or γ-
NiOOH, with the β-phase being a well-defined structure and
the γ-phase being a collection of different crystalline structures.
Typically, the phase obtained during the electrochemical
processes is γ-NiOOH due to the overcharge. Due to the lack
of certainty in the literature to differentiate them, the
oxyhydroxide phase formed in situ and observed by ex situ
experiments will be noted simply as NiOOH.
Figure 7 depicts the Raman spectra of the samples before

and after electrochemical incorporation and electrochemical
characterizations in the 100−1000 cm−1 range. In the case of
pristine α-Ni, a peak located ca. 455 cm−1 is observed, which
corresponds to the typical vibrations of the α-Ni−OH
lattice.104,105 After treatment and electrochemical character-
izations, peaks at 477 and 556 cm−1 appeared, corresponding
to the NiOOH phase. As well for β-Ni LHs, in the nontreated
sample bands at 313 and 448 cm−1 are observed, which are
related to the Eg β-NiOH and A1g β-NiOH vibrations.104,105

Once the incorporation and the electrochemical performance
were done, new bands at 478 and 557 cm−1, confirmed the
presence of the NiOOH phase.
The pristine NiAl LDH sample exhibits bands below 200

cm−1 characteristic of the hydrotalcite-like structure106 as well

as some bands in the range of 500 and 600 cm−1 related to M-
O vibrations. After the treatment and characterization, the
presence of NiOOH bands is observed at 480 and 558 cm−1.
This differs from the behavior of the long-term performance of
a NiAl in the purified electrolyte, which is nonreactive and
does not form any other electroactive phase.13 The presence of
the (oxy)hydroxide suggests the formation of a new phase due
to Fe incorporation. Along this front, a peak over 638 cm−1�
highlighted by an asterisk�is observed, related to the
vibrational modes of FeOOH,100 suggesting that the Fe was
incorporated in the layer. The changes under 200 cm−1

correspond to modifications in the Al−O vibrations resulting
from the leaching of this metal. In general, the presence of the
NiOOH phase is observed in all cases after the electrochemical
performance tests, and a shift in the position values of the
characteristic peaks is noted compared to those observed in the
literature (Figure S16). This can be related to the
incorporation of Fe on the materials: the variation in the
Raman shift of NiOOH vibrations toward higher values is
dependent on the amount of incorporated Fe.102,107

X-ray photoelectron spectroscopy (XPS) in Al Kα radiation
was performed on the electrodes prior to and after the
electrochemical treatment to gain further information about
the chemical environment of the cations studied, as presented
in Figure 8. NiII typically exhibits characteristic peaks ca. 855.8
eV (Ni 2p3/2) and 873.3 eV (Ni 2p1/2), along with their
respective satellite features close to 861.5 and 879.4 eV.108

This spectral behavior is followed in all samples prior to
treatment (see Figure 8A). After the electrochemical Fe
incorporation approach, the overall spectral features remain
consistent, indicating no major alterations in the Ni chemical
environment. However, a shift in the Ni 2p peaks is evident for
both the α-Ni and NiAl samples. In the case of α-Ni, the peaks
shift toward lower binding energy values (approximately −1
eV), while in the NiAl-LDH sample, a positive shift of around
+1 eV is observed. These shifts are likely attributable to
charging effects, as the measurements were conducted directly
on the carbon paper substrate used during the electrochemical
treatment. It is also important to note that although the shifts
in α-Ni and NiAl are the most apparent, all samples exhibit a
slight deviation from the nominal 855.8 eV position typically
associated with the Ni 2p3/2 main peak. On the other hand,
FeIII typically presents peaks at 711.8 and 723.6 eV,
corresponding to the Fe 2p3/2 and Fe 2p1/2 signals,
respectively.108

Figure 7. Raman spectra of the Ni-based LHs deposited in carbon paper, before and after the electrochemical incorporation approach; α-LH
(Left), β-LH (center), and NiAl-LDH (right). The asterisk highlights the presence of a band related to the vibrational modes of FeOOH.

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.5c02786
Inorg. Chem. 2025, 64, 23360−23376

23369

https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5c02786/suppl_file/ic5c02786_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c02786?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c02786?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c02786?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c02786?fig=fig7&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.5c02786?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


In the case of the Ni-based LH samples, the Fe signal is
poorly defined (Figure 8B), and no distinct peaks can be
identified. This is expected for the samples prior to the Fe
incorporation. However, in those subjected to electrochemical
Fe incorporation, a detectable Fe signal was expected. The
weak or absent Fe features in the post-treatment samples stand
in contrast to those observed in intentionally synthesized NiFe-
LDHs (see Figure S17). Since the Fe 2p peaks overlap with the
Ni LMM Auger�leading to possible interferences when the
Fe content is low, XPS using Mg Kα radiation was also
performed for the Ni-based LHs electrodes, as presented in
Figure S18. The resulting Fe 2p signals were weak and could
not be reliably deconvoluted, likely due to the high surface
sensitivity associated with this lower-energy radiation as well as
the presence of intense F 1s peaks near the Fe 2p region,
attributed to the Nafion binder used in the electrode
preparation (see Figure S19). These discrepancies observed
in both Kα radiations arise from the surface-sensitive nature of
the XPS technique, in combination with the low amount of Fe
incorporated into the material, observed by other quantifica-
tion techniques.
To further investigate the incorporation of Fe into these

materials, X-ray absorption (XAS) measurements were
performed in both the near-edge region (XANES) and the
extended region of the spectrum (EXAFS). Given the chemical

selectivity of this technique, it is possible to analyze the average
electronic and structural characteristics of the Ni atoms as well
as the incorporated Fe. Figure 9A presents the XANES spectra
measured at the Ni K-edge for the electrodes before
electrochemical incorporation (dashed lines) and those
recovered after the process (solid lines). It can be observed
that the treatment of the materials does not affect the position
of the absorption edge (vertical dashed line at 8342 eV),
indicating that the oxidation state of Ni remains at NiII.13 Since
this is an ex situ process, it is worth mentioning that the
electrodes were not exposed to electrochemical stimuli, making
the reversibility of Ni phases to NiII expected.
On the other hand, structural information regarding the

local environment of Ni atoms can be obtained from the
analysis of the EXAFS region of the absorption spectrum. The
Fourier transforms of the EXAFS oscillations are shown in
Figure 9B. In all cases, two main peaks are observed,
corresponding to the first two coordination shells of Ni. The
first peak, located at 1.5 Å (without phase correction),
corresponds to the nearest oxygen neighbors of Ni, which
remains identical between samples before and after EC
experiments. On the other hand, the second peak is associated
with the next-nearest neighbors of Ni. In the pristine α-Ni and
β-Ni samples, these next-nearest neighbors are exclusively Ni
atoms, whereas in the NiAl sample, they consist of both Ni and
Al atoms.
Notably, changes in the amplitude of this peak are observed

upon comparison of treated and untreated samples, which
could be linked to variations in the coordination number of
this second coordination shell. To quantify the effect of this
change, structural parameter refinements were performed. As
previously described, the fitting was based on a structural
model where the first coordination shell around Ni atoms
consists of oxygen atoms, while the second shell consists of Ni
atoms (for the α-Ni and β-Ni samples) or a mixture of Ni and
Al (for the NiAl sample). Figure S20 and Table S2 present the
refined structural parameters obtained from the fitting. As
expected, neither the coordination number nor the interatomic
distance in the first coordination shell undergoes significant
changes with Fe incorporation into any of the samples.
However, modifications in the coordination number of the
second-nearest Ni neighbors are observed. For the α-Ni and β-
Ni samples, a reduction in this parameter is observed upon Fe
incorporation, which could initially suggest that some Ni atoms
have been substituted by Fe. However, given that the amount
of Fe incorporated is around 1%, it is not appropriate to
conclude that this decrease is due to Ni substitution. A more
plausible explanation is the generation of Ni vacancies after the
samples are exposed to electrochemical treatment. For the
NiAl sample, an increase in the amplitude of the second
coordination shell contribution is observed. The fitting reveals
that this can be attributed to a decrease in the Ni−Al
coordination. This suggests that the treatment generated
aluminum vacancies, which could subsequently be occupied by
iron, although the incorporation is difficult to observe due to
its low concentration.
As mentioned earlier, given the low Fe incorporation levels,

it is challenging to detect changes by monitoring the Ni atoms.
Therefore, taking advantage of the chemical selectivity of this
technique, XAS measurements were also performed at the Fe
K-edge. However, due to the low signal intensity, it was only
possible to obtain XANES spectra, as the EXAFS region could
not be analyzed with sufficient quality. Figure 10 presents the

Figure 8. XPS of the Ni-based LHs deposited in carbon paper before
and after the electrochemical incorporation approach Ni 2p (A) and
Fe 2p (B).

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.5c02786
Inorg. Chem. 2025, 64, 23360−23376

23370

https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5c02786/suppl_file/ic5c02786_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5c02786/suppl_file/ic5c02786_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5c02786/suppl_file/ic5c02786_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5c02786/suppl_file/ic5c02786_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c02786?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c02786?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c02786?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c02786?fig=fig8&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.5c02786?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


XANES spectra measured at the Fe K-edge for the studied
samples along with those of carbon paper and commercial
NiFe-LDH as a reference.

Since EDX analysis revealed a slight Fe signal from the
carbon paper used as the support, its XANES spectrum was
also measured. As shown in Figure 10, the Fe signal from the
support is markedly different from that of the Fe observed in
the Ni samples after the electrochemical incorporation,
indicating that the iron detected in the LHs originates from
a different species than those present in the carbon paper and
is also present in approximately 10-fold higher concentration.

It is important to mention that the Fe signal from the carbon
paper is identical to that obtained for the three Ni samples
prior to electrochemical treatment, confirming that all the Fe
detected in these samples, at that stage, originates exclusively
from the support.
Additionally, a reference spectrum of a commercial NiFe-

LDH where Fe is intrinsically incorporated into the structure is
presented. The key spectral features of the studied samples
closely match those of the reference sample spectrum,
providing compelling evidence that the Fe is primarily
incorporated into the Ni LHs lattice via the substitution of
Ni and/or Al atoms. Based on these findings, it is suggested
that the electrochemical incorporation of Fe occurs using
commercial electrolytes with high impurity levels. However,
due to the small amount of Fe incorporated, it is challenging to
confirm the nature of Fe by analyzing its closer interactions. To
explore the effect of different commercial references, the
electrochemical incorporation was also evaluated using KOH
with lower iron impurities (see Figures S21 and S22). Unlike
previous results, there is no significant change in the CVs and
no improvement in the overpotential values. This underscores
the importance of the quantity of Fe impurities in enhancing
the electrochemical performance. Future work should be done
exploring electrolytes intentionally enriched with higher Fe
content.
A comparison between the incorporation processes using

KOH #1 (the KOH used for the electrochemical incorporation
experiments described until now) and KOH #2 (A KOH with
lower iron impurities) is shown in Figure S23, where the
differences between the processes are more clearly observed. It
is important to note that even using KOH #2 as electrolyte, the
results are still slightly better than those obtained through Fe
incorporation by aging using KOH #1, as shown in Figure S24.

Figure 9. XANES spectra (A) and EXAFS data (B) for the Ni-based LHs measured at the Ni K-edge, before (dashed line) and after (solid line)
electrochemical treatment.

Figure 10. XANES spectra for the Ni-based LHs samples, along with
those of carbon paper and NiFe reference samples, measured at the Fe
K-edge.
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This confirms that electrochemical approaches are more
efficient than aging methods for Fe incorporation, regardless
of the KOH employed.
In general, an improvement is observed due to the Fe

incorporation through electrochemical approaches, highlight-
ing that these impurities can enhance the electrochemical
behavior under studied conditions. However, the differences
by using electrolytes with different quantities of impurities
suggest that the improvement strongly depends on multiple
factors, including the reagent supplier, impurity level, material
deposition, and incorporation methods. This study emphasizes
the importance of analyzing the electrolyte in any electro-
chemical study and the importance of the impurities (chemical
nature and concentration).
Therefore, to conduct a systematic study and achieve the

goal of identifying new in situ phases through metal
incorporation by electrochemical methods, and properly
decipher how the incorporation occurs, it is crucial to control
the number of variables, optimize the electrochemical
incorporation parameters�such as electrochemical technique,
current, potential and time�and to use known cation
concentrations, in line with some recently published
works.109,110

■ CONCLUSION
This study investigates the impact of Fe impurity incorporation
on nickel-based layered hydroxides when used as electro-
catalysts for the OER in alkaline water electrolysis. For this,
two distinct Fe incorporation methods have been explored: a
standard KOH purification process and an electrochemical
activation approach. The results show that electrochemical
activation is more effective, with expanded LH phases
exhibiting a higher affinity for Fe, resulting in improved
electrochemical performance. Prolonged electrochemical acti-
vation under nonpurified KOH led to the transformation of
both β-Ni and α-Ni LHs into a Ni (oxy)hydroxide phase. The
α-Ni LH reached the Ni oxyhydroxide phase more easily, while
β-Ni required long-term cycles to transform. For both phases,
this transformation resulted in an improved electrochemical
performance. In the case of the NiAl phase, aluminum was lost
into the alkaline medium due to a leaching effect, leading to
vacancies that favored the Fe incorporation in the NiAl LDH,
suggested by both Ni and Fe (oxy)hydroxide peaks in Raman
spectroscopy. Moreover, synchrotron-based techniques con-
firm the presence of Fe in the layers, without affecting the
electronic environment of the nickel and suggesting possible
structure incorporation of Fe due to the similarity in the
XANES spectra of Fe in the Ni-based LHs and a commercial
NiFe LDH.
This in situ treatment created phases that enhance the

electrochemical performances of the bare NiAl-LDH. How-
ever, the obtained Ni:Fe ratios were smaller than those
characteristic for ex situ synthesized NiFe-LDHs, which results
in lower OER performance compared to these on-purpose-
synthesized materials, including commercial ones. Interest-
ingly, for pure NiFe-LDHs, these types of in situ treatments or
doping methods were found to be ineffective, indicating that
such strategies are not suitable for already optimized NiFe-
based catalysts.
Despite the improvements observed through electrochem-

ical iron incorporation, the reproducibility of this trans-
formation strongly depends on the amount of impurities in
the electrolyte used as the source of Fe ions. This makes the

process somewhat unpredictable when solely relying on
electrolyte impurities in realistic devices. This emphasizes the
importance of systematically studying electrolyte impurities
(whether they originate from KOH or materials used in
electrolyzers, such as pipes, gaskets, etc.) and underscores the
need for controlling Fe content when utilizing this
incorporation method.
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