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Abstract: Functional layered double hydroxide (LDH) usually contains different cationic substitutes
to increase the activity of the oxygen evolution reaction (OER). The intrinsic OER activity of LDH
materials is connected with the chemical composition and dispersion of metal cations substitutions in
the matrix phase. The potential induced phase transitions, in particular hydroxide-to-oxyhydroxide
transitions, are a predisposition for the high OER activity of LDH materials and can be followed
by coupling the electrochemical experiments with spectroscopic techniques. The understanding of
LDH catalysts under electrochemical conditions also allows an understanding of the behavior of OER
catalysts based on transition metals, metal-chalcogenides, -pnictides, -carbides, and metal–organic
frameworks. The surfaces of those materials are intrinsically poor OER catalysts. However, they act
as precursors to catalysts, which are oxidized into a metal (oxy)hydroxide. This review summarizes
the use of in situ techniques for the characterization of LDH-based OER electrocatalysts and presents
the influence of these techniques on the understanding of potential induced phase transitions,
identification of active sites, and reaction mechanisms.

Keywords: oxygen evolution reaction; layered double hydroxide; in-situ characterization

1. Introduction

To understand the mechanisms behind catalyst activity and stability, observing the cat-
alyst in the electrolyte environment and under the applied potential is necessary. The most
used electrochemical techniques in electrocatalysis research are cyclic voltammetry (CV),
chronopotentiometry (CP), chronoamperometry (CA), and electrochemical impedance
spectroscopy (EIS); all offer information on catalyst activity and changes in activity dur-
ing the lifetime as well as some information about phase transitions that are induced by
oxidation/reduction processes [1–3]. In situ catalyst characterization is described as the
application of spectroscopy techniques that are applied coupled to the electrochemical
experiments. In this way, electrochemical and spectroscopic signals are obtained simultane-
ously. This gives spectroscopic data for a given electrocatalyst under reaction conditions
relevant to catalytic operations. In situ characterization offers us a wider understanding of
oxidation/reduction processes, phase transitions, and activity trends induced by electrical
potential. Additional information about the correlation between structural details and
catalytic activity and selectivity can be obtained by operando catalyst characterization. This
combines the use of in situ spectroscopic measurements for the investigated catalysts with
true operational catalytic conditions [4].

The structure of electrocatalysts based on layered double hydroxide (LDH) is closely
related to the brucite structure—Mg(OH)2. The representative electrochemically active LDH
is Ni(OH)2. It has a layered structure where layers are formed from Ni(OH)6 octahedra,
containing Ni2+ in its center, which is coordinated by six hydroxide anions (Figure 1a).
Functional LDHs are commonly composed of different metal cations of different valences.
By cationic substitution of the divalent metal ion with the trivalent ion or ion of higher
oxidation state, the layers become positively charged. The general formula of the LDH
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structure is presented as (M2+
1–xM3+

x(OH)2)(Az−
x/z × mH2O), where M2+ and M3+ are

divalent and trivalent metal ions, respectively, and Az− is an anion. The trivalent metal
ions are also placed in the center of the octahedra, which is coordinated by six OH− groups.
This results in sheets that are positively charged. Consequently, the interlayer space is filled
with anions to compensate for the positive charge (Figure 1b).
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Figure 1. Presentation of layered LDH crystal structure. (a) Beta-nickel hydroxide visualized from
PDF4+ #00-014-0117. (b) Iron nickel hydroxide with intercalated carbonate visualized from PDF4+
#01-082-8040. Ni2+—green, Fe3+—yellow, O2−—red, H—white, intercalated carbonate layer—gray.

In electrochemical systems, the change in the valence of the metal ion is induced with
electrochemical potential, and electrocatalytic reactions commonly proceed by electron
transfer between the metal center and reactant. This induces structural changes in the LDH-
based electrocatalysts (Figure 2), which are commonly associated with catalyst activity and
stability [5,6]. A representative example is Ni(OH)2, which consists of a mixture of nickel
hydroxide sheets stacked into β-phase and anion-intercalated α-phase [7]. Oxidation of
the Ni2+ to Ni3+ causes the β-Ni(OH)2 to β-NiOOH [8]. At higher potentials, α-Ni(OH)2
is oxidized to the γ-NiOOH phase, and β-NiOOH is further oxidized to γ-NiOOH with
a maximum Ni average oxidation state +3.66 (Ni3+ is partially oxidized to Ni4+) [9,10].
Such full oxidation is a predisposition for OER to take place [11–15]. The transformations
between four phases are described by the Bode diagram (Figure 2) with α-Ni(OH)2 and
β-Ni(OH)2 in the reduced state and β-NiOOH and γ-NiOOH in the oxidized state [16,17].

The Ni(OH)2 oxidation/reduction sequence is of high importance as the phase tran-
sitions of other redox-active LDH materials are in general resembling Ni(OH)2. Further-
more, the OER catalysts based on transition metals, metal oxides with perovskite and
spinel structure, metal-chalcogenides (metal compounds with group 15 element), -pnictides
(metal compounds with group 16 element), -carbides (metal compounds with carbon), and
metal–organic frameworks commonly serve as precursors to metal (oxy)hydroxide [18–20].
The structure of α-, β-, γ-cobalt hydroxide is isostructural with α-, β-, γ-nickel hydroxide
phases, respectively [21–23]. These parent structures are to some extent, with a reduced
crystallinity and changed cell parameters, retained for the functional LDH materials that
usually contain cationic substitution [24]. The substitutions can be intentional or originate
from reagent impurities [12]. For example, the Co2+ substitution in β-Ni(OH)2 causes the
basal spacing to increase with increasing Co2+ content [25]. The substitution with ions in the
trivalent state causes the need to compensate for the charge. If the β-structure is retained,
charge compensation goes over proton removal and causes stacking faults [26]. In most cases,
the charge is compensated by anion incorporation, and mixed metal LDH resembles the
turbostratic α-Ni(OH)2 structure, with defects in the stacking of hydroxide layers [17,27–31].
However, higher concentrations of M3+ ions can cause structure amorphization and even
phase separation [32,33]. A similar oxidation cycle, with potential induced phase transitions,
is also characteristic of Co(OH)2, before the onset of the OER [34].
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Figure 2. Illustration of Bode diagram. The phase transition routes as a function of the oxida-
tion/reduction cycle. Adapted with permission from [5]. Copyright 2020 American Chemical Society.

The following sections will discuss the identification of phase transitions and reac-
tion intermediates in LDH-based electrocatalysts for oxygen evolution reaction (OER).
The application of in situ electrochemistry requires some adaptions of the experimental
setup to allow light penetration (Figure 3). The cells can be designed with a working
electrode prepared for transmission or reflection mode, with a counter and reference elec-
trode away from the beam path. The electrolyte layer is usually thin to minimize light
absorption, and the working electrode area is minimized to avoid inhomogeneous electric
field distribution [35].
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for UV-Vis spectroscopy. Reprinted with permission from [36]. Copyright 2015 American Chemical
Society. (b) Windowless cell for Raman spectroscopy. Reprinted from [37], Copyright 2020, with
permission from Elsevier. (c) Cell for IR spectroscopy with ATR prism at the working electrode.
Reprinted with permission from [38]. Copyright 1989 American Chemical Society. (d) Cell for
X-ray Adsorption Spectroscopy (EXAFS and XANES) with Si3N4 windows placed in He gas to
minimize X-ray adsorption. Reprinted from [39]. Copyright 2019, the authors. (e) Schematics of
a cell for Mössbauer spectroscopy and (f) image of a cell for Mössbauer spectroscopy. Reprinted with
permission from [40]. Copyright 2015 American Chemical Society.

2. In Situ UV-Vis

The change of the oxidation state or coordination environment in transition metal
ions changes their electronic properties. The changes in the electronic structure can be
followed by UV-Vis spectroscopy, which has been applied to Mn [41], Co [42], Fe [43] and
most widely to study Ni(OH)2, for which the difference in spectra for Ni2+ and Ni3+ is well
resolved in different coordination environments (Table 1).

Ni2+ adsorbs UV light, and the α-Ni(OH)2 has a peak at 305 nm, which shifts toward
290 nm during aging and the formation of β-Ni(OH)2 [44]. The charging of Ni2+ to Ni3+,
accompanied by the phase transition, leads to the coloration of the electrode with a broad
UV-vis absorption band centered at 450 nm [44,45]. This makes it widely applicable in
electrochromic devices [46,47] and offers an opportunity to study Ni2+/3+ redox behavior
during electrochemical experiments. The broad peak in the visible region, corresponding
to oxyhydroxide, can be resolved into three peaks. β-NiOOH adsorbs at 490–510 nm
and 590–620 nm, whereas γ-NiOOH adsorbs at 430 nm [44,45]. Note that the average
oxidation state in γ-NiOOH is 3.6 ± 0.1 due to the partial oxidation of Ni3+ to Ni4+ [45].
Further oxidation showed a red shift in adsorption toward 650 nm [48]. The reduction
of Ni3+ (and Ni4+) to Ni2+ causes a discoloration of the catalysts but is electrochemically
quasi-reversible [5,44,45].

Table 1. Position of absorption peaks for Ni-(oxy)hydroxide species.

Ni Valence Form Wavelength (nm) Reference

Ni2+ Ni2+(aq) 230–250 [49]
Ni2+ α-Ni(OH)2 305 [49]
Ni2+ β-Ni(OH)2 290 [49]
Ni3+ β-NiOOH 490–510 and 590–620 [44,45]

Ni3+/4+ γ-NiOOH 430 [44,45]
Ni4+ β/γ-NiOOH 600–650 [48]
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For the composite, bi-metallic hydroxides, where the second metal (e.g., Cd, Ce, Cr,
Co, Cu, Fe, La, Pb, Mg, Mn, Ag, Y) cation is introduced into Ni(OH)2, the absorption
properties qualitatively resemble the behavior of Ni-hydroxide and -oxyhydroxide [50].
Fe3+ is frequently added to Ni(OH)2 to increase its activity. While pure FeOOH during CV
experiments does not show any adsorption changes in the range of visible light [51,52], the
Ni oxidation/reduction behavior in NiFe-LDH materials can be studied uninterruptedly.
Francàs et al. [43] used UV-vis to study Fe incorporation from FeOOH to sequentially de-
posited NiOOH. At first, Fe- and Ni-phase share only boundaries and are ‘chemically pure’.
Upon the oxidation of this mixture, the spectra resemble the FeOOH spectra (Figure 4a),
indicating that Fe sites become charged and OER mainly takes place at Fe sites. This is in
agreement with the higher activity of FeOOH compared to NiOOH [53]. Once NiFeOOH
is formed by Fe intercalation, the UV-Vis spectrum upon oxidation resembles more the
NiOOH spectra at lower Fe concentrations (<5%) and Fe spectra at higher Fe concentra-
tions [43], whereas both Ni and Fe are oxidized at some middle Ni/Fe ratios. This is
following the activity of different Ni1−xFexOOH [12]. However, at higher potentials (1.5 V
vs. RHE), an increase in adsorption at 430 nm has been observed for NiFeOOH films
with a peak at 25% of Fe [54]. This increase was attributed to the oxidation of Ni2+ in
di-µ-hydroxo Ni2+-Fe3+. A similar observation has been found by Goldsmith et al. [55]
The adsorption becomes saturated before OER onset for pure Ni(OH)2, while it contin-
ues to increase during the voltammetry sweep into the OER region for Ni0.75Fe0.25OxHy
(Figure 4b). This indicates that full oxidation of Ni is not necessary for the OER to proceed
in NiFe-LDH catalysts. Görlin et al. [51] showed even more delayed adsorption, in the case
of the Ni0.45Fe0.55OxHy catalyst (note the higher Fe content), the coloration of the film only
starts at OER onset. This is in agreement with CVs, where Ni2+/3+ oxidation peaks cannot
be resolved from the OER current [56]. Loos et al. [52] demonstrated the anodic shift of
the Ni2+/3+ oxidation peak and shift of light adsorption to the OER region for a series of
Ni1−nFenOxHy for 0 < n < 1 (Figure 4c).
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Figure 4. (a) Normalized adsorption spectra of FeOOH (orange), NiFeOOH (green), and NiOOH
(gray) were obtained from the difference between the spectra at OCP before and after activation in
the OER region. Reprinted from [43]. Copyright 2019 the authors. The CV (full lines) and potential-
dependent extinction coefficient (dots) at 2.5 eV (496 nm) for (b) pure Ni-LDH and (c) Ni0.75Fe0.25-
LDH. Reprinted with permission from [51]. Copyright 2017 American Chemical Society.

In situ UV-vis spectroscopy was used to follow the reversibility of Ni redox sites
during the catalyst’s lifetime for operation at high current density [5]. The adsorption
during oxidation followed the position of the Ni2+/3+ oxidation peak (Figure 5—green)
and during the catalyst lifetime shifts to positive potential together with the oxidation
peak. The discoloration of the catalyst started at the Ni3+/2+ reduction peak onset and
is completed at the peak offset for the as-prepared catalyst. During the catalyst lifetime,
the position of the reduction peak offset did not change, but the adsorption decreases
widened to the cathodic direction. When the catalyst was in a postmortem state, a voltage
of 0.1 V vs. RHE needed to be applied to completely reduce the Ni3+ (Figure 5—red);
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this indicates the high irreversibility of the Ni2+/3+ redox couple as a result of structural
changes induced by operation at high current density. The absorption of visible light is
useful for resolving Ni2+/3+ redox behavior. However, the light absorption properties
of Ni-based-LDH catalysts need to be carefully considered when using those materials
for photoelectrochemical devices, where high light adsorption of the catalyst layer might
dramatically decrease the semiconductor performance.
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(pink) scans at different lifetimes. Reprinted with permission from [5]. Copyright 2020 American
Chemical Society.

In another application, UV-Vis absorption on a thin layer of the electrolyte has been
applied to study the degradation rate of Ni-LDH in pure and Fe3+ spiked KOH. Monitoring
the light adsorption at 230 nm (adsorption wavelength for Ni2+ ions), Wu et al. [49] showed
that the catalyst does not dissolve at open circuit potential. At the OER potential, the
catalyst in the absence of Fe3+ degrades faster. The higher stability of the Fe-containing
catalyst is presumably due to the suppressed β-NiOOH to γ-NiOOH transition.

3. In Situ Raman Spectroscopy

Surface-enhanced Raman spectroscopy (SERS) makes it possible to obtain Raman
spectra of oxides and hydroxides in electrolyte solutions with an acceptable signal/noise
ratio. To enhance the Raman signal, plasmonic metal nanoparticles need to be applied as
a substrate for the catalyst film. Gold particles with a diameter of around 100 nm give high
enhancement factors [57] and form a relatively inert substrate from an electrochemistry
perspective. However, the gold undergoes oxidation during electrochemical experiments
that result in the potential dependent vibrational bands [58,59]. No features are recorded in
Raman spectra, while gold is completely reduced. Increasing the potential to the ’capac-
itance’ region results in a band for Au-OH at around 400–430 cm−1 that vanishes at the
Au oxidation onset, where a band corresponding to Au-OH vibrations in the gold oxide at
approximately 540 cm−1 appears. Note that the exact position depends on the electrolyte
composition and pH. The O-H vibrations are present in the region 3000–3500 cm−1 but do
not show potential dependence [58]. Upon reduction, gold-associated peaks vanish but
need to be considered during SERS experiments on the Au substrate. This is of extreme
importance for catalysts consisting of a few monolayers, where mixed oxides (e.g., NiAu
oxide) can be formed [59].
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Dried powder of bulk α-Ni(OH)2 shows a main band at 465 cm−1 and weak features
around 351, 376, 528, and 3585 cm−1, and β-Ni(OH)2 exhibits bands at 341 and 449 cm−1,
with weaker features at 376 and 516 cm−1 and a very strong band at 3580 cm−1 [9,60].
However, in water media, those features are absent or poorly resolved due to the low
Raman scattering cross-section for these species [59–61]. A strong doublet in the region of
Ni-OH vibrations is obtained upon the oxidation of hydroxide to oxyhydroxide with bands
at ~480 and ~560 cm−1 (Figure 6a) [56,59–63]. Yeo et al. [59] studied the transformation of
both phases, β-Ni(OH)2/β-NiOOH and α-Ni(OH)2/γ-NiOOH. For α/γ transition above
1.4 V vs. RHE, peaks appear at ~479 and ~558 cm−1 corresponding to γ-NiOOH. By
increasing the potential, the peak ratio stays constant. For β/β transition, broad peaks at
475–477 cm−1 and ~556 cm−1 for β-NiOOH are observed at 1.4 V vs. RHE. These bands
subsequently shift to 486 and 561 cm−1 as the potential is raised to 1.65 V vs. RHE, and the
intensity of the peak at 560 cm−1 increases relative to 485 cm−1. This indicates some sort of
structural reordering within β-NiOOH but without the γ-NiOOH formation [59]. While
β-NiOOH and γ-NiOOH bands are at approximately the same positions, in β-NiOOH, the
ratio of 475/555 cm−1 is lower than in the case of γ-NiOOH [59,60]. From an experimental
point of view, note that the stronger Raman resonance enhancement of a γ-NiOOH doublet
is obtained under laser excitation of 633 nm (compared to 488 or 514 nm laser of equivalent
laser power) [64], which is following γ-NiOOH adsorption of visible light (Figure 4a).
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Figure 6. (a) In situ Raman spectra collected in the region of Ni-O vibrations. Ni films deposited on
roughened Au substrate as a function of potential vs. Hg/HgO (1 M KOH) in 0.1 M KOH. Reprinted
with permission from [56]. Copyright 2013 American Chemical Society. (b) In situ Raman spectra of
CoOOH at increasing applied potential from OCP to 1.75 V (0.1 V per step) in 0.1 M Fe-free KOH.
Reprinted with permission from [65]. Copyright 2020 American Chemical Society. (c,d) In situ Raman
spectra collected for NiFe catalysts, as a function of composition, in 0.1 M KOH at a potential of
(c) 0.2 V and (d) 0.6 V vs. Hg/HgO (1 M KOH) in 0.1 M KOH. Reprinted with permission from [56].
Copyright 2013 American Chemical Society.
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Similarly to NiOOH, CoOOH also exhibits potential-dependent Raman vibrations [65,66].
The thin film of cobalt oxide at OCP with Co3+ shows a wide band centered at 608 cm−1 and
a wider one at 508 cm−1. The sharpness of the bands depends on the crystallinity of CoOOH
films with sharper peaks present for more crystalline films [67]. After oxidation to Co4+,
those peaks are red-shifted and stabilized at 581 and 474 cm−1, respectively (Figure 6b) [65].

A Raman signal is also obtained for a variety of FeOOH phases [68]. Under elec-
trochemical conditions, a band at ~570 cm−1 is observed, and additional bands in the
range 650–720 cm−1 may appear due to different iron oxides [56]. The band at ~570 cm−1

associated with the α-FeOOH does not show significant potential dependence as known for
NiOOH. Nevertheless, the addition of Fe to NiOOH influences the Raman spectra. NiFe-
LDH with different Ni/Fe ratios was studied by Louie and Bell [56]. At the onset of the
OER (Figure 6c,d), the films with low Fe content (<20%) exhibit the sharp bands of Ni(OH)2
(450 and 494 cm−1) with a shoulder at ~530 cm−1. At higher Fe contents, the sharp band
disappears, while the broad band of Ni(OH)2 (∼530 cm−1) remains for intermediate Ni/Fe
compositions and gradually shifts to ∼560 cm−1. The disappearance of the sharp Ni(OH)2
bands suggests that the NiFe-LDH structure is disordered. At higher Fe content, bands
from the Fe phase are also visible (578 and 650–720 cm−1), indicating a phase separation.
At the onset of OER potential (Figure 6d), the doublet characteristic for NiOOH (at 475 and
555 cm−1) is visible for films with as much as 90% Fe and is slightly red-shifted. However,
the 555/475 peak ratio increases in intensity with Fe incorporation, which is correlated
to an increased structural disorder of NiOOH. A higher 555/475 ratio indicates a higher
structural disorder [13,56,69,70]. At Fe contents of 90% or higher, features associated with
Fe phases at 573 and 650–720 cm−1 are observed. A similar doublet behavior was observed
by Klaus et al. [13] during Fe incorporation by aging in unpurified (Fe-containing) KOH.
Lee et al. [71] reported NiOOH characteristic doublet upon the oxidation of NiCo-LDH
with 25% of Co. Bo et al. [72] studied ternary NiFeCr and CoFeCr oxyhydroxides. For
NiFeCrOOH, it was shown that Cr addition promotes the formation of NiOOH doublet
at a lower potential, which results in a lower overpotential for OER. The 555/475 peak
ratio is increased for NiFeCrOOH compared to NiFeOOH, indicating that β-NiOOH is
predominantly formed in the presence of Cr3+ [72]. Promotion of the formation of a NiOOH
doublet was also observed for Ta-doped NiO [73]. Raman spectroscopy is also useful to
monitor anion incorporation (e.g., nitrate [14,74], carbonate [75], borate [35]) or water [61].

The O-H stretching region of Ni(OH)2 could be of interest as it allows differentiation
between different phases [74]. However, in the presence of alkaline electrolytes and strong
hydrogen bonding, it is distracted by electrolyte adsorption, which results in a broad
feature between 3300 and 3600 cm−1 [9,60,74,76]. For an example of dry Ni(OH)2 films,
α-Ni(OH)2 shows broad bands at 3659 and 3665 cm−1 with a shoulder at 3650 cm−1 [74].
In contrast, more crystalline β-Ni(OH)2 exhibits sharp peaks at 3520, 3581, 3601, 3629, 3636,
3640, and 3652 cm−1 [74]. In wet films, the characteristic peak for α-Ni(OH)2 is wide and
located at ~3660 cm−1, while for β-Ni(OH)2, a sharp peak is present at ~3580 cm−1 [56,74].
Incorporating Fe into β-Ni(OH)2 causes the disappearance of the sharp O-H vibration,
indicating a change in the structure [13,56].

Another spectral region of interest not directly related to the LDH structure is the region
between 900 and 1200 cm−1, which is assigned to ‘active oxygen’ (Figure 7) [35,36,62,65,70,71].
‘Active oxygen’ was first described as O0 [61] and later assigned to superoxide species
(M-OO−) [62,65]. Broad multiple peaks in this region appear at the potential that is slightly
higher for NiOOH formation [61,62]. The bands are present in strong alkaline electrolytes;
their intensity increases with higher pH (an increase from pH 11 to 14) [35,62]. The presence
of active oxygen was also found for NiFeOOH [35,70,71], NiCoOOH [71], and CoOOH [65].
Dissolved O2 that is present at the OER potential was reported to give a weak signal at
about 1550 cm−1 [73].
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The position of Raman bands depends on the energy of the bond, which can be slightly
tuned using different isotopes. This keeps the chemical properties of the material the same
but allows the tracking of ‘isotope-labeled’ species. For the isotope labeling of M-O bonds,
18O (0.2% natural abundance) is used. Two approaches are found in the literature. The first
approach is to operate metal hydroxide in H2

18O to follow the formation of active oxygen
on the surface of metal oxide [62,65]. In this way, the superoxide (M-OO−) nature of active
oxygen was confirmed, during OER, 18O is actively introduced from the electrolyte to the
lattice of MOOH [65]. Another approach is to synthesize metal hydroxide and then run
OER in K18OH prepared in H2

18O to force 18O labeling [70,71]. The introduction of 18O
causes a Ni-O doublet of NiOOH to red-shift for approximately 50 cm−1. Running OER
on labeled catalyst materials shifts those peaks back to the original value for unlabeled
hydroxides in the case of Ni-LDH and NiCo-LDH (25% Co), while there is no charge for
NiFe-LDH (25% Fe) and NiCoFe-LDH (20% Co, 5% Fe) [71]. This indicates that lattice
oxygen is involved in OER for Ni-LDH and Co-LDH, while in the presence of Fe, active
sites for OER are Fe-related. The Fe concentration naturally plays a crucial role. At lower
concentrations (i.e., 2.3%), the shift to original, unlabeled positions is somehow retarded,
while at Fe > 4.6%, there is no shift to the original position [70]. Similar results were found
for the region of active oxygen. While the red-shift after the isotope labeling of NiOO−

is observed, in the case of Fe addition, 18O is not exchanged, showing that NiOO− is not
included in the OER process in the presence of Fe (Figure 7c) [70,71]. Note that these
experiments were conducted under a low current regime (<10 mA cm−2), and the possible
involvement of lattice oxygen at a higher current density cannot be ruled out.

4. In Situ Infrared Spectroscopy

Infrared (IR) light can be absorbed by stretching or banding bonds, where a bond
has a change in dipole moment. This makes IR spectroscopy complementary to Raman
spectroscopy to obtain full vibrational information about the material. However, in situ
IR spectroscopy for electrochemical systems is affected by the strong adsorption of water
that interferes with the measurement of target vibrations. Nevertheless, the surface of the
electrode can be measured with a thin film of electrolyte, or the catalyst thin films can
be measured from the back in an attenuated total reflection Fourier transform-IR setup
(ATR-FTIR), where light adsorption in the electrolyte is avoided (Figure 3c). Angle-resolved
IR spectra can be used for the depth profiling of such thin films, allowing observations of
bulk structure and structure at the electrode/electrolyte interface [37]. For Ni(OH)2, O-H
vibrations are present between 3650 and 3750 cm−1, while in NiOOH, the energy of the
O-H bond is lower between 3200 and 3400 cm−1, and weak Ni-O vibrational starches are
present between 400 and 525 cm−1 for both states [44,77]. Some distinction between β- and
α-Ni(OH)2 can be observed from IR spectra [37]. In the O-H stretch region, a sharp peak
is observed for the β-phase (~3650 cm−1), while a wide band is observed for the α-phase,
corresponding to hydrogen-bonded water. A wide band for hydrogen-bonded water is
also obtained for γ-NiOOH. In the Ni-O stretch, the infrared bands around 680 cm−1 are
assigned to the α-phase, and bands around 513 and 457 cm−l are assigned to the β-phase.
In the oxidized state, both γ- and β-NiOOH show a band at 580 cm−1 with an additional
peak at 4380 cm−1 for β-NiOOH [37].

Time-resolved infrared spectroscopy might be a useful tool for the characterization
of surface intermediates during the catalytic reaction. Metal-oxyl, -oxo, -hydroxy, and
-superoxide intermediates have been identified during photocatalytic reactions on the
surface of different metal oxides [78]. The application of this technique in electrocatalysis
might exploit the sequential molecular transformations on the surface from adsorbed water
molecules to the release of O2, with resolution down to 10 ns [78].
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5. In Situ X-ray Absorption Spectroscopy

X-ray absorption spectroscopy (XAS) allows element-specific observations of the metal
oxidation state and the distribution of neighboring atoms. Careful modifications of mea-
surement cells (see for example Figure 3d) need to consider minimizing X-ray adsorption
to allow observing the catalysts in situ and operando mode. XAS is extremely useful
to investigate any phase changes occurring at higher potentials where redox processes
are overlapping and are hard to resolve by electrochemical techniques. Changes in the
oxidation and metal–oxygen bond distance are observed while the potential increases
and cycles back (Figure 8a). In situ X-ray Absorption Near Edge Fine Structure (XANES)
spectra as a function of the applied potential show that the K-edge shift for octahedral
nickel ions can be connected with the change in the oxidation state. It increases linearly
at 1.55 eV per oxidation state [79,80], and the pre-edge changes at 0.6 eV per oxidation
state [79]. Consequently, the oxidation state can be obtained for specific Ni1−xFex-LDH
composition (Figure 8b) [54]. Depending on the deposition method, prepared films can be
purely Ni2+ [81] or partially oxidized to Ni3+ [54]. Applying oxidative potential induces
Ni2+ oxidation. At the OER, pure Ni-LDH becomes oxidized to a mixture of Ni3+ and Ni4+

in γ-NiOOH, and no further phase transition is observed up to ~1.7 V vs. RHE [15]. The
addition of Fe3+ to form NiFe-LDH impacts the redox behavior of the Ni(OH)2 matrix. It
shifts Ni2+/3+ oxidation to higher potential and at the same time reduces the potential for
OER, causing the overlap of those two redox processes. Incorporated Fe is present as Fe3+,
independent of the amount of Fe added and applied potential (Figure 8c) [50,54,80,81]. Fe3+

plays a role in stabilizing Ni2+ and inhibiting oxidation, with a large amount of Ni2+ at the
potential of OER (Figure 8d) [35,80–83]. The presence of a mixture of Ni2+/3+/4+ was also
shown with soft X-ray adsorption at Ni L3-edge [84]. This indicates the presence of electro-
chemically active and bulk Ni sites. One needs to note that XAS is not a surface-sensitive
technique, and obtained data come from the surface that is actively involved for OER and
from the bulk of the electrodes.

To avoid the effect of the bulk electrode material, Kuai et al. [85] analyzed ultrathin
NiFe-LDH with metal ions fully exposed to the electrolyte. For low OER overpotentials,
they show that both Ni and Fe in ultrathin LDH can be fully oxidized into a tetravalency
state, which facilitates the lattice-oxygen-involved OER. This finding indicates that the
complete oxidization of metal ions is a prerequisite for highly active LDH-based OER
catalysts, and lower-valence metal ions are in the bulk of electrode material. The oxidation
state of Ni decreases with increasing Fe3+ content [54]. For Fe levels below ~25%, the
oxidized catalyst can be described as γ-Ni1−xFexOOH, reflecting the substitution of Ni by
Fe cations. In this form, the Ni-O and Fe-O bond distances analyzed by Extended X-ray
Absorption Fine Structure (EXAFS) are very similar, and both are comparable to the Ni-O
bond distance in γ-NiOOH [81,82]. The fitting of EXAFS was able to demonstrate the
difference in coordination number and disorder for 2D and bulk catalysts, indicating the
vacancies in delaminated 2D catalysts [86].

The intercalation of Na+ in the NaOH electrolyte was confirmed in γ-NiFeOOH record-
ing Na K-edge spectrum, indicating the disordered structure [84]. The Na+ concentration
increases as the Ni and Fe valence states increase. A comparison of the EXAFS spectra col-
lected at pre-OER potential and OER potential for Ni and Fe shows similar modifications of
the first coordination sphere, i.e., shorter M-O distances in the oxidized state, and the second
coordination sphere, i.e., shorter M-M distances in the oxidized state (Figure 8e) [81,82,87].
As the Fe level rises above 25%, the XAS data suggest that a γ-FeOOH phase nucleates,
containing no or <3% Ni [81]. The nucleation of a separated FeOOH phase has also been
observed under operational conditions at high current density [87], which is presumably to
relieve the lattice distortion.
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Figure 8. (a) Voltage-dependent XANES for the Ni K-edge of pure NiOx and (b) normalized relative
shifts in the Ni K-edge for the composition series giving the oxidation state change relative to the
as-prepared sample for each composition. Data for as-prepared (black), oxidized (red), catalytic
(blue), reduced (green) and re-oxidized (purple) films. Used with permission of Royal Society of
Chemistry, from [54]; permission conveyed through Copyright Clearance Center, Inc. XAS spectra of
the NiFe catalysts with varying catalyst composition (Ni1−xFex) freeze-quenched under application
of catalytic potential after conditioning at 1.63 V for 30 min in 0.1 M KOH: (c) Fe K-edges and (d) Ni K-
edges. Reprinted with permission from [80]. Copyright 2016 American Chemical Society. (e) Fourier
transform EXAFS measurement on Fe and Ni K-edge confirming the potential-induced bond con-
traction at both Fe and Ni sites. Reprinted with permission from [81]. Copyright 2015 American
Chemical Society. (f) O K-edge pre-edge region spectra of electrodeposited Ni-Fe catalyst measured
at 1.18 V and 1.78 V vs. RHE. Reprinted from [39]. Copyright 2019, the authors. (g) XANES spectra
of CoOOH at various potentials, and reference samples Co foil (red), CoO (brown), Co3O4 (green),
and Co2O3 (purple), and (h) corresponding linear relationship of the oxidation state. Reprinted with
permission from [65]. Copyright 2020 American Chemical Society. (i) Operando Fe K-edge XANES
data at different overpotentials. OER XAS data were collected at the potentials necessary to maintain
3–4 mA cm−2. Reprinted with permission from [88]. Copyright 2018 Wiley-VCH Verlag GmbH & Co.
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Drevon et al. [39] studied the voltage-dependent changes of the O K-edge to evaluate
the state of oxygen during OER for an electrodeposited Ni0.65Fe0.35OxHy. A pre-peak
appears on the O K-edge (Figure 8f) simultaneously with a process, corresponding to the
formation of oxidized Ni3+/4+, but before O-O bond formation and before the OER onset.
The additional pre-peak is associated with the presence of oxidized Ni. It implies increased
hybridization between O 2p and Ni 3d and induced charge transfer from O to Ni. This
gives rise to an electron-deficient oxygen site, which is assigned to the pre-peak at 529 eV.
It is hypothesized that these sites are likely to arise from under-coordinated O sites found
at edge or defect sites of the oxyhydroxide layers; however, their role in the OER activity
was not analyzed.

CoOOH shows an increase in the oxidation potential with the applied potential in
a similar way as NiOOH. Initially, dry CoOOH mostly consists of Co3+ mixed with some
Co2+ [65]. After immersing the CoOOH in the electrolyte, the average oxidation state of
Co ions slightly increases. The average oxidation state of Co ions gradually increases with
increasing applied potential, which is followed by a sharp increase at 1.45 V corresponding
to the oxidation of a part of Co3+ to Co4+ (Figure 8g,h) [42,65]. Furthermore, EXAFS reveals
that increasing the potential changes the coordination number of Co from about 5.5 to 6.0.
This indicates that at the initial stage, the catalyst contains a mixture of 4- or 5-coordinated
Co2+ and 6-coordinated Co3+. After Co2+ becomes fully oxidized, the coordination number
stays at 6.0 regardless of the potential increase. This is attributed to a similar structure
between Co3+ and Co4+ oxyhydroxides, with no significant change in the coordination
number as well as the interatomic distance [65]. Interestingly, the voltage dependence of
the position of the absorption edge is found to differ for the experiments in D2O and H2O,
where CoOOH samples conditioned in D2O attain a lower average oxidation state at the
same applied potential [89].

The introduction of iron to the CoOOH matrix structure causes a change in the
Co2+/Co3+ ratio. As the Fe content increases, the Co average oxidation state decreases
while Fe is present as Fe3+ [42]. However, at the OER onset, Co is fully present in Co3+,
and further oxidation to Co4+ is largely suppressed [88]. In the OER region, Fe3+ is further
oxidized (Figure 8i). It is suggested that Fe3+ oxidizes to Fe4+, Fe5+, or Fe6+ [88].

In addition to in situ measurements, XAS is of extreme importance when analyz-
ing catalysts that are amorphous to XRD. The Ni-, Co- and Mn-oxyhydroxide thin films
deposited from solution during OER are generally too irregular to be analyzed by XRD;
however, XAS analysis allows us to understand its structure. The structure is familiar to
the LDH structure. Although the metal oxides are amorphous, they consist of metal ions
octahedrally coordinated to six oxygen atoms with neighboring cations bound through
di-µ-oxido bridging to yield 2D sheets but no detectable mono-µ-oxido bridging between
the redox-active metal ions. The catalyst layers contain water and anions [90,91]. The Ni
oxide layer deposited during OER incorporates the most water and anions. It consists of
NiOOH with a mixture of Ni3+ and Ni4+, indicating that the structure of Ni oxide deposited
at OER conditions strongly relates to γ-NiOOH [90].

6. In Situ Mössbauer Spectroscopy

Mössbauer spectroscopy is based on the emission and absorption of γ-photons that
have high penetrating power. This makes the technique highly suited for the character-
ization of catalysts under operating conditions as radiation can travel through the bulk
catalyst (Figure 3e,f). The technique is based on the Mössbauer effect, indicating the reso-
nant, recoil-free absorption of nuclear radiation. This means that the atoms in the source
emitting the γ-rays must be of the same isotope as the atoms in the sample absorbing
them. This limits the possibility of suitable source–analyte pairs. The most commonly
studied isotope is 57Fe with 57Co radiation sources; the method yields information on
oxidation states, magnetic properties, and lattice symmetry and has been widely applied
for catalysis [92].
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Although limited to a small number of elements, Mössbauer spectroscopy has been
used for NiFe- and Fe-oxyhydroxides by enriching the material with a 57Fe isotope [39].
The 57Fe Mössbauer spectra were recorded at a different potential from the OCP to the OER
region (Figure 9). An initial spectrum of the NiFe-oxyhydroxide catalyst at OCP conditions
shows a doublet at positions characteristic of Fe3+ (Figure 9b). There is no change in the
spectrum up to Ni2+/3+ oxidation onset (Figure 9c). A change in the spectrum is found
significantly in the OER region where a shoulder at the position of Fe4+ appears (Figure 9d),
increasing the potential further to the OER region and resulting in a growth of the Fe4+

peak, accounting for approximately 21% of the total Fe (Figure 9e). When the potential is
reversed, the Fe4+ peak is still evident (Figure 9f) and is maintained for up to 48 h when the
catalyst is kept at OCP (Figure 9g). However, for pure Fe-oxyhydroxide, no Fe4+ is detected
during the OER potential (Figure 9h–j), indicating that the presence of Ni-ions stabilizes the
Fe4+ state [40]. Based on the identification of Fe4+ in NiFe-LDH, Chen et al. [40] concluded
that due to the higher population of electrons in d-orbitals of Ni3+ compared to Fe3+, the
oxidation to higher valent Fe4+ is favorable in the NiOOH lattice, as lone pairs of Ni3+ can
stabilize the structure over bridging oxygen atoms. Complementary, the Ni2+/3+ oxidation
potential in NiFe-LDH is increased as Fe3+ ions in the second coordination sphere make
bridging oxide and/or hydroxide ligands less electron-donating, thereby destabilizing Ni3+

species in the NiOOH lattice.
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7. Miscellaneous In Situ Techniques
7.1. Online Application of Mass Spectrometry

Electrocatalyst degradation during oxidation conditions due to dissolution is one of
the main challenges in OER catalyst design. Online inductively coupled plasma mass
spectrometry (ICP-MS) allows following the corrosion of metals from the catalyst with the
lower detection limit for ICP-MS extending to parts per trillion (ppt). This gives an option of
time- and potential-resolved monitoring of the rate of catalyst dissolution and identification
of metals that are prone to dissolution. The method has been commonly applied for state-
of-the-art RuO2/IrO2 OER catalyst systems to determine the effect of support, particle
sizes, and crystallographic orientation on the potential dependent dissolution rate [93–95].
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Mass spectrometry can be also applied to follow oxygen evolution using differential
electrochemical mass spectrometry (DEMS). DEMS allows us to precisely follow the amount
of released oxygen and to calculate potential-dependent faradaic efficiency during a cyclic
voltammetry scan [96,97]. It was confirmed that NiFe- and CoFe-LDH catalysts are oxidized
before OER takes place (Figure 10a), and the faradic efficiency for OER during the first cycle is
always lower compared to later cycles [50,98]. Isotope labeling experiments can also distinguish
the OER mechanism pathway. Roy et al. [99] discussed different procedures to perform 18O
labeled experiments. Firstly, NiFe-hydroxide is prepared by oxidation in 0.1 M K16OH, and
OER is run in 0.1 M K18OH. Since 18O purity in water is only 97%, the ratio between 16O-18O
and 18O-18O oxygen needs to be followed to investigate the origin of 16O. Alternatively, starting
from NiFe metal nanoparticles, the labeled hydroxide can be made by the electrochemical
oxidation of metal in 0.1 M K18OH or by thermal oxidation at 450 ◦C in the vacuum chamber
in the presence of 18O2 gas. The 18O labeled hydroxides are more sensitive to determine lattice
exchanged O, but the real isotopic composition of hydroxide is uncertain due to the presence
of 16O in the mixture with 18O. For NiFe-hydroxide films, the association mechanism was
confirmed as the predominant mechanism. The lattice oxygen is more involved for OER when
using pure Ni(OH)2, which is in line with in situ Raman results [99,100].

7.2. Scanning Electrochemical Microscopy

In Scanning Electrochemical Microscopy (SECM), an ultramicroelectrode tip (UME)
immersed in a solution is moved above a substrate surface. The products that are electro-
generated at the substrate are detected at the tip. This allows the direct detection of the
reaction intermediates in an electrolyte environment [101]. Depending on the tip size, the
spatial resolution ranges from ~10 µm to nm-scale [102].

To quantify the number of surface-active sites accessible to water molecules, a modified
method has been developed. In Surface Interrogation Scanning Electrochemical Microscopy
(SI-SECM), an SECM tip is used to generate in situ a titrant from a reversible redox pair
that reacts with the adsorbed species at the substrate [103–105]. Ahn and Bard [103] applied
SI-SECM to investigate the kinetics of active sites in Ni1−xFexOOH. Two size-matched UME
were placed at a distance of 2.0 µm; at this position, a tip-generated analyte is quantitatively
detected at the substrate with the deposited catalyst film (Figure 10b). The redox mediator
was a triethanolamine (TEA) complex of iron with FeTEA−/2− standard reduction potential at
−1.05 V vs. Ag/AgCl in 2 M NaOH. At the beginning of the experiment, both electrodes (tip
and substrate) are at OCP potential. The redox mediator is in its oxidized state (FeIIITEA−),
and the nickel atoms in the catalyst film are in Ni2+ states. As the substrate electrode is pulsed
to more positive potentials, the oxidation states of nickel reach 3+ or 4+ (Figure 10c). After
a certain delay time, the redox mediator is reduced at the tip by the application of negative
potential. This introduces the titrant (FeIITEA2−) (Figure 10d). The titrant reduces Ni3+ and
Ni4+ back to Ni2+, which decreases the tip current for the reduction of FeIIITEA− back to the
background level at negative feedback upon the consumption of surface-active species. In
this way, the number of surface-active species can be determined. The reaction rate constants
of active sites can be determined by varying the time between active species production and
the tip generation of the titrant. The titration current should decay as a function of delay
time as water oxidation consumes the active sites in the absence of the titrant. They observed
high densities of surface catalytic sites of Ni(OH)2, FeOOH, and Ni1−xFexOOH electrodes
(~300 atoms nm−2). The density of surface sites is for an order higher than in, for example,
Co-oxyhydroxide [105]. This suggests that also atoms from the bulk might participate in the
surface catalysis via fast hole conduction through the catalyst film in Ni-based LDH catalysts.
Time-dependent titrations for the study of reaction kinetics show that NiOOH is a poor OER
catalyst, and pure FeOOH also shows poor OER kinetics. In the Ni1−xFexOOH electrode,
fast and slow sites were observed. The fast-active sites belong to the dispersed iron atoms
in a NiOOH matrix, and the reaction constant increases with iron content up to 25%, where
phase segregation into NiOOH and FeOOH was observed and decreased the reaction rate
more than five times, which indicates the importance of homogenous iron distribution.
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Using a transparent substrate electrode, Steimecke et al. [69] coupled Raman spec-
troscopy with SECM, which provides spectroscopic and electrochemical information of
the very same location of an electrode at the same time. This allowed decoupling of the
OER onset potential by the detection of evolved O2 on Pt UME from Ni(OH)2 to NiOOH
transition identified by spectroscopic data, which is overlapping in cyclic voltammograms
for NiFe-LDH with higher Fe content. The lowest OER onset potential was found for
the film containing 15%Fe in Ni/Fe. The potential-dependent formation of γ-NiOOH
characterized by Raman spectroscopy shows that by increasing the Fe content, γ-NiOOH
formation is shifted to higher potential; besides, a decrease of the 475/557 cm−1 peak ratio
indicates that a certain amount of disorder introduced by Fe atoms is necessary to obtain
high OER activity.
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Figure 10. DEMS measurement (blue) of (a) NiFe-LDH and (b) CoFe-LDH during a linear sweep
voltammetry (red) in 0.1 M KOH. The mass spectrum current related to m/z = 32 for O2 detection
reprinted from [98]. Copyright 2020, the authors. Titration scheme of SI-SECM: (c) Tip and substrate
electrode at OCP potential. (d) Pulse on the substrate electrode to form active species. (e) After a fixed
delay time, the pulse on the tip electrode forms a titrant. Reprinted with permission from [105].
Copyright 2016 American Chemical Society. EQCM mass density change as a function of applied
potential (potential scans at 10 mV s−1) for Ni(OH)2 films deposited on Au/Ti quartz crystals in
(f) Fe-free and (g) unpurified 0.1 M KOH before and after 6 days of aging. Reprinted (adapted) with
permission from [13]. Copyright 2015 American Chemical Society.

7.3. Electrochemical Quartz Crystal Microbalance

Using Electrochemical Quartz Crystal Microbalance (EQCM), one can simultaneously
obtain mass changes as a result of electrochemical processes. The method was extensively
used with Ni(OH)2 electrodes for batteries to investigate the effect of conditions for thin
film deposition, the transfer of H+ or OH− during the redox process, and the incorporation
of anions and other metal cations, and it has been thoroughly reviewed previously [106].
However, technical limitations such as the disturbance of mass measurement due to bubble
evolution or oxidation of electrode and electrode contact in harsh electrolyte environments
at high oxidative potentials limit its use in water oxidation electrocatalysis. EQCM is used
to differentiate between the oxidation of a- to g-phase and b- to b-phase. An increase in film
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mass occurs during the oxidation of α-Ni(OH)2 to γ-NiOOH as a result of the intercalation
of water and ions, while the oxidation of β-Ni(OH)2 to β-NiOOH does not change the mass
or results in mass loss.

Klaus et al. [13] used EQCM to track the conversion of α-Ni(OH)2 to β-Ni(OH)2
with aging in Fe-free and unpurified KOH. For Ni(OH)2 films initially cycled in both
Fe-free and unpurified 0.1 M KOH, the mass increases for ~160 ng cm−2 as a result of
Ni(OH)2 oxidation to NiOOH. Samples aged 6 days exhibit a decrease in mass uptake
upon oxidation. Mass is increased for ~110 ng cm−2 and ~50 ng cm−2 for aging in purified
and unpurified KOH, respectively (Figure 10f,g). This indicates that aging in unpurified
electrolytes stabilizes the α-Ni(OH)2. Although some amount of β-NiOOH is formed after
aging in the unpurified electrolyte, it is significantly less than the amount formed in the
Fe-free electrolyte.

8. Conclusions

The electrochemical processes occurring in transition metal-based LDH catalysts
have been found to induce changes in their oxidation state and coordination environment.
By combining spectroscopy techniques with electrochemical experiments, it becomes
possible to track these changes in oxidation state and structure. UV-Vis spectroscopy has
been extensively utilized to investigate the alterations in the electronic structure of metal
ions, which directly correlates with changes in their oxidation number and coordination
environment. Raman spectroscopy, in conjunction with electrochemical reactions, has
provided valuable insights into the structural transformations and phase transitions of
metal oxides and hydroxides. Vibrational spectroscopy, particularly with isotope exchange
experiments, has shed light on the involvement of lattice oxygen in these processes. In
situ X-ray absorption spectroscopy (XAS) has enabled the observation of metal oxidation
states and the distribution of neighboring atoms during electrochemical reactions. XAS
studies have unveiled changes in oxidation states and metal–oxygen bond distances as
the potential increases, highlighting the influence of guest metal ion incorporation on
the redox behavior of the host LDH structure. Moreover, XAS data have allowed for the
differentiation between electrochemically active and inactive bulk metal sites. In situ
Mössbauer spectroscopy has provided a means to characterize Fe-containing catalysts
under operating conditions, offering insights into the oxidation states of Fe and the nature
of active sites.

The combination of various spectroscopy techniques with electrochemical experi-
ments has provided a deep understanding of the changes occurring in oxidation state and
coordination environment within transition metal-based LDH catalysts. These insights
are invaluable for the design and optimization of more efficient and durable catalyst
materials for electrochemical water oxidation. However, when operating at high current
densities, these methods face limitations that hinder their effectiveness. Electrochemical
interference, such as the formation of gas bubbles and changes in local pH, can disrupt
the catalyst’s environment and interfere with spectroscopic measurements. Gas bubbles,
for instance, can physically obstruct the light path in optical spectroscopy or impede
the access of probe molecules in vibrational spectroscopy. High current densities also
generate increased heat, causing local temperature gradients that impact temperature-
sensitive techniques such as Raman and IR spectroscopy. Additionally, cell design plays
a crucial role as it needs to establish an optical path for most spectroscopy methods.
Consequently, the transport of reactants and products to and from the electrode surface
becomes challenging at high current densities due to limited mass transport, resulting
in concentration gradients. To address these challenges, cell designs should promote
efficient mass transport, such as employing appropriate flow cells or microfluidic systems
to ensure a well-mixed electrolyte environment.
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