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Electrochemical water splitting is one of the effective ways to obtain highly pure hydrogen. However, as one of the two half
reactions, oxygen evolution reaction (OER) has a high overpotential, resulting in the low-energy utilization efficiency.
Therefore, numerous electrocatalysts have been developed to reduce the energy barrier of OER. Among them, layered double
hydroxides (LDHs) are excellent OER electrocatalysts with flexible composition and structure, which have been widely
investigated in the past decade. Recent studies have been focusing on the identification of active sites for LDHs during OER
process, trying to reveal clear reaction mechanism for designing more efficient LDHs electrocatalysts. Hence, this review tries
to discuss the advances in identifying active site of LDHs based OER electrocatalysts for efficient hydrogen generation. We first
introduce the effect of structure, composition, and defects to the OER performance of LDHs. Furthermore, main attention is
paid on the active sites and mechanisms during OER, especially the coordination structures and catalytic mechanisms of active
sites. At the end of this review, we put forward the existing problems and shortcomings in this fields, and propose the
corresponding solutions, aiming to further promote the development of outstanding OER electrocatalysts towards efficient
hydrogen production.

1. Introduction

With the rising demand and consumption of fossil fuels,
energy shortage and environmental pollution are becoming
severe and unignorable. This makes it necessary to explore
sustainable and renewable energy, among which hydrogen
is a new energy with splendid application prospects [1–3].
Up to now, hydrogen is obtained mainly by steam reforming
of natural gas or other fossil fuels (e.g., propane, methanol,
ethanol, and diesel), which suffers from high cost and low
purity of hydrogen [4]. Production of highly pure hydrogen
can be achieved by electrochemical water splitting using the
electricity transformed from renewable energy such as wind
and solar energy [5, 6]. Electrochemical water splitting is
carried out in a cell with cathode, anode, and diaphragm.
The whole reaction is made up of two half reactions which
can be expressed in different ways depending on reaction
conditions (Figure 1). The thermodynamic potential of elec-
trochemical water splitting is 1.23V, corresponding the
Gibbs free energy of 237.1 kJmol-1 [7]. However, no matter
for HER (hydrogen evolution reaction) and OER, a high

overpotential is always needed to achieve a considerable
current density, resulting a huge overall overpotential in
practical use. Also, as one of the half reactions, OER is a
four-electron process, which causes a low efficiency of
energy utilization [8–10]. Therefore, it is necessary to
develop cost-effective and high-performance electrocatalysts
for more efficient electrochemical water splitting [11, 12].

In acidic media, noble metal-based catalysts (e.g., RuO2
and IrO2) have been widely applied, while transition metal-
based catalysts, especially first-row transition metal-based
compounds (e.g., transition metal oxides/hydroxides/oxy-
hydroxides, nitrides, and phosphides), are always used in
alkaline medias [13–16]. Although noble metal catalysts
are the main commercial electrocatalysts, their scales are
restricted due to the high cost and shortage. Owing to the
advantages of earth-abundant and excellent activity, these
transition metal-based catalysts have attracted great atten-
tions. Among them, layered double hydroxides (LDHs),
because of their wide tunability of the types and molar ratios
of metal element and the nature of interlayer anions, are out-
standing catalysts for OER in alkaline medias [17–21].
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During the past decade, a great number of works have been
focused on the development of LDHs electrocatalysts
[22–24], aiming at better performance for OER towards
hydrogen production.

In addition to the fabrication of advanced LDHs electro-
catalysts, the identification and monitoring of real active
sites in LDHs under OER conditions are also of great impor-
tance, which can further promote the understanding of the
catalytic mechanism and the development of optimal elec-
trocatalysts. Recently, advanced characterization methods
include ex-situ (e.g., XPS, TEM, and EELS) and in-situ
(e.g., Raman electrospectroscopy and EXFAS) characteriza-
tions combined with DFT calculation, which are generally
used to reveal the change of local coordination environment
and electronic states of the electrocatalysts during electrocat-
alytic process. The research of active sites not only guides
researchers to create plentiful sites for OER through control-
ling synthesis conditions and modified strategies but also
helps to optimize the electron structures to improve the elec-
tron transfer capability. To date, plenty of reviews have sum-
marized the synthesis strategies, structural characters, and
electrochemical performance for the LDHs and their deriva-
tives [25–29], but only few reviews mention about the recog-
nition and the assignment of active sites in LDHs during
water splitting. Therefore, the latest research progress with
respect to the LDHs electrocatalysts for water splitting has
been concluded in this review. Moreover, recent exploration
in the identification of active sites in LDHs under OER
condition has also been summarized. Possible problems
and development directions in this domain are also men-
tioned in this review. We wish this review can give inspi-
ration to the design advanced LDHs electrocatalysts in
order to promote the development of OER towards hydro-
gen production.

2. LDHs Electrocatalysts for OER

LDHs are a large kind of two-dimensional materials that can
be represented as [M1-x

2+Mx
3+(OH)2]

x+[Ax/n]
n-·mH2O. As

shown in Figure 2, divalent (e.g., Ni2+, Co2+, Cu2+, or
Zn2+) and trivalent (e.g., Fe3+, Mn3+, or Al3+) metal cations
are assembled into electropositive nanoscale laminates
through covalent interaction and electronegative anions
between two layers, which are connected to the metallic-
element-containing layers by weak interaction such as
electrostatic interaction and hydrogen-bond interaction

[30–34]. These two-dimensional laminates and anions are
formed longitudinal, orderly, and spatially into three-
dimensional crystal structures. The highly dispersed metal
cations in the lamella provide abundant active sites for elec-
trochemical reactions with excellent activity and stability in
alkaline environment [35–38].

2.1. Structural Design of LDHs towards Efficient OER.
Although LDHs with various composition have shown great
potential for OER towards efficient hydrogen production,
the poor electron transport ability and inadequate exposure
of active sites are still limiting their activity and stability
[39–42]. Therefore, compared to low-dimensional materials,
hierarchically structural materials with nanoscale are widely
reported to apply to highly efficient OER [43–46]. Our group
successfully designed a one-step method to synthesize NiFe-
LDH hollow microsphere (HMS) [47]. Such a structure
provides a high surface area, great hydrophilicity, and meso-
porous structure (Figure 3(a)). Further electrochemical mea-
surement has shown a low OER onset overpotential with
239mV at 10mAcm-2 and a large current density with
71.69mAcm-2 at η = 300mV of NiFe-LDH-HMS, which
was better than commercial Ir/C catalyst. NiFe-LDH HMSs
could catalyze OER at η = 300mV in 1M KOH solution over
40,000 s, which represent splendid long-term stability. This
method could also apply to synthesize other LDH-HMSs
(e.g., CoFe-LDH, CoNi-LDH, and NiAl-LDH) with a great
improvement of OER performance compared to LDHs in
nanoparticles (NPs).

Recently, a great innovation of LDHs is the structural
transition from powder to integrated nanosheet arrays,
which are directly grown on conductive substrates [48–50].
Compared to powder samples, nanosheet array has larger
specific surface area and more stable electronic transfer as
well as the conductive base film, which can provide a chan-
nel for transferring electrons and reduce the resistance
[51–54]. Plenty of efficient synthetic strategies have reported
to obtain ultrathin LDHs nanosheets with outstanding mor-
phologies and crystallinity. Among them, template method
is a mild and low-cost way to obtain ultrathin LDHs with
abundant active sites and defects. Sun et al. developed a
topotactic conversion tactic under hydrothermal conditions
to transform metal-organic frameworks (MOFs) into LDHs
with more edge sites and lattice defects, which led to better
OER performance (Figure 3(b)) [55]. Analogously, Tian
et al. reported utilizing electric-field assisted hydrolysis to
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Figure 1: Normal water electrolyzers and different reactions of electrolysis of water.
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Figure 2: The idealized structure of carbonate-intercalated LDHs and typical distribution of the metal sites in LDHs for OER.
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Figure 3: (a) Schematic diagram of the synthetic path to NiFe-LDH HMS [47]. (b) Schematic illustration of MOFs topologically
transformed to LDHs [55]. (c) Schematic diagram of the synthetic path to the MFe-LDH (M=Ni, Li, and Co) nanosheets arrays. (d)
SEM image of NiFe-LDH. (e) Linear sweep voltammetric curves of the MFe-LDH (M=Ni, Li, and Co) nanoplatelet arrays and Ir/C. (f)
Photographs of NiFe-LDH nanosheet arrays synthesized on nickel form substrates at different scales (inset: SEM image of NiFe-LDH on
the 100 cm2 nickel form substrate) [18].
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transform MOFs into ultrathin LDHs fleetly (20 s) [56].
Moreover, our group first proposed a fast, precisely con-
trollable, and economic electrochemical synthesis method
for the fabrication of NiFe-LDH nanosheet arrays, which
possessed effective electrocatalytic performance for OER
[18, 57]. As shown in Figure 3(c), ultrathin NiFe-LDH
nanosheets with 200-300nm in lateral length and 8-
12 nm in thickness (Figure 3(d)) are synthesized on the
substrate surface vertically within only hundreds of sec-
onds (<300 s, while other methods typically needed several
hours) under cathodic potential. It was worth noting that
NiFe-LDH exhibited outstanding OER activity with lowest
Tafel slope of OER (Figure 3(e)) as well as the largest cur-
rent density under the same potential, much superior than
the OER catalysts reported in the same period. Further-
more, the growth scale of NiFe-LDH nanosheet arrays
could be expanded from 2 cm2 to 100 cm2 on nickel form
substrate with an equally distributed subface appearance
(Figure 3(f)). This electrochemical synthesis method also
could be applied to grow other LDH nanosheet arrays
(e.g., Co-containing LDHs and Mn-containing LDHs) on
the surface of several conducting substrates (e.g., con-
ducting cloths and FTO). It was a prominent innovation
of synthesis methods of LDHs and made possible to man-
ufacture larger and intricately composed LDHs for future
works. With the profounder comprehend of material
structures, monolayer LDHs are developed with freer regula-

tion of electronic structures and better OER performance.
Monolayer NiCo-LDH was proved to possess a more conve-
nient release of hydrogen and oxygen, leading to more
dynamic catalytic sites for OER at a lower potential [58].

2.2. Component Regulation of LDHs towards Efficient OER. It
is convenient to regulate the OER performance of LDHs
through adjusting the composition of them due to the
adjustable metal elements on laminate and anions in the
interlayer [59–61]. On the one hand, the built-up ways of
metal elements on laminate are multitudinous. Researchers
have developed a new synthesis method with the regulation
of atomic structure to obtain a series of α-MA(II)MB(III)
LDH and β-MA(OH)2 (MA=Ni and Co and MB=Co, Fe,
and Mn) electrocatalysts and found different groups of metal
elements on host layers as dual-metal site feature had dispa-
rate synergistic effects. Among them, Fe-containing LDHs
revealed highest OER activities, then followed by Co-based
Fe-free LDHs, finally by Co-free Fe-free LDHs (Figure 4(a)).
FurtherDFT calculation displayedOH-O content determined
by elementary composition could influence OER perfor-
mance of LDHs [62]. Our group successfully synthesized a
series metal-doped NiFeM-LDHs (M=Ti, V, Cr, Mn, Co,
Cu, Zn, Mg, and Al), and NiFeV-LDH had the lowest Tafel
slope and best OER performance in high potential
(Figure 4(b)) [63]. DFT calculation elucidated that NiFeV-
LDH (1.491 eV) had a less Gibbs energy change of rate-
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determining step (the step of M-O+OH- to M-OOH+e-)
compared to that of NiFe-LDH (1.517 eV), which meant
that NiFeV-LDH has shown a better thermodynamical
reaction pathway that caused a low overpotential of
OER. Further XPS results have shown the shift of the
binding energies of Fe 2p3/2 while that of Ni 2p3/2
remained unchanged, demonstrating that transition metal
dopants could capture electrons from Fe atoms in NiFe-
LDH which resulted in the impact on O2- bridges between
Fe-O-Mdroped and the electron structure of Fe active site
(Figures 4(c)–4(e)). Thus, suitable doping metal (e.g.,
Co2+, V3+, or Cr3+) lead to the effective electron transfer
in NiFe-LDH laminate which caused an active nature of
OER, and such an effective transfer promoted the electron
transfer during OER and provided sites to adsorb oxygen
species. Our works show that different OER active metal
sites in LDHs cause distinct OER performance, so it comes
necessary to identify OER active sites which play a signif-
icant role in the design and synthesis of optimal OER cat-
alysts based on LDHs. In addition to inserting another
element, we also attempted to use transition elements with
a larger atomic mass. NiLa-LDH nanosheet arrays were
successfully compounded via electrochemical synthesis
with a low onset overpotential of 209mV at 10mAcm-2,
which transcended most of LDH electrocatalysts reported
before [64].

On the other hand, numerous anions are appropriate to
insert into the interlayer of LDHs, which can further influ-
ence the chemical environment of LDHs. Intermittent
anions can not only improve the electrical conductivity,
but also promote OH-/O2 transport through increasing the
intersheet space. Hunter et al. reported different OER per-
formances of NiFe-LDH caused by diverse interlayer inor-
ganic anions (e.g., NO3

-, BF4
-, Cl-, CO3

2-, and PO4
3-) [65].

The results have shown that the pKa of the conjugate acid
of interlayer inorganic anions was closely related to OER
catalytic ability of LDHs. Further, DFT calculation found
N 1 s species in the precatalyst could combine with edge-
site Fe, which led to an excellent OER performance. Our
group successfully assembled well-organized LDH nano-
sheets (NSs)/iron porphyrin (Fe-PP) with ultrathin films
through electrochemical layer-by-layer technique, which
has shown a distinct enhancement compared to pristine
LDH NSs [34].

2.3. Vacancies Construction of LDHs towards Efficient OER.
The formation of vacancies is an efficient way to improve
local electronic environment and increase active sites. The
vacancies construction on LDHs can also enhance the
nature activity of LDHs [66–68]. Many typical works have
been reported to form valid vacancies on the surface of
LDHs towards high-efficiency OER. Wang et al. success-
fully developed plasma-etching methods both in gaseous
and liquid conditions to break the interlayer electrostatic
interactions of LDHs (water-plasma exfoliation is shown
in Figure 5(a)), leading to the exfoliation of ultrathin
CoFe-LDH nanosheets as well as the formation of plentiful
vacancies [69, 70]. Sun et al. reported a memory effect
method which could create multiple vacancies on the sur-

face of NiFe-LDH (Figure 5(b)) [71]. These vacancies
increased the number of structural distortion and dangling
bonds around the metal sites, resulting in the decrease of
surface energy and the enhancement of structural stability.
Such unordered conditions around metal sites could
observably improve the nature activity of OER.

Further explorations are made based on these advanced
achievements. Our group developed an in-situ electrochem-
ical method to synthesize ultrathin CoAl-LDH nanosheet
arrays (E-CoAl-LDH-NSA), which were transformed from
CoAl-LDH nanosheet arrays via hydrothermal methods
(B-CoAl-LDH-NSA), towards high-efficient electrocatalytic
performance (Figures 5(c) and 5(d)) [72]. Co 2p XPS
(Figure 5(e)) spectra have shown the valence decrease of
Co species and the reduction of Al content on the surface.
And O 1s XPS spectra (Figure 5(f)) exhibited the disappear-
ance of lattice oxygen (529.7 eV) which meant the introduc-
tion of oxygen vacancies. As shown in Figure 5(g), the
coordination number of Co-O (1.547Å) decreases from 4.2
to 3.7 after the exfoliation process, which proved the exis-
tence of oxygen vacancies in E-CoAl-LDH-NSA. Multiple
atom defects also were observed via HADDF-STEM. The
creation of oxygen vacancies changed the electronic struc-
ture of LDHs and increase reactive sites on the surface lead
to the improvement of OER performance. Besides, long-
term test was conducted to appraise the stability of E-
CoAl-LDH-NSA, and no decrease in performance was
observed during 110h at 10mAcm-2 in 1M KOH solution.
Recently, a polyoxometallic acid wet-etching method was
reported to rebuild active species on NiFe-LDH. The recon-
figuration of active sites could create multiple Ni, Fe, and O
vacancies and accelerated the surface dynamic process,
giving rise to improvements of OER performance [73].

2.4. Topochemical Conversion of LDHs towards Efficient
OER.Moreover, LDHs can transform into other OER electro-
catalysts (e.g., metal alloy, oxide, sulfide, nitride, and phos-
phide) with outstanding OER activity through topological
conversion. Our group successfully used LDHs as precursors
to obtain FeCoP ultrathin nanosheet arrays (UNSAs) [74].
CoFe-LDH nanosheet arrays were firstly grown on Ni foam
via electrosynthesis and then transformed into FeCoPUNSAs
through an in-situ phosphatized process (Figure 6(a)). The
modified electronic structure of highly exposed active sites
on the surface of FeCoP could lead to the improvement of
H2O adsorption and convenience of hydrogen dissociation.
It exhibited excellent OER electrocatalytic activity with a low
Tafel slope of 63mV dec-1 and long-term cycling stability
(Figure 6(b)). Furthermore, FeCoP UNSAs have shown
outstanding stability with operating time over 20h at
10mAcm-2 in 1M KOH solution.

OER performance of LDHs can be further enhanced
through combining LDHs with highly reactive components
(e.g., quantum dots and noble metal single atoms) [75–79].
A hydrothermal method was reported to substituting Au
atoms for Fe atoms in NiFe-LDH (Figure 6(c)), which
caused the improvement of conductivity and optimization
of electron transfer. NiFeAu-LDH has shown low overpo-
tential for both OER (181mV at 10mAcm-2) and HER
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(89mV at 10mAcm-2). Moreover, the Tafel slope of
NiFeAu-LDH was smaller than that of NiFe-LDH and
IrO2 (Figure 6(d)) [80]. Our group developed an interface
engineering strategy that construct (Ni, Fe)S2@MoS2 hetero-
structures as a bifunctional electrocatalysts towards efficient
water splitting [81]. NiFe-LDH arrays were grown on carbon
fiber paper via a hydrothermal way at first, and (Ni, Fe)S2@-
MoS2 was further obtained by combining sulfuretted NiFe-
LDH, thioacetamide, and Mo4+ together in a stainless-steel
autoclave (Figure 6(e)). The construction of interfacial active

sites could cause outstanding activity to both OER and HER.
Also, the Tafel slope of (Ni, Fe)S2@MoS2 for OER was only
43.21mV dce-1 (Figure 6(f)). In addition, the long-term sta-
bility was tested at 10mAcm-2 in 1M KOH solution over
40 h, signifying excellent potential for application.

2.5. LDHs Electrocatalysts for OER under Other Conditions.
Actually, compared to OER conditions in the laboratory,
overall water splitting catalyzed by LDHs is always con-
ducted in more severe environments in practical application
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with enhanced alkalinity and higher operating potential. A
few works have been reported to synthesize stable LDH-
based electrocatalysts used in severe conditions. Because of
the metal hydroxide on host layers, most LDHs and their
deuterogenic catalysts possess strong alkali resistance. In
addition, reasonable design of spatial structure can reinforce
mass transfer process and keep the LDHs stable under
large current densities. 2D LDH-Birnessite hybrid was
proved to catalyze water oxidation under industrial hydro-
gen production conditions (6M KOH, a current density of
100mAcm-2) for over 20 hours. And it had a low overpo-

tential (407mV) at a large current density (400mAcm-2)
and small Tafel slope (43mV dec-1) of OER [82]. NiFe-
LDH/MoSx constructed on iron-nickel foams was also
reported to electrocatalyze OER for over 100 hours at
large current densities, with overpotentials of 156 and
201mV at current densities of 100 and 400mAcm-2,
respectively [83]. Also, in the actual application process,
the design of LDHs towards efficient hydrogen production
is always focused on both HER and OER performances.
Therefore, advanced modification strategies aim to synthe-
size bifunctional LDHs are widely reported. Combining
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LDHs with components which have highly active HER
performance is a universal method. CoFe-LDH@NiFe-
LDH nanosheets were reported as outstanding bifunctional
electrocatalysts with an overall potential of 1.59V at
10mAcm-2 [84]. Besides, PtFeNi alloys/NiFe-LDH hetero-
structure were successfully constructed, and the optimized
electronic transfer led to low overpotentials of 265 and
406mV at 10 and 300mAcm-2, respectively [85].

Carrying overall water splitting in neutral/near neutral
conditions is another feasible means, while LDHs always
have higher overpotentials and slower reaction rates com-
pared to that in alkaline conditions. Due to the lack of
OH-, the design of electrocatalysts is mostly focused on the
regulation of efficiently catalytic sites and improvement of
conductivity. For instance, NiFe-LDH with multivacancies
was proved to have low overpotential (270mV at
10mAcm-2) for OER in 1M phosphate buffered saline elec-
trolyte (pH=7) [71], while the reported overpotential of
defective NiFe-LDH in 1M KOH (pH=14) was 195mV at
10mAcm-2 [86]. Moreover, Foruzin successfully optimized
electron transportation via regulating the amount of Zn2+

in NiZnFe-LDH, which shown onset potential of 0.96V
(vs SCE) and Tafel slope of 16mV dec-1 [87], while the
onset potential of NiZnFe-LDH in 1M KOH (pH=14)
was much higher [63].

3. Identification of Active Site in LDHs for OER

3.1. OER Pathways in Alkaline Solution. Except for develop-
ing strategies to exploit highly efficient electrocatalysts,
researches on OER pathways and mechanisms are also
important, which can give guidance to the recognition of
active sites. Because LDHs are composed of metal hydroxide,
electrochemical water splitting is always carried out in alka-
line solution. The universally accepted pathway of OER in
alkaline media (adsorbate evolution mechanism, AEM) is
shown in Figure 7(a), in which “M” is on behalf of the active
metal site. The whole process includes the following steps. In
the first step, the active site adsorbs a hydroxide radical via
one-electron oxidation and turns into M-OH. Then, a cou-
ple of electron and proton is removed from M-OH and
causes the creation of M-O. Next, there are two conversion
routes for M-O. On the one hand, two M-O species integrate

into M and O2. On the other hand, M-O transforms into
M-OOH by coupling with a hydroxide radical through
one-electron oxidation, and a proton-coupled electron
transfer is further started which leads to the generation of
O2 and the renewing of the active site [88–90]. Different with
AEM, another reaction pathway of OER (lattice oxygen oxi-
dation mechanism, LOM) is shown in Figure 7(b), which
only happens under the circumstance of two adjacent
oxidized oxygen can substitute a part of sacrificing metal-
oxygen and hybridize oxygen holes by themselves. In the
process of LOM, O-O bonds can form directly and further
separate from metal ions as O2. At present, LOM is only
reported to be possible for Co-containing LDHs, while
AME is appropriate for most LDHs [61]. Nevertheless, what-
ever the mechanism is, the comprehension of OER interme-
diates and their behavior on the surface of electrocatalysts is
important to further reveal the truly active sites and improve
OER performance. Further efforts need to make to match the
OER mechanisms to specific electrocatalysts, which means
the recognition of active sites on the surface of LDHs and
interaction between the active sites and intermediates.

3.2. Distribution Location of Active Sites for OER in LDHs.
The exposed facet of the LDHs, which influences the chem-
ical coordination environment, has an immense impact on
their electrocatalytic activity. However, few researches report
the theoretical and experimental evidence of the truly active
facet of NiFe-LDH for OER. Our group employed finely
control of edge facet ratio combined with molecular probe
strategy and DFT calculation to reveal the active edge facet
of NiFe-LDH. NiFe-LDH with the same crystallinity and
different edge area ratio were synthesized by reverse micro-
emulsion strategy [91]. The result of linear sweep voltam-
metric curves expounded that with the increase of edge
area radio, both overpotential and Tafel slope of OER
decreased. As shown in Figure 8(a), OER edge active sites
could be blocked by cyanate anion, which was the interme-
diate during synthetic process, and were released after cyclic
voltammetry cycling; this results further proved the edge site
was the active site. Besides, DFT calculation of Gibbs free
energy on different sites and facets has shown that although
(001) facet had the lowest surface energy, (001)-O site
emerged a high Gibbs free energy change, which caused
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a high overpotential, while both edge (110)-Ni site and
edge (100)-Ni-Fe site have shown a low overpotential
(Figure 8(b)). The discovery of active facets can give an
important guidance to reveal the active sites of LDHs
and design optimal electrocatalysts.

3.3. Single Site as Main Active Site for OER in LDHs. The
change of electronic structures and metal valence can make
a large influence on the performance of LDHs for OER.
Metal elements are always binary transition metal cations
in LDH (e.g., Ni2+/Ni3+, Co2+/Co3+, and Fe2+/Fe3+). Also,
among transition metal-based catalysts, NiFe-LDH has
the almost best catalytic performance in OER with a low

Tafel slope and onset potential [92]. Therefore, the identi-
fication and calculation of active sites are always based on
NiFe-LDH.

There is a view that consider single site (Ni or Fe) as the
main OER active site in NiFe-LDH. As early as 1988,
Weaver et al. found that Ni(OH)2 deposited on gold elec-
trodes tended to transform into NiOOH during scanning
cyclic voltammograms in 1M KOH by in-situ surface Raman
spectroscopy and NiOOH had widely been identified as the
main active site for OER in Ni-based LDH [93]. In 2016,
Koper et al. used in-situ surface enhanced Raman spectros-
copy to prove that NiOOH could deprotonate in highly alka-
line pH and produce negatively charged surface species,
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which are virtual active species for OER [94]. Further
researches discovered that the existence of Fe could improve
the OER catalytic performance of Ni(OH)2 to a great extent
and considered Fe sites were truly active sites for OER [95].
Normally the active species in NiFe-LDH can be transformed
from Ni1-xFex(OH)2 to γ-Ni1-xFexOOH during OER, and
such a transformation can lead to electron transfer between
Ni sites and Fe sites, which may cause the changes of active

site. An earlier representative work revealed the role of Fe
sites in NiFe-LDH is published in 2015, and Bell et al.
resoundingly used HERFD-XAS to reveal the local structure
at Fe and Ni sites in (Ni, Fe)OOH [96]. The result of Fe K-
edge and Ni K-edge XAS (Figure 9(a)) has shown that the
Fe-O and Ni-O bond lengths change from 2.01Å and
2.06Å at a potential of 1.12V to 1.90Å and 1.89Å at
1.92V, respectively, and almost all of Ni2+ sites were oxidized
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to a higher valence as the potential was increased from 1.12V
to 1.92V, while Fe3+ sites remained no change (Figures 9(c)
and 9(d)). These XAS data are further used to establish the
electronic structures of Ni and Fe sites in (Ni, Fe)OOH and
calculate Gibbs free energies of reaction intermediates, as
Figure 9(e) shown, compared to Ni sites in (Ni, Fe)OOH,
and Fe sites could achieve a lower overpotential, which meant
Fe sites are truly active sites for OER.

Although the change of energy caused by the import
of Fe has been calculated, the oxidation state of Fe species
at high OER potentials remains fuzzy. It is worth noting
that Fe3+ may have a higher valence during OER which
the curves of 1.12V and 1.92V are mildly different in
Figure 9(d). Therefore, the change of valence state of Fe
species on the surface of 3 : 1 Ni:Fe-LDH during OER
was successfully observed experimentally through Möss-

bauer spectroscopy. Fe4+ species were found with an
account for 21% of the total Fe at the potential of
1.76V (vs RHE) during cyclic voltammetric scanning
[97]. As shown in Figures 10(d)–10(f), a shoulder appears
at δ = −0:27mm s−1, which meant the reflected intensity of
Fe4+ species only existed at the potential of significant cat-
alytic OER on the surface of NiFe-LDH, while such a
shoulder was not be observed at the OER active potential
on the surface of hydrous Fe oxide (Figures 10(h)–10(j)).
Combined with the mentioned work of Bell et al., they
speculated that Ni3+ irons in the NiFe-LDH and Fe oxy-
hydroxide lattice had more electrons in π-symmetry (t2g)
d-orbitals compared to Fe3+, thus the electron-donating
ability of the π-symmetry long pairs of the bridging oxy-
gen atoms would be increased and the existence of high
valent such as Fe4+ would be stabilized. Moreover, Fe
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species located in the edge, corner, or defect sites would
have higher catalytic activity, which made it easier to
make protonic transfer possible and transform Fe3+-OH
into Fe4+ =O. The Fe4+=O was highly reactive and unsta-
ble, and then, OER would occur at these reactive Fe4+

species.
Other methods are also reported to prove Fe site as main

catalytically active sites in NiFe-LDH. Combined applica-
tions of in-situ Raman spectra and 18O isotope labeling
experiment were reported to observe the conditions of lattice
oxygen during OER and further provide direct evidence for
the different active sites in Fe-free and Fe-containing Ni
oxides [98]. In pure Ni-LDH, the δ(Ni3+-O), ν(Ni3+-O)
and the ν(O-O) band of NiOO- peaks were shifted to lower
frequencies (Figure 11(a)), represented that18O in pure Ni-
LDH were substituted by 16O in the electrolyte after sub-
jecting to the OER at 1.65V for 20 minutes, which meant
that Ni sites were active sites and catalyzed OER via a

NiOO- precursor, and lattice oxygen atoms constituted
NiOO- as redox-active oxygen intermediates during OER.
While there seemed no change of δ(Ni3+-O), ν(Ni3+-O),
and ν(O-O) peaks (Figure 11(b)) which was the evidence
for 18O exchange in NiFe-LDH, it signified that lattice oxy-
gen atoms no longer formed NiOO- and participated in
OER and illustrated that Ni sites were no longer the active
sites, as a highly reactive surface active site based on Fe was
created.

3.4. Synergic Interaction between Different Active Sites for
OER in LDHs. Recent researches are more likely to attribute
the excellent OER performance of NiFe-LDH to the synergy
between Ni sites and Fe sites. The first representative job was
reported by Goddard III et al. in 2018 [99], and they success-
fully predicted the synergy between Fe and Ni which lead to
the optimal performance for OER via grand canonical quan-
tum mechanics and DFT calculation, and they predicted the
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OER mechanisms on NiOOH and (Ni, Fe)OOH as well.
Compared with Figures 12(d) and 12(e) and 12(f), it is obvi-
ous that the Gibbs free energy needed for O radical forma-
tion was reduced from 2.44 eV (pure γ-NiOOH) to 1.99 eV
(one-third surface Fe doping γ-(Ni, Fe)OOH) and 1.20 eV
(one-third surface Fe doping plus one-third subsurface Fe
doping γ-(Ni, Fe)OOH), which caused the OER overpoten-
tial reduced from 1.22V to 0.83V and 0.42V. But both in
Figures 12(e) and 12(f), catalyzing the O-O coupling on
the surface of Fe4+ site needs a lager barrier than that on
the surface of Ni4+ sites and made Fe4+-OOH unviable at
the 2e step on thermodynamics. In a summary, the high spin
d4 Fe4+ utilizes exchange interaction to generate and stabilize
the O radical, while the nearby d6 Ni4+ catalyzes the O-O
coupling.

The synergy between Ni and Fe is further proved
experimentally. Edvinsson et al. reported that NiFe-LDH
could dynamically self-optimized active sites during OER
and lead to an improved performance of OER [100]. The
change of active sites was manifested via XPS and in-situ
Raman spectra. Ni 2p spectra have shown that there was
an increase in Ni3+ relative to Ni2+ for NiFe-LDH after
OER. For the O 1s spectra, the decrease of the peak at
lower energy (529.5 eV), which was assigned to lattice oxy-
gen, and the increase of the peak at higher energy
(530.6 eV) could be attribute to the bond between lattice
oxygen and Ni3+. As Figures 13(d) and 13(e) shown, the
frequencies of 477 and 557 cm-1 match well with spectral
features of γ-NiOOH which meant the transformation
from Ni(OH)2 to NiOOH at high potentials and further
oxidized to O2 and H2O. The existence of Fe could inhibit
the self-oxidation of Ni and lead to the creation of γ-
NiOOH and higher valance Ni, which was the substance
of synergistic electronic interplay between Fe and Ni sites
in NiFe-LDH.

4. Summary and Prospects

LDHs are considered as outstanding OER catalysts which
have widely studied and reported. In this review, we summa-
rized four common strategies applied to improve the OER
performance of LDHs. Through these strategies, the overpo-
tential of OER can be decreased obviously, leading to a high
efficiency of energy utilization. Furthermore, some works
about the identification of active sites for LDHs are intro-
duced. Revelation of reaction mechanism and active sites
provide us the theoretical guidance to design efficient elec-
trocatalysts. It is viable to analysis the impact caused by
different elements and manufacture exterior active sites
via adjusting the types and content of metal elements.
Besides, the conclusion of the researches of Ni and Fe sites
can be extended to analogous oxides, hydroxides and
oxyhydroxides.

Although many works have reported a lot of outstand-
ing catalysts with a low overpotential of OER in alkaline
media, several challenges still exist. First of all, the devel-
opment and exploration of OER catalysts are mostly in
the experimental stage at present, which cannot meet up
the standards for large-scale practical use. For instance,

problems are still remained to enlarge the size of catalysts
and maintain the stability during OER with a severe con-
dition (e.g., high alkalinity and high temperature). Besides,
most reported preparation methods of LDHs based cata-
lysts are complicated and time-consuming, which brings
high cost and restricts their application as well as popular-
ization. Beyond that, more visualized and systematic
experimental data is needed to provide to prove whether
the highly active OER performance of NiFe-LDH is caused
by single active site (Ni or Fe site) or the synergistic inter-
action between Ni and Fe sites. Moreover, the recognition
of reactive oxygen species such as oxygen species adsorbed
by active sites on the surface of electrocatalysts and oxygen
radical dispersed in the solution during OER still remains
ambiguous due to the instable and unapparent existence of
reactive oxygen species. After recognizing these reactive
oxygen species, how to take advantage of them for more
efficient OER is still vital.

Facing these problems and challenges, much effort is
still needed to further promote the application of electro-
chemical water splitting towards efficient hydrogen pro-
duction. Above all, it is necessary to develop innovative,
simple, and low-cost synthetic methods, which can achieve
facile and large-scale production of LDHs electrodes satis-
fying the severe requirements for industrialized OER
towards efficient hydrogen production. Besides, more in-
situ characterization analyses should be developed and
used to identify the concrete form of reactive oxygen spe-
cies and their effect on facilitating the reaction process.
Furthermore, advanced computational chemical technol-
ogy such as density function theory and molecular dynam-
ics combined with big data should be used to analyze the
reaction mechanism and predict electrocatalytic perfor-
mance of catalysts. In addition, it is a feasible way to use
the reactive oxygen species produced during the OER pro-
cess in organic oxidation reactions for the harvesting of
value-added products. Reactive organics are usually diffi-
cult to convent by conventional catalysts and always have
lower oxidation potential than OER. More importantly,
the final products should be obtained readily through
physical (e.g., extraction, distill) and chemical (e.g., precip-
itation) methods. Therefore, many organics are reported
(e.g., 5-hydroxymethyfurfural, methanol, and glycerinum)
to add in anolyte; thus, the hydrogen production can be
conducted at lower overpotential, and value-added prod-
ucts can be obtained simultaneously. Therefore, it is of
great importance to not only develop electrocatalysts with
excellent performance but also enhance the recognition of
OER active sites. We hope this review can offer ideas to
further identify the active sites for LDHs with the purpose
of providing guidance to design more advanced electroca-
talysts towards electrochemical water splitting.
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