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Abstract: Electrochemical water splitting has great potential in the storage of intermittent energy
from the sun, wind, or other renewable sources for sustainable clean energy applications. However,
the anodic oxygen evolution reaction (OER) usually determines the efficiency of practical water
electrolysis due to its sluggish four-electron process. Layered double hydroxides (LDHs) have
attracted increasing attention as one of the ideal and promising electrocatalysts for water oxidation
due to their excellent activity, high stability in basic conditions, as well as their earth-abundant
compositions. In this review, we discuss the recent progress on LDH-based OER electrocatalysts
in terms of active sites, host-guest engineering, and catalytic performances. Moreover, further
developments and challenges in developing promising electrocatalysts based on LDHs are discussed
from the viewpoint of molecular design and engineering.
Keywords: layered double hydroxide; oxygen evolution reaction; active site; water splitting

1. Introduction
Electrochemical water splitting holds great promise for clean energy resources and has aroused
broad study interest in recent years [1–5]. Among all the studies, the development of electrocatalysts
for the anode oxygen evolution reaction (OER) is one of the key issues to decrease the overpotential of
practical water splitting due to its sluggish four-electron process [6–10]. It is well-known that ruthenium
and iridium oxides demonstrate high activity for water oxidation in acid and alkaline electrolytes,
respectively [11,12]. However, an efficient alternative is still needed because of the high cost and scarcity
of noble metal-based catalysts, which is difficult to meet the large-scale applications. Recently, various
transition metal compounds (e.g., oxides, [13–15], hydroxides [16–20], and phosphides [21–24]) have
emerged as a new family of OER electrocatalysts. Especially, the homogeneous mixed-transition-metal
compounds without phase segregation have been reported with higher OER activity, probably owing
to the effectively modulated 3d electronic structures. For instance, NiFe-based electrocatalysts have
become a kind of dazzling material attributed to their high OER activity, since first investigated by
Corrigan in the 1980s [25], and significantly promoted by Dai in 2013 [26].
Layered double hydroxides (LDHs) are a large class of two-dimensional (2D) intercalated materials
which can be described by the general formula [MII 1−x MIII x (OH)2 ]z+ (An− )z/n ·yH2 O (MII and MIII are
divalent and trivalent metals respectively; An− is the interlayer anion compensating for the positive
charge of the brucite-like layers) [27–29]. Recently, LDHs, especially NiFe-LDH, are believed to be
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one of the ideal and promising electrocatalysts for water splitting due to their excellent OER activity,
high stability in basic conditions, and low cost [30–34]. To date, various LDHs, as well as their
nanocomposites, have been synthesized for better OER performances. For example, the design and
synthesis of LDHs/conducting-material composites can overcome the intrinsically poor conductivity
of LDHs and provide a rapid transport of electrons/ions [35–42]. To improve the intrinsic activity,
the role of host transition layers and guest interlayer anions in increasing the OER activity have
also been considered [43–49]. Boettcher et al. found that the incorporation of Fe shows a more
than 30-fold increase in conductivity, as well as a partial-charge transfer activation effect of Fe to Ni
sites [50]. Jin et al. detected the presence of FeIV in NiFe-LDH during steady-state water oxidation by
using operando Mössbauer spectroscopy [51], which has important implications for stabilizing the
NiOOH lattice. Although, with this progress, how to determine the real active sites, as well as how to
rationally design much more efficient electrocatalysts based on LDHs, still remains highly desirable
and challenging.
Along with the increasing development of LDH-based OER catalysts, some important reviews
on different aspects have already been reported. For example, Dai et al. first gave a mini review
about NiFe-based materials (including alloys, oxides, and hydroxides) for OER in 2015 [52], where
the related mechanism and applications have been briefly discussed. Our group summarized the
development of LDH materials for electrochemical energy storage and conversion [53], in which the
OER applications have been discussed from the viewpoint of electrode materials design. Strasser
et al. further published a review article focusing on the progresses of NiFe-based (Oxy)hydroxide
catalysts [54]. Other excellent reviews also mentioned LDH-based OER electrocatalysts, including
the perspective on the OER activity trends and design principles based on transition metal oxides
and (oxy)hydroxides by Boettcher et al., [55] and nanocarbon-based electrocatalysts summarized by
Zhang et al., [56].
Nevertheless, the discussion on the LDH-based OER catalysts from the viewpoint of their
supramolecular intercalated structures is seldom considered. In this review, we will focus on the
roles of the host layer and guest interlayer anions in the OER performances of LDHs. The recent
advances in the host layer designs will be first discussed in order to provide a systematic digestion of
previous achievements in the unveiling of the active nature of metal ions in promoting water oxidation.
The interlayer anions also play an indispensable synergistic effect, which will be demonstrated in the
next discussion. We also hope to display future efficient OER electrocatalysts based on LDHs from the
molecular design and engineering.
2. The Engineering of Host Layer
2.1. The Role of Host Layer Metal Ions
Electrochemical water splitting under both acidic and alkaline conditions has been studied for
more than a half century as a means of storing clear energy. It is noted that OER is a four electron-proton
coupled reaction, while hydrogen evolution reaction (HER) is only a two electron-transfer reaction,
which implies that a higher energy is required for OER process to overcome the reaction barrier. In the
past decades, nickel-based electrodes have been widely used as anode catalysts for alkaline water
splitting due to the merits of earth-abundance, high activity, and good stability [57–61]. Corrigan found
that a low concentration of iron impurity in nickel oxide increased the OER kinetics obviously [25].
Moreover, the oxygen evolution overpotential for the sample with iron impurities of 10–50% in the
nickel oxide is substantially lower than that of either nickel oxide or iron oxide. Although without
a clear understanding about this interesting phenomenon, a synergetic effect between nickel and
iron species for catalyzing the OER process has been rationally assumed. This inspired the intensive
investigations to study various NiFe mixed compounds and the catalytic roles for Ni and Fe in order
to obtain better OER electrocatalysts. As a family of typical two-dimensional inorganic materials,
LDHs consist of brucite-like [Mg(OH)2 ] host nanosheets with edge-sharing metal-O6 octahedra (lateral
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In addition to the enhanced conductivity, the catalytically-active metal redox state of the
NiFe-based catalyst has remained under debate. It has long been assumed that Ni is the reactive site
for water oxidation in NiFe oxide electrocatalysts on the basis of the high activity of Ni oxide
electrocatalysts. For example, Strasser et al. found that the Fe centers consistently remain in the FeIII
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Based on the previous results and the above discussion, the brief conclusions can be obtained: (1)
iron impurity in nickel oxide and hydroxide significantly promote the electrocatalytic water
oxidation, and suitable Ni/Fe ratio (from 2:1 to 4:1) can further improve OER activity; (2) the
conductivity of Ni(OH)2/NiOOH increases when combined with iron element at a suitable level
(from 5% to 25%) due to the Fe-induced charge transfer; (3) the Ni or Fe as active sites have both
been reported, which has been verified by the detected high valence states of NiIV or FeIV, while the
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Following this work, they further synthesized ultrathin CoMn-LDH nanoplatelets (3–5 nm) by a
coprecipitation method [80], which gives a current density of 42.5 mA cm−2 at η = 350 mV. This value
is about 7.6, 22.5, and 2.8 times higher than that of Co(OH)2 + Mn2O3, spinel MnCo2O4+δ, and IrO2,
respectively.
Exfoliated ultrathin LDH nanosheets display enhanced active site exposure. However, the
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(HRTEM) image and corresponding selected area electron diffraction (SAED) pattern illustrate a
single crystal phase of LDH (Figure 5c). The NiFe-LDH NSAs exhibits superior OER activity
compared with the coated NiFe-LDH film, as well as a RuO2 film electrode, achieving the
overpotentials of 210 mV, 240 mV, and 260 mV at the current densities of 10, 50, and 100 mA cm−2,
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than 20 nm. The high-resolution transmission electron microscopy (HRTEM) image and corresponding
selected area electron diffraction (SAED) pattern illustrate a single crystal phase of LDH (Figure 5c).
The NiFe-LDH NSAs exhibits superior OER activity compared with the coated NiFe-LDH film, as well
as a RuO2 film electrode, achieving the overpotentials of 210 mV, 240 mV, and 260 mV at the current
densities of 10, 50, and 100 mA cm−2 , respectively. Moreover, it is found that the single-crystalline
NiFe-LDH arrays display smaller overpotentials than that of the reported amorphous NiFe materials
and other analogous LDH-based materials. The hexamethylenetetramine (C6 H12 N4 ) also can be
used as a direct agent to prepare vertically-aligned LDH NSAs [72]. For example, the NiFe-LDH
NSAs grown on the nickel foam were created by an in situ co-precipitation approach using a reaction
solution containing Ni(NO3 )2 , Fe(NO3 )3 , C6 H12 N4 , and CH3 OH. SEM images of the NiFe-LDH NSAs
reveal a three-dimensional (3D) porous architecture with a LDH thickness of about 15 nm. TEM
elemental mapping images of as-synthesized NiFe-LDH scratched off nickel foam suggest that Ni, Fe,
and O elements are uniformly distributed over the NiFe-LDH (Figure 5f). The OER performances of
LDH@nickel foam (NF) NSAs, Ni(OH)2 @NF NSAs, and NF were evaluated in a typical three-electrode
electrochemical cell in 1.0 M KOH solution at room temperature. Figure 5g displays the OER
polarization curves of LDH@NF, Ni(OH)2 @NF, and NF. It is clear that NiFe-LDH@NF demonstrates
the highest OER activity compared with the contrast samples, with the lowest overpotential of 210 mV
at 10 mA cm−2 , which are 88, 110, and 161 mV less than those of NiCo-LDH@NF, Ni(OH)2 @NF,
and NF, respectively. In addition, the well-uniformed NiFe-LDH NSAs also displays promising
HER performances in 1.0 mM KOH solution with low overpotential of 133 mV at 10 mA cm−2 .
The bi-functional electrocatalysts for OER and HER were further used for the overall water splitting
in a two-electrode electrolysis cell (Figure 5h), which just needs a cell voltage of 1.59 V to give a
water splitting current density of 10 mA cm−2 in 1.0 M KOH solution with a scan rate of 2 mV s−1
(Figure 5i). It is found that the nanosheet array architecture has increased the electrochemical surface
area, which provides more catalytic active sites and favors the efficient adsorption and transfer of
reactants. In addition, the well-ordered arrays also benefit the gas evolution reaction and subsequently
enhance the electrocatalytic activity [121].
In addition to direct co-precipitation, the template-directed method is another effective strategy
for the synthesis of LDH arrays as efficient OER electrocatalysts [122–124]. Sun et al. develop a
two-step hydrothermal method to synthesize hierarchical NiCoFe-LDH NSAs [125]. In this process,
Co2 (OH)2 CO3 nanowire arrays grown on the Ni foam were first achieved to provide a Co source and to
support the growth of NiCoFe-LDH NSAs in the presence of FeIII and urea (Figure 6a). The introduction
of Ni in the LDH can be ascribed to the dissolution of the Ni foam substrate at a low pH value (pH = 1.2)
due to the hydrolysis of FeIII and precipitation of NiII in the solution. The density of the LDH NSAs
on the nanowires can be tuned by simply changing the molar amount of FeIII during the second
hydrothermal step. With a low concentration of FeIII (0.5 mmol), just a few LDH nanoplatelets
grew on the nanowires (denoted as H-LDH-0.5, Figure 6b). When the amount of FeIII increased
to 1 mmol, the density of LDH NSAs around the nanowires clearly increased and the diameter of
the individual nanowire@nanoplatelet expanded to 250 nm (H-LDH-1, Figure 6c). The hierarchical
nanoarray architecture benefits the improvement of the electrochemical properties of active materials
by exposing more active sites. As a result, a high OER rate of 80 mA cm−2 for the H-LDHs could be
readily achieved by applying a small overpotential (257 mV for H-LDH-1), much better than that of the
Co2 (OH)2 CO3 nanowire arrays (420 mV) and LDH NPs (492 mV). Zhao et al. fabricated CoFe-LDH
NSAs by a solution phase cation exchange method at room temperature by dipping the Cu foam loaded
with Cu2 O nanoarrays into an aqueous solution of CoCl2 and FeCl2 (Figure 6d) [74]. In this process,
OH− was generated in situ along with the etching of Cu2 O nanowires by S2 O3 2− , which then leads to
the precipitation of metal ions. The resulting CoFe-LDH NSAs inherited the geometry of the Cu2 O
template (Figure 6e,f). The Cu2 O nanoarrays show negligible OER activity, while Co0.70 Fe0.30 -LDH
NSAs give an OER onset overpotential as low as 220 mV, a small Tafel slope at 62.4 mV dec−1 , as well
as excellent long-term durability (>100 h).
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A facile method to prepare electrode materials with the merits of fast and one-pot synthesis
on the conducting substrates is a critical step when considering the practical operations.
The electrosynthesis approach is often used to fabricate electrochemical active films on conducting
materials’ surfaces [126–128]. Numerous materials have been developed by using the electrosynthesis
process for applications in energy storage and conversion, such as transition metal oxides [129] and
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3. The Engineering of Interlayer Guests
Various anions can be intercalated into the interlayer of LDHs, which varies their chemical
environment of host layers. Layer-by-layer assembly (LBL) of exfoliated LDH nanosheets with different
interlayer anions through electrostatic interaction is a good way to introduce different interlayer
anions [137–141]. Our group has reported the assembly of well-ordered CoNi-LDH NS/iron porphyrin
(Fe-PP) ultrathin film by means of the LBL strategy, giving rise to an excellent OER performance [142].
Compared with other interlayer anions, like sodium polystyrenesulfonate (PSS) and sodium dodecyl
sulfate (SDS), CoNi-LDH NS assembled with Fe-PP shows superior OER activity, which may benefit
from the excellent conductivity of Fe-PP. Moreover, LDHs with various host composition has also been
combined with Fe-PP, such as CoMn-, CoFe-, and ZnCo-LDH, to form LDH NS/Fe-PP ultrathin films
(UTFs). As a result, the OER performance of all these LDH NS/Fe-PP UTFs is significantly improved
(Figure 8a), which means the conductive interlayer anions, like Fe-PP can efficiently improve the OER
catalytic activities of LDHs. In addition, the increased intersheet spacing would be expected to facilitate
OH− /O2 transport through the film. Xu et al. synthesized NiFe-LDH by introducing CO3 2− to replace
NO3 − , leading to the reducing of interlayer spacing and poor OER catalytic activity [71]. On the
basis of OH− being the main reactant in alkaline solution, the NO3 − has a better exchange ability
with OH− in interlamination, which also affects the OER performance of NiFe-LDH. Hunter et al.
synthesized NiFe-LDH with 12 different interlayer anions, which shows different activities during OER
reactions [143]. As shown in Figure 8b, overpotentials of [NiFe]-LDH materials with different interlayer
anions illustrate that the measured overpotentials, which reflects the water oxidation abilities, do not
match with the basal spacing. Further study shows that strong correlation can be found between the
pKa values of the interlayer anoins and overpotentials. As shown in Figure 8c, there is a midpoint of
3.4 ± 0.7. Considering the existence of 1 M OH− in the electrolyte, it is clear that the di- and trivalent
anions outcompeted the hydroxide that presented in the interlayer. This means that di- and trivalent
anions can be seen as strongly-bound proton acceptors which can reduce the activation barrier for
water oxidation. Interestingly, the DFT calculations suggest that the XPS signal at 405.1 eV correspond
to the nitrite bound by its N-atom to edge-site iron, which is a symbol of high water oxidation activity
(Figure 8d). In addition, the oxidation of NiFe-LDH in the alkaline media will generate the NiFeOOH
along with the detachment of H from the topmost surface of the regular LDH. Zhang et al. found that
the presence of interlayer CO3 2− anions stabilized the active sites of LDHs [144]. As discussed above,
the distance of interlayer space, as well as the chemical environment induced by the interlayer anions,
play an important role in the OER activity of LDHs. Additionally, iron sites at the edges of [NiFe]-LDH
nanosheets may be active in water oxidation catalysis through the related studies [145]. We expect that
these findings can be potentially used in the engineering of OER catalysts.
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to investigate
the
sites
of
LDH,
while
this
probably
depends
on
the
metal
and
water
oxidation
rate.
As
for
guest
active sites of LDH, while this probably depends on the metal and water oxidation rate. As foranions,
guest
changing
the space
of theofinterlayer
and and
the the
chemical
properties
(such
anions,
changing
the space
the interlayer
chemical
properties
(suchasasacidity
acidityand
and alkalinity)
alkalinity)
provides
a
chance
to
optimize
of
electrochemical
performances
for
LDHs.
Since
the
nanostructures
provides a chance to optimize of electrochemical performances for LDHs. Since the nanostructures have
a profound
impact
on materials,
electrode itmaterials,
it is
significant uniform
to synthesize
uniform and
ahave
profound
impact on
electrode
is significant
to synthesize
and highly-dispersed
highly-dispersed
LDHs sites
withexposed
all thetoactive
sites exposed
toultrathin
the electrolyte,
such
as ultrathin
LDHs
with all the active
the electrolyte,
such as
nanosheet
arrays.
nanosheet
arrays.
In the future, molecular-level control remains promising to entirely develop the potential
In the future,
control
remainsinteraction
promisingoftoLDHs
entirely
developa the
potential
of
of LDH-based
OERmolecular-level
electrocatalysts.
Host-guest
provides
large
space for
LDH-based
OER
electrocatalysts.
Host-guest
LDHs provides
a large space
for turning
turning
their
electrochemical
properties
forinteraction
molecule of
adsorption
and catalytic
transformation.
their
electrochemical
properties
for
molecule
adsorption
and
catalytic
transformation.
Additionally,
Additionally, the defect chemistry of LDHs have also been paid increased attention, owing to the
the defect chemistry surface
of LDHs
have structures.
also been This
paidalso
increased
attention,
to the
significantly-improved
electronic
extends the
questionowing
as to whether
significantly-improved
surface
electronic
structures.
This
also
extends
the
question
as
to
whether
the
the surface or sites show a higher activity for the OER process because of their different defects.
surface
or
sites
show
a
higher
activity
for
the
OER
process
because
of
their
different
defects.
Despite
Despite the importance of optimizing the material properties, it is still a long way to the synthesis
thelow-cost
importance
optimizingLDH-based
the materialelectrocatalysts
properties, it iswith
still precise
a long way
to the
synthesis
of low-cost
of
and of
high-quality
control
over
their composition,
and
high-quality
LDH-based
electrocatalysts
with
precise
control
over
their
composition,
structure,
structure, and morphology. To utilize solar energy in water splitting, how to combine the
novel
and morphology. To utilize solar energy in water splitting, how to combine the novel LDH-based
OER catalysts with photocatalysts will be a promising method to achieve an efficient
photoelectrochemical process.
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LDH-based OER catalysts with photocatalysts will be a promising method to achieve an efficient
photoelectrochemical process.
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