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HIGHLIGHTS

• Synthesis strategies of layered double hydroxides (LDHs) were summarized with classifications of traditional coprecipitation, homo‑
geneous precipitation, and newly developed topochemical oxidation.

• Diverse approaches of structural modulation and hybridization to enhance the electrocatalytic activity of LDHs were systematically 
reviewed.

ABSTRACT Layered double hydroxides (LDHs) have attracted tremendous 
research interest in widely spreading applications. Most notably, transition‑metal‑
bearing LDHs are expected to serve as highly active electrocatalysts for oxygen 
evolution reaction (OER) due to their layered structure combined with versatile com‑
positions. Furthermore, reducing the thickness of platelet LDH crystals to nanometer 
or even molecular scale via cleavage or delamination provides an important clue to 
enhance the activity. In this review, recent progresses on rational design of LDH 
nanosheets are reviewed, including direct synthesis via traditional coprecipitation, 
homogeneous precipitation, and newly developed topochemical oxidation as well 
as chemical exfoliation of parent LDH crystals. In addition, diverse strategies are 
introduced to modulate their electrochemical activity by tuning the composition of 
host metal cations and intercalated counter‑anions, and incorporating dopants, cavi‑
ties, and single atoms. In particular, hybridizing LDHs with conductive components 
or in situ growing them on conductive substrates to produce freestanding electrodes 
can further enhance their intrinsic catalytic activity. A brief discussion on future research directions and prospects is also summarized. 
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1 Introduction

Electrochemical water splitting, involving hydrogen evolu‑
tion reaction (HER) and oxygen evolution reaction (OER), 
is considered as one of alternative renewable energy systems 
to replace traditional fossil fuels [1–3]. Compared with other 
alternatives such as solar and wind power, water splitting is 
more efficient to utilize intermittent energy by converting 
electricity to clean chemical energy carriers (e.g., hydrogen) 
[4]. However, both reactions of water splitting suffer from 
sluggish kinetics due to the inertia, especially for the OER 
which experiences a four‑electron (4e) transfer process [5]. 
Exploring efficient electrocatalysts is crucial to address this 
issue. The state‑of‑the‑art commercial catalysts of water 
splitting rely on precious metals of the platinum group, with 
Ru, Ir, and their oxides toward OER, while Pt is the bench‑
mark catalyst for HER [6, 7]. However, the scarcity and pre‑
cious nature hinder their large‑scale application. Moreover, 
Ru, Ir, and their oxides might suffer from oxidation at high 
potential and Pt would undergo dissolution in the electrolyte 
during long‑time operation [8–10].

During the past decades, substantial efforts have been 
devoted to developing high‑performance catalysts based on 
low‑cost transition metal elements. Among them, layered 
double hydroxides (LDHs) recently attracted considerable 
research interest owing to their intriguing electrocatalytic 
activities, earth abundance, ultrastability, and low‑toxic 
properties [11–14]. LDHs can be represented by a gen‑
eral formula as M1−x

2+ Mx
3+(OH)2(An−)x/n·yH2O [15–21]. As 

depicted in Fig. 1, LDHs consist of brucite‑like layers with 
a fraction of octahedrally coordinated divalent metal cations 
replaced by trivalent ones, resulting in positive charge of the 
host layers. Exchangeable inorganic or organic anions are 

accommodated in the interlayer galleries to compensate for 
the positive charge. Moreover, the hydroxyl groups of the 
host layers are connected to the anions or water molecules 
by hydrogen bonds. The x value equals the molar ratio of 
 M3+/(M2++M3+), which is in the range of 0.17–0.33 [22]. 
Thanks to the controllable  M2+/M3+ molar ratio, tunability 
of the metal cations, and exchangeable charge‑compensat‑
ing anions, a large number of host–guest assemblies and 
nanoarchitectures can contribute to the design for desirable 
physical and chemical properties. The properties of LDHs 
have been tailored to fulfill the specific demand of different 
applications, ranging from electrocatalysis, photoelectroca‑
talysis, adsorption materials to additives in polymers, and 
so on. During the OER catalytic process, both  M2+ and  M3+ 
are involved in redox reactions by adsorbing and desorbing 
reactants, intermediates, and products (Fig. 1b) [23]. There 
may be possible electron transfer occurring between  M2+ 
and  M3+ in the process.  An−, acting as the counterions to 
compensate for the positive charge, may affect adsorption/
desorption process on LDH host layer surface and/or in the 
interlayer space.

The lateral size and thickness have a great effect on physi‑
cal and chemical properties [24]. In particular, when the 
thickness reduced to nanometer or even molecular scale, the 
resulting nanosheets can maximize the exposing active sites 
and specific surface area, which would effectively contribute 
to increased intrinsic electrocatalytic activities, facilitate the 
transport of reactant species, and finally promote the activity 
toward water splitting [25, 26].

In this review, we summarize recent progress in the struc‑
ture design and exfoliation of LDHs, development of their 
derivates as well as exploring their applications in electro‑
chemical water splitting. First, we will introduce various 
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Fig. 1  a Typical structure model of LDHs and in‑plane cation arrangement. b OER mechanisms in acid (blue) and alkaline (red) conditions. 
Reproduced with permission from Ref. [23]. Copyright 2006 The Royal Society of Chemistry
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preparation methods of LDH nanosheets, mainly classi‑
fied into two categories—direct synthesis in a bottom‑up 
approach and top‑down chemical exfoliation of the lay‑
ered precursory compounds. Aiming to overcome the poor 
conductivity of LDHs, various strategies will be covered, 
including doping metal or nonmetal elements, introducing 
cavities, decorating LDHs with functional nanoparticles, 
hybridizing LDHs with conductive components, and grow‑
ing LDHs on conductive substrate to produce 3D freestand‑
ing electrodes. Based on these developments, we highlight 
the applications of LDHs and their derivatives as OER cata‑
lysts toward electrochemical water splitting.

2  Synthetic Strategies

The reliable synthesis of 2D LDHs with controllable lateral 
size and thickness is crucial for exploring their structural, 
physical, and electrochemical properties. Stimulated by 
their interesting potential applications, tremendous efforts 
have been devoted to developing various strategies for pro‑
ducing 2D LDHs. The typical preparation methods of 2D 
LDHs can be classified into “top‑down” and “bottom‑up” 
approaches. The general “top‑down” approach usually uses 
physical shear force or chemical intercalation to break the 
interaction between adjacent layers, attaining mono‑ or few‑
layered nanosheets from their bulk counterparts. Oppositely, 
the bottom‑up method relies on the direct preparation of 2D 
LDH nanosheets via chemical reactions/syntheses.

2.1  Direct Synthesis of LDH Nanosheets

Direct synthesis of 2D nanosheets may be considered as a 
straightforward and attractive bottom‑up procedure [15]. 
Various mechanical and chemical strategies toward direct 
synthesis of LDH nanosheets have been explored, including 
applying a laser beam on metals in aqueous solution, utiliz‑
ing a layer growth inhibitor in a microemulsion, and using 
a special reactor to create a rapid reaction environment, etc.

2.1.1  Physicochemical Approach

2.1.1.1 Pulsed Laser Ablation Hur et  al. [27] introduced 
a new method to synthesize LDHs and their ultrathin 
nanosheets in de‑ionized water by pulsed laser ablation 
without any chemical or heat treatment. Laser ablation tech‑

nique has recently been used for the formation of nanoma‑
terials in liquid environment, including Ag particles [28], 
ZnO particles [29], Au–Ag alloy [30, 31], and other sta‑
ble phases depending on the properties of target materials 
and surrounding liquid. The preparation process of LDHs 
was carried out in two steps. The first is laser ablation of 
a metal target for trivalent cations in de‑ionized water at 
room temperature using Q‑switched Nd–yttrium aluminum 
garnet laser, and the second is laser ablation over another 
metal target for bivalent source in the previously prepared 
trivalent metallic colloid. By controlling the ablation time, 
wavelength, and fluence, Zn–Al, Co–Fe, Co–Al, and Mg–
Fe LDHs were formed with a molecular thickness, corre‑
sponding to the thickness of the exfoliated 2D nanosheets 
(Fig. 2a–d). Figure 2e–h shows that the lateral sizes of these 
LDHs are approximately 300, 100, 100, and 200 nm, respec‑
tively. Moreover, all these colloidal nanosheets were found 
to be stable without any agglomeration or formation of 
lamellar structures. Among them, Mg–Fe and Co–Fe LDH 
layers present extremely large lateral size comparable with 
that of the regular LDHs when being prepared quickly on 
transmission electron microscopy (TEM) grid. The TEM 
images showed that the Mg–Fe LDHs present a rolling and 
folding morphology with a thickness approaching 0.5 nm.

Employing the method of pulsed laser ablation in 
liquid (PLAL), Müller et  al. synthesized a series of 
[Ni–Fe]‑LDHs with intercalated nitrate ions and water—
[Ni1−xFex(OH)2](NO3)y(OH)x–y·nH2O [32]. Iron or nickel 
powder was firstly mixed in 10 mL aqueous metal nitrate 
solutions using a magnetic stirrer. For the formation of 
bimetallic LDHs, one kind of metal was used as the abla‑
tion target, while the nitrate salt of the other metal was 
dissolved in the precursor solution. During PLAL, nano‑
particles were formed by rapid cooling of plasma com‑
prised of elements for the solid ablation target and the 
surrounding liquid. After the synthesis process, the LDH 
nanoparticle suspensions were separated from the metallic 
ablation targets using a strong magnet. The composition 
of LDHs with mixed metals was carefully controlled by 
varying the ablation targets, type of metal ions, and their 
concentrations, as well as laser pulse energies. Powder 
X‑ray diffraction (XRD) measurements implied that the 
Fe‑rich nanoparticles are poorly crystalline, while the Ni‑
rich nanoparticles display diffraction patterns consistent 
with the LDH structure. Mössbauer and X‑ray absorption 
spectroscopic data indicated that the Fe was incorporated 
as  Fe3+ to replace partial  Ni2+ in [Ni–Fe]‑LDHs. The TEM 
data showed that the lateral sizes ranged from ~ 7 to 22 nm.
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Laser ablation process has proved to be an attractive 
method to prepare ultrathin LDH layers with a uniform 
size. More importantly, the high laser power and short 
reaction time can effectively alleviate the contamination 
of carbonates.

2.1.1.2 Microwave Irradiation Microwave irradiation 
serves as a facile and convenient way to synthesize uni‑
form materials by altering the reaction kinetics and selec‑
tivity during the nucleation process. Xu et al. used a one‑
step microwave‑assisted approach to prepare Zn–Co‑LDH 
nanosheets, which avoided the low yield and the complex 
synthesis via the liquid exfoliation method (Fig.  3a–d) 

[33]. Zinc nitrate hexahydrate, cobalt nitrate hexahydrate, 
and urea were firstly dissolved in de‑ionized water and 
then transferred to a round‑bottomed flask, followed by 
microwave irradiation at 900 W. They found that the XRD 
peaks of Zn–Co‑LDHs, especially the 003, 006, and 113 
peaks, became stronger with the increase in microwave 
power. The AFM images demonstrated that the reaction 
time had a large effect on the morphology, the lateral size 
getting larger with increasing the reaction time. The thick‑
ness of the obtained nanosheets was measured to be ~ 2 nm 
by peak‑force‑model atomic force microscopy (PF‑AFM) 
(Fig. 3e, f). Such a simple and effective method could be 
extended to large‑scale synthesis.

Fig. 2  TEM and SEM images of four different LDH nanosheets prepared by pulsed laser ablation. a, e Zn–Al LDH, b, f Co–Fe LDH, c, g Co–
Al LDH, d, h Mg–Fe LDH. Reproduced permission from Ref. [27]. Copyright 2010 American Institute of Physics
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2.1.2  Chemical Approach

Yan et  al. developed a single‑step method to synthe‑
size MgAl‑LDHs ultrathin nanosheets in large scale 
with the assistance of hydrogen peroxide (Fig. 4a) [34]. 
Mg(NO3)2·6H2O, Al(NO3)3·9H2O, and urea were firstly 
dissolved into 100 mL 30%  H2O2 to yield a solution con‑
taining 0.01 M Mg2+ and 0.005 M  Al3+. Then, the mix‑
ture was loaded into a Teflon tube and heated at 150 °C for 
24 h. A translucent colloidal suspension was achieved after 
the reaction. The key point to obtain LDH nanosheets is 
that the oxygen molecules derived from in situ decomposi‑
tion of  H2O2 are accommodated in the interlayer space of 
the resulting LDHs. Due to their violent movements, the 
interlayer spacing increased and the electrostatic interac‑
tion of layers diminished until layers separated completely. 
It is illustrated that as the percentage of  H2O2 increases, 
the resultant solution becomes more transparent with higher 
yield (Fig. 4b). The 003 XRD peak shifted to a low angle 
when adding  H2O2, indicating that the interlayer spacing 
of MgAl‑LDHs was expanded. On reaching 30%  H2O2, a 

semitransparent colloidal suspension was obtained which 
could be kept stable for several weeks in air without the 
formation of precipitates. SEM image exhibited hexago‑
nal morphology of the MgAl‑LDHs plates with a size of 
5–10 μm. The height analysis was carried out by AFM at 
steps between a nanosheet and the substrate surface, yielding 
a thickness value of 1.44 nm.

Hu et al. reported a facile one‑step synthesis of LDH 
monolayers in a reverse microemulsion (Fig.  4d) [35]. 
Mg(NO3)2·6H2O and Al(NO3)3·9H2O were introduced into 
an oil phase of isooctane with sodium dodecyl sulfate as 
surfactant and 1‑butanol as co‑surfactant. The pH of the 
solution was adjusted to 10 by NaOH. The aqueous phase 
containing the nutrients for the growth of LDH would be 
dispersed in the oil phase to form droplets surrounded by 
dodecyl sulfate groups. The droplets served as nanoreactors 
and provided limited space and nutrients for the formation 
of LDH platelets. Therefore, both the diameter and thickness 
can be effectively controlled. Such system also allowed the 
negatively charged dodecyl sulfate chains to interact with 
the LDH planes to balance the charge. The XRD patterns 

Fig. 3  a, b SEM and c, d TEM images of Zn–Co‑LDH nanosheets. e Height profile and f the 3D PF‑AFM images of Zn–Co‑LDH nanosheets 
prepared by microwave irradiation. Reproduced with permission from Ref. [33]. Copyright 2015 The Royal Society of Chemistry
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Fig. 4  a Suggested scheme for preparing exfoliated MgAl‑LDH nanosheets. b, c Digital graphs of MgAl‑LDHs suspension with different con‑
tents of  H2O2 and the corresponding XRD patterns. Reproduced with permission from Ref. [34]. Copyright 2012 Elsevier Inc. d Schematic 
illustration of the nucleation and growth of LDH platelets. Reproduced with permission from Ref. [35]. Copyright 2006 The Royal Society of 
Chemistry
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of the gel‑like materials presented two broad reflections at 
ca. 2θ = 7.5° and 20°, while strong basal plane Bragg reflec‑
tion of LDHs was missing, suggesting a lack of an organ‑
ized layered structure of the sample. Upon drying, the pat‑
tern showed a gradual growth of a 2θ = 3° Bragg reflection, 
indicating that the sample gains some structural order. All 
those reflections could be indexed as a rhombohedral unit 
cell with a = 2d110 = 3.04 Å and c = 3d003 = 77.88 Å, agree‑
ing well with the unit cell dimensions of the  Mg2Al‑LDH 
intercalated with dodecyl sulfate that was obtained by ion 
exchange method from the pristine nitrate form. The AFM 
topology revealed isolated oval objects which have a uniform 
height distribution around 1.5 nm and a diameter distribution 
centered around 40 nm.

2.2  Chemical Exfoliation of Parent LDH Crystals

Chemical exfoliation of parent LDH crystals provides 
another effective route to produce 2D nanosheets. Compared 
with direct synthesis process, it is more facile to control 
the growth rate and chemical composition of LDHs. Moreo‑
ver, ion intercalation/exchange is a crucial step in chemical 
exfoliation route, which introduces diverse anions into the 
interlayer space of LDHs, contributing to the modification 
of LDH structure and tuning of properties.

2.2.1  Synthesis of Layered Precursor Compounds

The prerequisite of top‑down strategy is to obtain multi‑
layered host compounds in high quality. LDH crystals are 
usually prepared via a solution‑based process, which may 
be classified as coprecipitation, homogeneous precipitation, 
and topochemical oxidation. Coprecipitation involves the 
precipitation of a solution containing divalent and trivalent 
metal salts under an alkaline condition or constant pH, e.g., 
by adding NaOH or  Na2CO3 [36–38]. In the early stages, 
almost all of the LDH parent materials were prepared by the 
coprecipitation. Later, homogeneous precipitation typically 
uses a reagent such as urea (CO(NH2)2 or hexamethylene‑
tetramine (HMT,  C6H12N4), which is hydrolyzed to slowly 
release ammonia and to generate an alkaline environment. 
Compared with coprecipitation, homogeneous precipitation 
generally leads to LDH products in high crystallinity due to 
homogenous nucleation and growth procedure [39, 40]. On 
the other hand, topochemical oxidation, a newly developed 

process involving a topotactic oxidative intercalation, 
started from brucite‑like divalent metal hydroxides [41]. 
Using cobalt chloride  (CoCl2·6H2O) and ferrous chloride 
 (FeCl2·4H2O) as the precursors, Ma et al. [42] developed a 
new process to synthesize transition‑metal‑bearing LDHs; 
brucite‑like  Co2+–Fe2+ hydroxide was firstly synthesized via 
HMT hydrolysis under nitrogen protection, and the product 
was later transformed to  Co2/3Fe1/2(OH)2 LDH via topotactic 
oxidative intercalation with iodine in chloroform  (I2/CHCl3). 
Brownish product was obtained by filtering and rinsing with 
anhydrous ethanol repeatedly. This innovative topochemi‑
cal approach was also employed to successfully prepare 
 Co2+–Co3+ LDH, which cannot be produced by traditional 
coprecipitation or homogeneous precipitation method 
because there is no stable dissociated  Co3+ or Co(OH)3 in 
the aqueous solution [43]. Different from the heterometal‑
lic (Co–Fe) hydroxide, more crucial control was required 
to complete the oxidation degree of the same element by 
incorporating mixed valences. For example, after achiev‑
ing the brucite‑type hydroxide of hexagonal β‑Co(OH)2 by 
refluxing  CoCl2 in HMT solution, Ma et al. [43] employed 
bromine  (Br2) in acetonitrile  (CH3CN) to transform it into 
 Co2+–Co3+ LDH. They found that the oxidative intercala‑
tion process consumed 40 times the required amount of  Br2 
and the oxidation took 5 days to ensure the complete con‑
version into single  Co2+–Co3+ LDH phase without residue. 
Lee et al. developed a novel synthetic approach to hydrotal‑
cite‑like  Co2+ (or  Ni2+)–Fe3+‑LDHs using a one‑pot topo‑
chemical oxidation reaction by anthraquinone‑2‑sulfonate 
anions (AQS2) [44]. AQS2 served as a mild oxidizing agent 
which allows the sole oxidation of  Fe2+ into  Fe3+ to form 
the LDH phase and were intercalated into the interlayer 
space of the LDH during the course of a slow precipitation. 
The process was also carried out by refluxing the  CoCl2 (or 
 NiCl2)–FeCl2–AQS2–HMT solution with a stoichiometric 
ratio 2:1 of Co (or Ni)/Fe under  N2 atmosphere for 3 h. The 
standard redox potential of  AQS22−/AQS2 was − 0.6 V (vs. 
Ag/AgCl), which is possible to oxidize the  Fe2+ ions in the 
Fe(OH)2 phase because of the lower standard potential in 
Fe(OH)3/Fe(OH)2 (− 0.58 V). Brown and dark yellow solid 
precipitates were attained for the Co–Fe LDH and Ni–Fe 
LDH, respectively. The average lateral size of both samples 
was detected to be 0.5 μm, and the thickness was around 
70 nm. All diffraction peaks of XRD patterns were readily 
indexed as a hydrotalcite‑like phase similar to those in α‑Co‑
AQS2‑LDH phase [45].
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2.2.2  Ion Intercalation/Exchange

Ion intercalation/exchange is effective to synthesize LDH 
with desired ions and in turn regulate the expected proper‑
ties of materials [46–49]. Ion intercalation spontaneously 
happens during the chemical synthesis of LDHs because 
counterions are needed to balance the host layer charge. In 
addition to inorganic anions including alkoxide, molybdate, 
polyoxometalates, etc., various organic molecules, such as 
glucose [50], carbon dots [51], and ethylene glycol [52], can 
also be intercalated. Intercalating guests between LDH host 
layers not only expand the interlayer spacing for convenient 
transport of ions/electrons, but also facilitate the subsequent 
exfoliation of LDHs into ultrathin nanosheets [53].

2.2.3  Exfoliation

Bulk LDHs are solids with strong in‑plane chemical bonds 
while relatively weak interlayer forces. Exfoliating or 
delaminating bulk LDHs into few‑layered or monolayered 
nanosheets could expose abundant active sites and con‑
tribute to an enhanced intrinsic catalytic activity. Since the 
report of exfoliation of graphite into monolayer graphene, 
diverse approaches, including soft chemical exfoliation and 
plasma exfoliation, have been developed and widely used.

2.2.3.1 Soft Chemical Exfoliation in  Liquid/Sol-
vent The first attempt to exfoliate LDH was reported by 
Adachi‑Pagano et  al. [54]. They prepared dodecyl sul‑
fate  (DS−,  C12H25SO4

−)‑intercalated  Zn2/Al–DS−−LDH 
and tried delaminating it in various organic solvents. 
The results showed that the LDH could be exfoliated in 
butanol, pentanol, and hexanol and remain stable for a 
long time.  Zn2/Al–DS−−LDH was partially delaminated 
in other solvents, such as water, methanol, ethanol, pro‑
panol, and hexane. Hydration state of the  DS−−LDH was 
found to be a vital factor for determining the exfoliation 
extent. Venugopal et al. applied such exfoliation method 
to different types of divalent and trivalent LDHs, includ‑
ing Mg/Al‑LDHs, Ni/Al‑LDHs, and Zn/Al‑LDHs interca‑
lated with sodium dodecyl sulfate or sodium dodecylben‑
zene sulfonate [55]. It turned out that the LDHs with low 
 [M2+]/[M3+] ratios can achieve higher exfoliation yield. 
LDHs were rarely exfoliated in nonpolar solvents (e.g., 
hexane), while they were delaminated best in alcohols, 
such as 1‑butanol, 1‑octanol, and so on.

Toluene was also studied as the dispersant of 
 DS−‑intercalated LDH for liquid delamination [56]. As 
depicted in Fig. 5a–e, after being stirred in toluene and soni‑
cating for 5 min,  DS−‑intercalated  Mg0.67/Al0.33‑LDH and 
 Co0.67/Al0.33‑LDH were rapidly exfoliated into monolayers 
with a clear transparent dispersion which showed a clear 
Tyndall light scattering effect. The exfoliation mechanism 
was proposed based on molecular dynamics simulation. 
For the LDH compounds incorporated with long‑chain sur‑
factant molecules, the Van der Waals interactions between 
chains anchored onto adjacent host layers play a role in hold‑
ing the sheets together. The treatment with the solvents was 
expected to weaken or disrupt such van der Waals inter‑
actions and the  DS− converted the hydrophilic LDHs into 
hydrophobic, which promotes solvation with nonpolar sol‑
vent molecules, such as toluene.

Formamide is also a common solvent to perform liquid 
exfoliation. Hibino and Jones firstly reported the exfoliation 
of LDHs in formamide by creating a desirable interlayer 
environment to intercalate a large volume of solvent [58]. 
They prepared  Mgn/Alk‑LDHs intercalated with different 
amino acid anions, including glycine, seine, and l‑aspartic 
acid. Diverse polar solvents were examined as dispersants, 
such as water, ethanol, acetone, formamide, ethylene glycol, 
and diethyl ether. Among all the combinations, they found 
that the glycine and formamide led to the optimum result. 
When 0.03 g Mg3/Al–glycine–LDH was mixed with 10 mL 
formamide under stirring, rapid exfoliation occurred in a 
few minutes. They also reported the modification of Mg–Al 
LDHs with various amino acids to create an interlayer envi‑
ronment that was suitable for solvation of formamide, which 
would break the hydrogen bonding network and lead to 
delamination [59].

Liu et al. performed a systematic research of the delami‑
nation of Co–Al LDHs in formamide (Fig. 5f–j) [53]. Hex‑
agonal Co–Al–CO3 LDH platelets of 4 µm in lateral size 
were firstly prepared by the urea method and then converted 
to  Cl−‑LDH by treating with a NaCl–HCl mixed solution 
[60]. After that, Co–Al LDH intercalated with diverse ani‑
ons was obtained via an anion exchange process employing 
corresponding salts, including  NO3

−,  ClO4
−, acetate, lactate, 

dodecyl sulfate, and oleate. The exchanged product (0.1 g) 
was mixed with 100 mL formamide and agitated vigorously 
in a mechanical shaker at a speed of 160 rpm for 2 days. A 
pink transparent suspension was attained, containing well‑
defined nanosheets with a lateral size up to 2 µm. The height 
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profile of AFM revealed that the nanosheets possessed a 
fairly flat morphology with an average thickness of ~ 0.8 nm, 
which can be explained as the sum of crystallographic 
thickness of the LDH layer (0.48 nm) and an absorbed 
monolayer of formamide molecules (~ 0.3 nm) [61]. Such 

thickness value manifested the unilamellar structure of 
the exfoliated nanosheets. Liang et al. developed a topo‑
chemical synthesis of Co–Ni LDHs from brucite‑like Co–Ni 
hydroxide with bromine as an oxidizing agent. Excess bro‑
mine in acetonitrile promoted partial oxidation of  Co2+ into 

Fig. 5  a Delamination process of a surfactant‑intercalated LDH by toluene. b, c Photograph and Tyndall effect of Co–Al LDH dispersion exfoli‑
ated by toluene. d Test‑tube inversion test demonstrating the formation of toluene gels for dispersion of Mg–Al LDH (i), Co–Al LDH (ii), Ni–Al 
LDH (iii), and Zn–Al LDH (iv). e The Co–Al LDH dispersion exfoliated by toluene after 7 days. Reproduced with permission from Ref. [56]. 
Copyright 2011 American Chemical Society. f–j Delamination process, low‑ and high‑magnification SEM images, photograph and XRD pattern 
of the Co–Al–CO3 LDH sample and the suspension. Reproduced with permission from Ref. [53]. Copyright 2006 American Chemical Society. 
k Photographs of nanosheet suspensions of the  Co1−x–Nix LDHs (x = 0, 0.25, 0.33 and 0.5) and the corresponding AFM images. Reproduced 
with permission from Ref. [57]. Copyright 2009 American Chemical Society
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 Co3+ [57]. Through the subsequent ethanol‑assisted anion 
exchange process, a variety of inorganic and organic ani‑
onic forms of Co–Ni LDHs were achieved. The as‑prepared 
 NO3

−‑intercalated CoNi LDHs without substantial carbonate 
contamination were successfully delaminated into unilamel‑
lar nanosheets bearing positive charges upon contact with 
formamide (Fig. 5k). Different characteristic colors were 
presented for the translucent suspensions of nanosheets, 
depending on the variable Co/Ni ratios. It is worth noting 
that LDHs could also be delaminated in aqueous solution. 
Iyi and coworkers added aqueous zwitterion solution into 
 ClO4

−‑intercalated MgAl‑LDH and successfully attained 
semitransparent colloidal suspension [62].

2.2.3.2 Plasma Exfoliation The concept of plasma was 
firstly proposed by Langmuir in 1928 [63], which has 
induced enormous research interest in materials synthesis 
and surface modifications during the past decades [64–68]. 
Besides being used to modifying surface [69], creating 
defects [70], and synthesizing materials [71], plasma has 
also been developed as technologies to exfoliate layered 
compounds, including graphite [72], black phosphorus [73], 
and also LDHs [74]. Wang et al. for the first time reported 
the efficient exfoliation of ultrathin CoFe LDH nanosheets 
by means of water plasma [75]. The plasma partially etched 
the interlayer anions and destroyed the electrostatic interac‑
tions between the host layers, thus resulting in fast exfolia‑
tion and simultaneously generating multivacancies in the as‑
exfoliated LDH nanosheets. Later on, they also successfully 
realized the exfoliation of bulk CoFe LDHs into ultrathin 
nanosheets by  N2 plasma [76]. CoFe LDHs were firstly 
prepared by hydrothermal reaction and then treated by  N2 
plasma for 60  min. After the  N2 plasma treatment, bulk 
CoFe LDHs were delaminated into ultrathin nanosheets. 
Numerous atomic‑sized holes were also produced in the 
meantime with more exposed edge sites. As revealed by 
the height profiles of AFM, the thickness was decreased 
from ~ 20 to ~ 1.6 nm. Many holes were also observed in the 
basal plane of the exfoliated LDH nanosheets induced by 
the etching effect of plasma.

3  Structure Modulation toward Application 
in Oxygen Evolution Reaction

Transition metal‑based LDH materials have attracted con‑
siderable interest as the promising OER catalysts in alkaline 
system, due to their unique 2D layered structure, electronic 
property, and low cost. However, the catalytic performance 

of LDHs for OER is still restricted by their low electrical 
conductivity  (10−13–10−17 S cm−1), limited active sites, 
inferior thermostability, and weak adsorption of oxygen‑
ated intermediates [77]. Therefore, the following parts will 
mainly discuss a series of effective strategies for obtaining 
remarkable electrocatalytic activities toward OER.

3.1  Doping

LDHs can be regarded as metal‑doped monometallic 
hydroxides [11]. Monometallic hydroxides (e.g., nickel 
hydroxides and cobalt hydroxides) were usually synthe‑
sized under ambient conditions in air, which would lead to 
the inevitable oxidation of  Ni2+ or  Co2+ into their trivalent 
state. Therefore, positively charged  Ni3+‑doped Ni(OH)2 
and  Co3+–Co(OH)2 would be produced under the regular 
conditions from the transformation of monometallic hydrox‑
ides [78–81]. Although many studies have been devoted to 
monometallic Ni(OH)2‑ and Co(OH)2‑based materials for 
OER, their electrocatalytic activity is still not satisfactory. 
Introducing metallic dopants with various valent states into 
monometallic hydroxide is viewed as an ideal strategy to 
enhance their intrinsic catalytic activity because of the redis‑
tribution of localized π‑symmetry electrons through bridging 
 O2− and endowing favorable adsorption/desorption of oxy‑
gen‑containing species [82]. Besides, replacing some lattice 
oxygen in metal hydroxides with nonmetal elements (e.g., B, 
N, P, S, F) is also a promising strategy to modulate the elec‑
tronic structure of hydroxides. Incorporating other metal or 
nonmetal elements would efficiently improve the conductiv‑
ity and in turn promote the electrochemical performance of 
LDHs for water splitting. Hu et al. prepared NiCo and CoCo 
LDHs with  Br− anions via a topochemical approach. The 
electrochemical measurements showed that the NiCo LDH 
exhibited lower overpotential and Tafel slopes for OER than 
that of pure CoCo nanosheets, which can be attributed to 
the synergistic effects between different metal ions [12]. Lu 
et al. demonstrated a facile and practical pathway to fabricate 
3D porous sulfur‑incorporated NiCoFe LDH nanosheets on 
carbon cloth and achieved superb electrocatalytic activity 
and stability for OER [83]. The enhanced performance is 
attributed to the hierarchical nanostructure and sulfur doping 
which endows the electrode with high electrical conductiv‑
ity [83].
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Due to the versatile composition of LDHs, a large 
number of active sites can be easily incorporated into the 
structure of LDHs to modulate the electronic structure and 
active species. However, the OER activity of bimetallic 
LDHs is still not close to their optimal state, which can be 
further enhanced by doping the third metallic element with 
the formation of trimetallic LDHs. The additional doping 
can not only modify the electronic configuration of bime‑
tallic LDHs, but also create synergetic effects between host 
layers and the dopants, which would enhance the intrinsic 
activity for OER and bring new properties toward other 
electrochemical applications, such as hydrogen evolution 
reaction (HER) and oxygen reduction reaction (ORR). 
Mukerjee et al. produced high‑surface‑area Ni–Fe–Co 
films on Raney nickel supports and found that such cata‑
lysts exhibited enhanced OER mass activity as compared 
to the Ni–Fe catalyst. The enhancements were ascribed 
to two aspects: (1) the charge transfer effect leads to the 
formation of conductive  NiIIIOOH species at lower over‑
potential, therefore activating the Fe sites that are inacces‑
sible to electron transfer in the nonconductive  NiII(OH)2. 
(2) Introducing Co effectively induces the shrinkage of the 
Ni and Fe local geometry and likely results in an optimized 
Fe–OH/OOH bond strength as revealed by XAS analysis 
[84]. Duan et al. fabricated  Mn4+‑doped NiFe LDHs by a 
simple coprecipitation method at room temperature [85]. 
The as‑prepared NiFeMn LDHs presented a flowerlike 
morphology assembled by the ternary LDH nanosheets 
with an average lateral size of 50 nm and thickness of 
3.7 nm. Such  Mn4+‑doped NiFeMn LDH exhibited lower 
onset potential of 200 mV and faster OER current increase 
as compared to undoped NiMn LDH and NiFe LDH. A 
smaller Tafel slope of 47 mV dec−1 was also observed. A 
high stability was also achieved for delivering constant 
current density of 20 mA cm−2 over 15 h. The high cata‑
lytic activity is ascribed to the intrinsic electrocatalytic 
active  Ni2+ and  Fe3+ and the synergy between Mn dopants 
and these active sites. The DFT calculation proved that 
 Mn4+ doping could narrow the bandgap of NiFe LDH 
with exposing more conductive electronic structure and 
thus improve the electric conductivity. The resistance 
of NiFeMn LDH disk‑shaped pellet is 1.6 × 103 Ω sq−1 
that is lower than that of the corresponding NiFe LDH 
(2.2 × 103 Ω sq−1). Moreover, doping Mn into NiFe LDH 
can also facilitate the formation of intermediates of *O and 
*OH, accelerating the OER catalytic process.

3.2  Introduction of Cavity

Introducing cavities have been regarded as efficient strate‑
gies to tune the coordination valence and surface chemi‑
cal environment of electrocatalysts [86–88]. Wang et al. 
applied water and  N2 plasma to exfoliate bulk CoFe LDHs 
into ultrathin nanosheets [75, 76]. As illustrated in Fig. 6, 
cavities were introduced into the nanosheets during the 
exfoliated process. With the assistance of  N2 plasma, 
nitrogen could also be doped to alter the surrounding 
electronic arrangement of the increased reactive sites 
facilitating the adsorption of OER intermediates [76]. In 
addition, introducing defects could further effectively tune 
the electrocatalytic activity of reactive sites by increas‑
ing the number of dangling bonds around reactive sites 
and decreasing the coordination number of reactive sites. 
Later on, they successfully realized the selective forma‑
tion of cation vacancies in NiFe LDH nanosheets (Fig. 6g) 
[89]. The as‑prepared NiFe LDHs‑VFe and NiFe LDH‑VNi 
electrocatalysts exhibited outstanding activity for OER, 
which exhibits a superior stability with almost no decay 
of the LSV curves after 2000 cycles [76]. The high per‑
formance may be ascribed to the introduction of rich iron 
and nickel vacancies in the LDH nanosheets and increase 
in the adsorbing capacity of OER intermediates by surface 
electronic tuning. DFT computational results further veri‑
fied the OER performance can be enhanced by the Fe or 
Ni vacancies.

3.3  Functional Nanoparticles‑Decorated LDHs

Recent works have reported that the LDHs decorated 
with functional nanoparticles can effectively enhance the 
electrocatalytic activity for OER [90–93]. Metal nano‑
particles with high electrical conductivity can acceler‑
ate the electron transfer and increase the heterogeneous 
interaction of LDHs during the OER process [94]. Gao 
et al. fabricated Ni nanoparticles (Ni NPs) on the NiFe 
LDH ultrathin nanosheets (Ni NP/NiFe LDH) by a one‑
step hydrothermal method [93]. Within the Ni NP/NiFe 
LDH, the charge transfer resistance is reduced by highly 
conductive Ni NPs. Furthermore, the LDH nanosheets 
with highly exposed surface provide abundant catalyti‑
cally active sites, and the intimate contact between Ni 
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NPs and NiFe LDH forms the profitably synergic effects. 
Such Ni NP/NiFe LDH catalyst reveals high catalytic per‑
formance for OER due to aforementioned superiorities. 
Similarly, Zhu et al. reported Au‑supported NiFe LDHs 
arrays on Ni foam (NiFe LDH@Au/Ni foam) prepared by 
hydrothermal reaction combined with chemical deposi‑
tion (Fig. 7a, b) [92]. As an OER catalyst, NiFe LDH@
Au/Ni foam requires very low overpotentials of 221, 235, 
and 270 mV to reach the current densities of 50, 100, and 
500 mA cm−2 in alkaline solution, respectively, show‑
ing a remarkable OER performance (Fig. 7c). Besides 
the high conductivity of Au, the high catalytic activity 
for OER can be attributed to the following reasons. On 

the one hand, Au with high electronegativity can adsorb 
more electrons to generate and stabilize  Ni3+ with high 
oxidation state, thus improving the OER efficiency. On 
the other hand, strongly electrophilic  Ni3+ facilitates 
the formation of the hydroperoxy species (OOH) as the 
key intermediates for  O2 evolution. Recent studies have 
focused on the single‑atom metal‑modified electrocatalysts 
which show higher electrocatalytic activity compared with 
nonmodified ones [66, 95, 96]. Zhang et al. developed a 
single‑atom Au (0.4 wt%)‑decorated NiFe LDH (sAu/NiFe 
LDH) electrocatalyst with a sixfold enhancement on the 
OER activity (Fig. 7d, e) [97]. After dispersing atomic 
Au on NiFe LDH, the overpotential of Au/NiFe LDH was 

Fig. 6  a Schematic illustration of the water‑plasma‑enabled exfoliation process of CoFe LDH nanosheets. Reproduced with permission of Ref. 
[75]. Copyright 2017 WILEY–VCH Verlag GmbH & Co. KGaA, Weinheim. b Illustration of the exfoliation process of bulk CoFe LDH into 
nanosheets by  N2 plasma. c AFM image of the bulk CoFe LDH. d–f AFM images and XRD pattern of the ultrathin N‑CoFe LDH nanosheets. 
Reproduced with permission of Ref. [76]. Copyright 2018 WILEY–VCH Verlag GmbH& Co. KGaA, Weinheim. g The synthesis of NiFe 
LDHs‑VFe and NiFe LDH‑VNi by strong alkali etching LDHs. Reproduced with permission of Ref. [89]. Copyright 2018 WILEY–VCH Verlag 
GmbH& Co. KGaA, Weinheim
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reduced to 0.21 V, close to the calculated result (0.18 V) 
(Fig. 7f, g). The excellent OER activity is ascribed to the 
charge redistribution of active Fe and its surrounding 
atoms, which is induced by the neighboring Au atom on 
the NiFe oxyhydroxide generated from LDH and stabi‑
lized by  CO3

2− and  H2O during the OER process. The 
calculation results indicate that a net Au‑to‑LDH charge 
redistribution generated by the integrated charge density 
difference can transfer to surrounding atoms (e.g., O, Ni, 
and Fe), promoting the adsorption of  OH− and optimiz‑
ing the adsorption of intermediates (e.g., O* and OOH*), 

thus reducing the overpotential from O* to OOH* in the 
rate‑limiting step (Fig. 7h). As mentioned above, the for‑
mation of heterostructures between LDHs and metal nano‑
particles is considered beneficial to enhance OER activity. 
Francisco and coworkers integrated Rh species with NiFe 
LDH, whereas Rh acts as oxidized dopants and metallic 
clusters (< 1 nm), which can dramatically improve OER 
kinetics with overpotential 7 and 35 mV smaller than that 
of NiFe LDH at 10 and 100 mA cm‒2, respectively [98]. 
Song et al. reported a facile one‑step method synthesiz‑
ing Ru atoms supported on a monolayer NiFe LDH with 

Fig. 7  a SEM images, b TEM images of NiFe LDH@Au/Ni foam. c LSV curves of as‑prepared catalysts at 1 mV s−1 in 1.0 M KOH. Repro‑
duced with permission of Ref. [92]. Copyright 2017 American Chemical Society. d TEM image, e HAADF‑STEM image of sAu/NiFe LDH. f 
Cyclic voltammetry (CV) curves of the catalysts at 5 mV s−1 with 95% iR compensation in 1 M KOH. g Overpotential (η) at 10 mA cm−2 and 
Tafel slope of pure NiFe LDH and sAu/NiFe LDH. h Differential charge densities of NiFe LDH supported with and without Au atom. Repro‑
duced with permission of Ref. [97]. Copyright 2018 American Chemical Society
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precise location instead of random dispersion [99]. The 
overpotential of such Ru/mono‑NiFe is 104 and 134 mV 
lower than that of mono‑NiFe and bulk‑NiFe, respectively. 
Such catalysts also showed high stability with no obvious 
decline after 600 cycles.

In addition to the metal nanoparticles, the incorporation 
of nonmetal nanoparticles to LDHs has also been consid‑
ered as an effective approach to improve the electrocatalytic 
performance [100, 101]. Valdez et al. found that the OER 
performance of CoFe LDHs can be enhanced by modifying 
with CoFe hydroxide nanoparticles, due to the synergistic 
effect between the CoFe LDHs and CoFe hydroxide nano‑
particles (Fig. 8a–d) [100]. The Fe with high dispersibility 

could change the electronic properties of Co–Fe LDH cata‑
lysts. The interaction between the electrons of CoFe LDH 
surface and those from Fe or Co of the nanoparticles lowers 
the OER overpotential. Carbon quantum dot (CQD) with a 
small particle size (< 5 nm) is a new class of nanocarbon, 
which shows high conductivity, fast electron transfer, and 
electron reservoir properties [102–104]. Kang et al. com‑
bined NiFe LDHs with CQDs to construct the CQD/NiFe 
LDH hybrids by a two‑step solvothermal reaction, in which 
the CQDs (~ 5 nm) are anchored on the ultrathin NiFe LDH 
nanoplates with the thickness of around 1 nm (Fig. 8e–h) 
[101]. The CQD/NiFe LDH hybrids achieve a small over‑
potential of 235 mV at the current density of 10 mA cm−2 

Fig. 8  a TEM and SAED images (inset of a), b and c HRTEM images of Co–Fe LDH decorated with Co–Fe hydroxide NPs. d CV curves of 
the three catalysts at 20 mV s−1 in 0.1 M phosphate buffer. Reproduced with permission of Ref. [100]. Copyright 2015 The Electrochemical 
Society. e TEM image and HRTEM image (inset of e) of CQD. f TEM image, g SEM image, h HRTEM image of the CQD/NiFe LDH hybrid. i 
LSV curves of as‑prepared catalysts at 5 mV s−1 in 0.1 M KOH. j Schematic model of the roles of CQDs in the CQD/NiFe LDH hybrid catalyst. 
Reproduced with permission of Ref. [101]. Copyright 2014 American Chemical Society
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in 1 M KOH, showing the high OER activity (Fig. 8i). The 
strong bonding and interaction between NiFe LDH nano‑
plates and CQDs accelerate the charge transport between 
them, leading to the enhanced catalytic activity for OER 
(Fig. 8j).

3.4  LDHs/Conductive Components Hybrids

Despite the considerable progress in controlling the structure 
of LDHs‑based OER catalysts, their development is still seri‑
ously hindered by the poor conductivity and confined space 
for catalytic reactions. To further boost the catalytic per‑
formance of LDHs toward OER, it is necessary to combine 

LDHs with new components. Carbon‑based materials (e.g., 
carbon nanotubes (CNTs) and graphene) as catalyst supports 
have been widely used in various catalytic systems, because 
of the beneficial physical and chemical properties includ‑
ing high electronic conductivity, good mechanical strength, 
outstanding thermal stability, and large specific area [14, 
105]. Constructing LDH‑based catalysts on carbon‑based 
materials can significantly improve the electrocatalytic per‑
formance for OER. As one‑dimensional conductors, CNTs 
possess good electrocatalytic activities, which can be used 
to further boost OER activities of LDHs by functionalization 
[101, 106, 107]. Dai et al. successfully grew ultrathin NiFe 
LDH nanoplates on mildly oxidized multiwalled CNTs by 

Fig. 9  a Schematic diagrams of the NiFe LDH/CNT hybrid architecture and LDH crystal structure. b SEM image of NiFe LDH/CNT hybrid 
catalyst. c 95% iR‑corrected LSV curves of the three catalysts at 5 mV s−1 in 0.1 and 1 M KOH. Reproduced with permission of Ref. [108]. Cop‑
yright 2013 American Chemical Society. d Fabrication process, e SEM image of FeNi‑GO LDHs. f LSV curves of the catalysts at 5 mV s−1 in 
1 M KOH. g Onset potentials and potentials at 10 mA cm−2 of the as‑prepared catalysts during the OER process. h TOF values of the catalysts 
as a function of overpotential and TOF values at an overpotential of 0.3 V (inset of h). Reproduced with permission of Ref. [111]. Copyright 
2014 WILEY–VCH Verlag GmbH& Co. KGaA, Weinheim
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solvothermal treatment (Fig. 9a, b) [108]. The electronic 
conductivity and dispersion of NiFe LDHs are improved by 
introducing multiwalled CNT support. Moreover, the expo‑
sure of active sites can also be increased. The strong interac‑
tion between NiFe LDHs and CNTs ensures the fast electron 
transfer during the OER process. As a result, the NiFe LDH/
CNT catalyst with a high TOF value shows high catalytic 
activity and durability for OER in basic solution (Fig. 9c). 
Among various carbon‑based materials, graphene nanosheet 
has been considered an ideal 2D carbon material [109, 110]. 
After functionalization of surface, the obtained graphene 
oxide (GO) has rich oxygenic groups which favor the assem‑
bly between GO nanosheets and LDH layers through electro‑
static attraction force, thus resulting in the formation of the 
interlayered hybrid sheets [111]. These hybrid sheets exhibit 
an enhanced electrocatalytic activity, owing to the conduc‑
tive graphene sheets, highly exposed and dispersed active 
sites, and strong synergistic effects. Up to now, graphene and 
its derivatives (e.g., GO, reduced graphene oxide (rGO), and 
heteroatom‑doped graphene) have been extensively utilized 
to couple with LDHs [19, 111–113]. Yang et al. fabricated 
FeNi‑LDH/GO hybrid nanosheets (FeNi‑GO LDH) via the 
alternate stack of the GO layers and FeNi double hydroxide 
cation layers (Fig. 9d, e) [111]. The FeNi‑GO LDH catalyst 
shows high OER activity with low overpotential (0.21 V) 
and small Tafel slope (~ 40 mV dec−1). After reducing GO 
to rGO, the overpotential for OER of as‑prepared FeNi‑rGO 
LDH catalyst can be further decreased to 0.195 V, while 
its TOF value at the overpotential of 0.3 V is as high as 
0.98 s−1 (Fig. 9f–h). The excellent electrocatalytic perfor‑
mance for OER of the NiFe‑rGO LDH is mainly attributed 
to the FeNi double hydroxide with high OER catalytic activ‑
ity and the rGO layers with high conductivity. Based on 
the electronegativity theory, the introduction of heteroatom‑
doped graphene favors the dispersibility and stability of 
2D nanolayers on graphene [113, 114]. Wei et al. reported 
nanometer‑sized NiFe LDHs grown on N‑doped graphene 
framework (nNiFe LDH/NGF) catalysts (Fig. 10a) [115]. 
The defects and nitrogen dopant of graphene are beneficial 
to adsorb and anchor metal cations, and then the nNiFe 
LDHs nucleate and grow within the mesopores of graphene, 
finally obtaining the uniformly dispersed nNiFe LDHs in 
the N‑doped graphene frameworks. The nNiFe LDH/NGF 
catalyst shows high catalytic activity and low Tafel slope 
for OER, profiting from fully exposed active sites, sup‑
pressed particle aggregation, intimate interfacial coupling, 

interconnected conductive network, and hierarchical porous 
structure (Fig. 10b–d). In recent years, the introduction of 
topological defects in carbon‑based materials has proven to 
be an effective method for boosting the electrocatalytic per‑
formance [116]. For instance, Yao et al. coupled exfoliated 
Ni–Fe LDH nanosheet (NS) with defective graphene (DG) 
by electrostatic stacking (Fig. 10e–h) [112]. This hybrid cat‑
alyst needs a low overpotential (0.21 V) to achieve a current 
density of 10 mA cm−2 in the OER process, exhibiting the 
high electrocatalytic activity (Fig. 10i). The defects in gra‑
phene can not only directly serve as active sites but also offer 
more anchor sites to capture Ni and Fe atoms through the 
π–π interaction, thus leading to fast electron transfer kinetics, 
high catalytic activity, and stability (Table 1).  

Moreover, Ma et al. sandwiched transition metal (Co–Al, 
Co–Ni) LDH nanosheets and graphene, for the first time, 
to form true superlattice lamellar nanocomposite by direct 
heterostacking [126]. Synergistic effect could be harvested 
based on the shortest distance and highest efficiency in 
charge transfer and ion diffusion during a redox process. 
The heteroassembly of superlattice structure would redis‑
tribute the electric charge between adjacent crystals in the 
stack. Moreover, the neighboring unilamellar nanosheets 
may induce lattice strain or structure change owing to the 
electrostatic interaction, thus resulting in synergetic effects 
to enhance the electrocatalytic activity. In addition, the 
conductivity of LDHs could be substantially improved 
by hybridization with conductive components in forming 
superlattice structure. To address the aggregate, insulat‑
ing nature and poor stability issues of LDH in OER, Ma 
et al, proposed an approach of heteroassembly of hydrox‑
ide nanosheets and graphene to achieve full potential of 
the two complementing 2D counterparts [118, 127]. NiFe 
LDH was firstly synthesized by a homogeneous precipita‑
tion method in the presence of HMT and AQS. After being 
exfoliated into monolayers, they were assembled with GO 
and rGO into superlattice structure under stirring (Fig. 11a). 
In such heterostructure, graphene served as conducting 
paths to enhance charge transfer and mass transport due 
to its extremely high specific surface area (2600 m2 g−1 
in theory) and high electrical conductivity (~ 106 S cm−1). 
Figure 11b, c reveals the HRTEM images of the superlat‑
tice structures. The electrostatic face‑to‑face stacking of 
negatively charged graphene and positively charge Ni–Fe 
LDH nanosheets in alternating sequence at a molecular scale 
contributed to the direct interfacial contact between carbon 
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Fig. 10  a TEM image and HRTEM image (inset of a) of nNiFe LDH/NGF catalyst. b 95% iR‑corrected LSV curves of the catalysts at 5 mV s−1 
in 0.1 M KOH. c Tafel plots of the different catalysts for comparison. d Schematic diagram of the spatially confined nNiFe LDH/NGF hybrids. 
Reproduced with permission of Ref. [115]. Copyright 2015 WILEY–VCH Verlag GmbH& Co. KGaA, Weinheim. e Schematic diagram of the 
fabrication of NiFe LDH‑NS@DG hybrid. AFM images of f exfoliated NiFe LDH‑NS and g DG. h TEM image of NiFe LDH‑NS@DG catalyst. 
i iR‑corrected LSV curves of as‑prepared catalysts at 5 mV s−1 in 1 M KOH and their overpotential at 10 mA cm−2 (inset of i). Reproduced with 
permission of Ref. [112]. Copyright 2017 WILEY–VCH Verlag GmbH& Co. KGaA, Weinheim
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and 3d transition metals, which significantly shortens the 
diffusion distance. Therefore, such superlattice achieved an 
extremely small overpotential of 210 mV at 10 mA cm−1 and 
Tafel plot of 40 mV decade−1. The high performance kept 
stable for 10 h without apparent degradation. Islam et al. 
synthesized bifunctional 2D superlattice electrocatalysts of 
alternating LDH transition metal dichalcogenide (TMD) het‑
erostructures through interstratification with the exfoliated 
nanosheets (Fig. 12) [128]. The electrostatic self‑assembly 
of 2D building blocks with opposite charge produces super‑
lattice composites, such as Ni–Al LDH‑MoS2 and Ni–Fe 
LDH‑MoS2 superlattices. Density functional theory calcula‑
tions predicted that the interfacial charge transfer between 
LDH and TMD components would be enhanced and thus 
improved the electrocatalytic activity. Xiong et al. fabri‑
cated  MoS2/NiFe LDH superlattice by alternate restacking 
of  MoS2 and NiFe LDH nanosheets which exhibited a low 
overpotential of 210 mV at 10 mA cm−2 for OER [129]. 
They assumed that the high performance can be attributed 
to the optimal adsorption energies of OER intermediates on 
the superlattice originated from a strong electronic coupling 
effect at the heterointerfaces (Fig. 12f).

Besides aforementioned carbon‑based materials, 2D lay‑
ered transition metal carbides/carbonitrides (MXene) with 
metallic conductivity and hydrophilic surface became the 
promising candidates to assemble with LDHs for improv‑
ing the catalytic performance [130]. Yu et al. developed 

a new‑type hierarchical FeNi‑LDH/Ti3C2 MXene hybrid 
electrocatalyst for OER, in which the interconnected porous 
network of FeNi‑LDH nanoplates is in situ assembled on 
the ultrathin  Ti3C2 MXene sheets (Fig. 13a) [130]. Fig‑
ure 13b–f demonstrates that the FeNi‑LDH nanoplates are 
firmly immobilized on  Ti3C2 sheets to form a highly active 
network, preventing their adverse detachment/aggregation. 
In addition, the hydrophilic  Ti3C2 MXene with high conduc‑
tivity can not only effectively accelerate the ion transport 
and charge transfer, but also promote the  Ni2+/Ni3+, 4+ redox 
process for OER. Within the LDH/MXene nanohybrids, 
the electron extraction from FeNi‑LDH could improve the 
binding strength of O through shifting the d‑band center of 
Ni/Fe atoms to higher energy, indicating the less occupied 
antibonding states between adsorbed O intermediates and 
FeNi‑LDH (Fig. 13g, h). Owing to the above advantages, 
the FeNi‑LDH/Ti3C2 MXene hybrid electrocatalyst shows 
fast reaction kinetics with high catalytic activity and good 
durability for OER (Fig. 13i).

3.5  Construction of 3D Freestanding Electrodes Based 
on LDHs

Constructing 3D architectures of LDH‑based materials is 
very important for electrocatalytic application, due to their 
unique advantages including more active sites for electro‑
catalysis, facilitated penetration of electrolytes, and fast 

Table 1  Comparison of OER activities of different catalysts

Catalysts Electrolyte η@10 mA/cm2 (mV) Tafel (mV  dec−1) Refs.

NiFe LDH 1 M KOH 347 67 [12]
NiFe LDH (exfoliated) 1 M KOH 302 40 [12]
Ni2CoFe LDH + GO 0.1 M KOH 345 74.5 [117]
Ni2CoIIIFe‑LDH/N‑GO 0.1 M KOH 320 56.8 [117]
Ni2/3Fe1/3 LDH 1 M KOH 310 76 [118]
Ni2/3Fe1/3‑GO 1 M KOH 230 42 [118]
NiCo LDH/CP (exfoliated) 1 M KOH 300 40 [119]
NiFe LDH
(CO3

2−)
1 M KOH 330 44.3 [120]

α‑CoFe LDH 1 M KOH 295 52 [11]
NiFe LDH/N‑doped graphene 0.1 M KOH 337 45 [115]
NiFe LDH nanosheets/3D carbon network 0.1 M KOH 380 77.9 [121]
NiFe LDH/graphitic mesoporous carbon 1 M KOH 320 57 [122]
3DGN/CoAl‑NSs 1 M KOH 252 36 [123]
CoNi‑LDH@PCPs 1 M KOH 350 58 [124]
FeNi‑LDH/CoP/CC 1 M KOH 231 mV@20 mA/cm2 33.5 [125]
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transport of electrons/ions [11, 131, 132]. Therefore, the 
fabrication of LDHs on 3D conductive supports to form 3D 
hierarchical architectures can substantially enhance the cata‑
lytic performance due to their synergistic properties. Zhang 
et al. combined single‑layer CoAl LDH nanosheets with 3D 

graphene network to fabricate a 3DGN/CoAl‑NSs catalyst 
for OER via the self‑assembly method (Fig. 14a–c) [123]. 
The catalytic activity and durability of the as‑prepared 3D 
GN/CoAl‑NS catalyst are comparable or even better than 
those of many LDH‑based OER catalysts. The 3DGN/

Fig. 11  a Process of hetero‑assembling Ni–Fe LDH nanosheets and graphene for water splitting. b XRD patterns of  Ni2/3Fe1/3‑NS/GO superlat‑
tice (i) and rGO (ii). c, d TEM and HRTEM images of the superlattice. e–j Electrochemical evaluation of the NiFe LDH/GO and NiFe LDH/
rGO superlattices. Reproduced with permission of Ref. [118]. Copyright 2015 American Chemical Society
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CoAl‑NS reveals a low Tafel slope of 36 mV dec−1 and a 
small overpotential of 252 mV at 10 mA cm−2 (Fig. 14d). 
This outstanding catalytic performance and stability for 
OER are ascribed to the following superiorities. The large 
porous structure provides more accessible surface to con‑
tact with electrolytes. More exposed active edges facilitate 
the transfer process of the proton‑coupled electrons during 
the OER process. In addition, the CoAl LDH nanosheets 

firmly covered on 3DGN could improve the electron/charge 
transfer and reaction kinetics and prevent the adverse aggre‑
gating of nanosheets. Qiao et al. incorporated NiCo LDH 
into N‑doped graphene hydrogels (NG‑NiCo) to fabricate a 
3D architecture as electrocatalysts (Fig. 14e–h) [113]. The 
numerous functional groups on the functionalized graphene 
can promote the adsorption of the reaction intermediates. 
The in situ growth of NiCo LDH ensures the reduced contact 

Fig. 12  a Synthesis process, b, c cross‑sectional TEM images, d FE‑SEM images, and e EDS elemental mappings of NiAl LDH/MoS2 and 
NiFe LDH/MoS2. Reproduced with permission from Ref. [128]. Copyright 2018 American Chemical Society. f Schematic illustration of the 
electrocatalytic mechanism of water splitting on the interface of  MoS2/LDH superlattice. Reproduced with permission from Ref. [129]. Copy‑
right 2019 American Chemical Society
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resistance between NiCo LDH and graphene, and the 3D 
interconnected porous network offers more exposed active 
sites and favors the  O2 release. Combining with the multi‑
ple advantages of 3D N‑doped graphene hydrogels, the NG‑
NiCo exhibits favorable electrode kinetics, superior activity, 
and great durability (Fig. 14i–k).

Recently, some highly conductive 3D networks (e.g., 
carbon paper/cloth/foam, carbon nanotube/graphene film, 
and Ni/Fe/Cu foam) are used as the current collector to 
in situ fabricate binder‑free LDH‑based electrodes for OER 
[133, 134]. Chen et al. fabricated a microfiber electrode by 

incorporating aligned carbon nanotubes with NiFe LDH 
nanoparticles [133]. This microfiber electrode shows high 
electrocatalytic surface area and strengthened contact 
between electrocatalysts and substrate, which also avoids 
using binders (e.g., Nafion and polytetrafluoroethylene), 
thus resulting in the outstanding durability and remark‑
able OER activity with a low overpotential of 255 mV at 
180 mA cm−2. Likewise, Song et al. developed an integrated 
flexible electrode by coupling NiFe LDH with single‑walled 
carbon nanotubes (SWNT) film via a facile hydrothermal 
method [134]. The NiFe LDH@SWNT electrode shows the 

Fig. 13  a Schematic diagram of the preparation of FeNi‑LDH/Ti3C2 MXene hybrids. b SEM image, c TEM image, d–f HRTEM images of 
FeNi‑LDH/Ti3C2 MXene. g density of states (DOS), h projected DOS (PDOS) of different samples. i LSV curves of as‑prepared catalysts at 
10 mV s−1 in 1 M KOH. Reproduced with permission of Ref. [130]. Copyright 2017 Elsevier Ltd



 Nano‑Micro Lett. (2020) 12:8686 Page 22 of 32

https://doi.org/10.1007/s40820‑020‑00421‑5© The authors

fast reaction kinetics with a Tafel slope of 35 mV  dec−1, 
together with an excellent OER activity with a low overpo‑
tential of 250 mV at 10 mA cm−2. As mentioned above, the 

superior OER performance is authentically contributed to 
the strong interfacial electron coupling between the highly 
active LDH and the conductive support (SWNT). Yu et al. 

Fig. 14  a Schematic diagram of the fabrication of 3DGN/CoAl‑NS. b TEM image and SAED pattern (inset of b bottom) of the exfoliated 
CoAl‑NS, the inset (top) of b is photograph showing Tyndall effect of CoAl‑NSs solution under irradiation. c TEM image of 3DGN/CoAl‑
NS. d LSV curves of the catalysts at 1 mV s−1 in 1 M KOH. Reproduced with permission of Ref. [123]. Copyright 2016 WILEY–VCH Verlag 
GmbH& Co. KGaA, Weinheim. e–g SEM image and optical image (inset of e), h TEM image of NG‑NiCo. i LSV curves of three catalysts at 
50 mV s−1 in 0.1 M KOH. j Tafel plots for as‑prepared samples. k i–t curve of NG‑NiCo at 0.5 V versus Ag/AgCl. Reproduced with permission 
of Ref. [113]. Copyright 2013 WILEY–VCH Verlag GmbH& Co. KGaA, Weinheim
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successfully synthesized NiCo LDH nanoarrays vertically 
grown on carbon fiber papers (NiCo LDH‑NA) by a hydro‑
thermal method [135]. Compared with NiCo LDH micro‑
spheres (NiCo LDH‑MS), the NiCo LDH‑NA catalyst has 
a low Tafel slope of 64 mV  decade−1 and needs a relatively 
low overpotential of 307 mV to obtain 10 mA cm−2. This 
high OER activity profits from the synergistic effect of the 
highly conductive substrate (carbon fiber paper) and verti‑
cally oriented LDH nanoarrays with abundant rich active 
sites, open structure, and high surface areas. Yu et al. syn‑
thesized 3D core–shell NiFe LDHs@Cu nanowires grown 
on Cu foam (Cu@NiFe LDH/CF) through chemical oxida‑
tion followed by calcination and electronic reduction [136]. 
The Cu nanowires are uniformly coated with few‑layer NiFe 
LDH nanosheets to form a typical core–shell structure. 
The obtained 3D core–shell electrode shows the distinctly 
boosted OER activity, which can be attributed to the fol‑
lowing fundamental factors. The 3D Cu nanowires network 
with high conductivity ensures fast electron transfer and 
ions diffusion, and the firm adhesion between LDHs and Cu 
nanowires grown on Cu foam is conducive to obtaining the 
high mechanical stability and good electrical contacts with‑
out using binders. The vertically grown LDH nanosheets 
with enlarged active surface afford more efficient catalytic 
sites for OER. As for carbon‑based or metal‑based conduc‑
tive substrates, the weak hydrophilicity, large density, and 
poor flexibility limit their practicability. Luo et al. devel‑
oped a new hollow potato chip‑like CoNi‑LDH@polypyr‑
role cotton pads (CoNi‑LDH@PCPs) catalytic electrode 
[124]. Figure 15a, b depicts the synthetic process involv‑
ing three major steps as follows. Firstly, the polypyrrole‑
coated cotton pads are prepared by in situ polymerization 
reaction involving chemical oxidation and electrochemical 
initiation. Subsequently, the as‑prepared PCPs are used as 
the skeleton to grow ZIF‑67 arrays through a facile solution 
reaction. Finally, the hollow structural CoNi‑LDH arrays on 
PCPs are formed after the ion exchange/etching process. It 
can be found that the flake‑like CoNi‑LDH arrays are verti‑
cally aligned on the PCPs’ surface (Fig. 15c, d). The hollow 
cavities of the CoNi‑LDH arrays can be confirmed from the 
fragmented part (Fig. 15c2). As shown in Fig. 15c3,  c4, the 
CoNi‑LDH arrays with a quite rough surface show a potato 
chip‑like structure. Due to the existence of the hollow potato 
chip‑like structure, reaction kinetics on the electrode can be 
effectively expedited. Furthermore, the 3D PCPs framework 
offers the efficient transport pathways for electrons/ions, and 

larger open space formed by the adjacent fibers is beneficial 
to the electrolyte infiltration and bubble evolution. As an 
OER catalyst, this CoNi‑LDH@PCPs electrode exhibits a 
low overpotential of 350 mV at 10 mA cm−2 and a small 
Tafel slope of ∼ 58 mV  dec−1 (Fig. 15e, f).

Recently, LDHs have been combined with conductive 
metallic substrates to construct 3D hierarchical hybrid 
arrays. The plentiful catalytic sites from multiple species 
and 3D channels are beneficial to further enhance the cata‑
lytic performance of the LDH/conductive support catalysts 
toward OER. Yuan et al. developed a 3D hierarchical CoFe‑
LDH@NiFe LDH hybrid nanosheet array on nickel foam 
(CoFe@NiFe/NF) by a facile hydrothermal process followed 
by the electrodeposition method [137]. This CoFe@NiFe/
NF catalyst shows high activity and stability for both OER 
and HER, owing to its unique structural features and strong 
synergistic effect between two kinds of LDHs. When the 
CoFe@NiFe/NF is used as both cathode and anode in an 
alkali electrolyte, it needs a low voltage of 1.59 V to achieve 
10 mA cm−2, which is much lower than many other state‑
of‑the‑art earth‑abundant catalysts. Metal phosphides have 
been regarded as a promising candidate because of their 
excellent catalytic activity and metalloid characteristics. 
Zhou et al. reported ultrathin NiCoP/NiFe LDH nanosheet 
arrays supported on nickel foam, which can be served as a 
high‑efficiency OER catalyst [138]. Besides the advantages 
of this 3D hierarchical binder‑free structure, the abundant 
multimetallic catalytic sites of NiCoP and NiFe LDH pro‑
mote the OER activity. Qian et al. proposed a concept for 
promoting the catalytic activities for OER by construct‑
ing the FeNi‑LDH/CoP/carbon cloth (CC) heterojunctions 
[125]. The self‑supporting FeNi‑LDH/CoP/CC electrode 
with an open and 3D hierarchical p–n junction structure is 
prepared through three steps including the electrodeposition 
of Co(OH)2 nanosheets array on the CC, phosphatization of 
Co(OH)2, and electrodeposition of amorphous FeNi‑LDH 
layers on the formed CoP array (Fig. 16a–d). The charge 
transfer and separation at the interfaces of FeNi‑LDH/CoP 
p–n junctions result in positively charged FeNi‑LDH side. 
 OH− ions intend to adsorb on the surface of FeNi‑LDH side 
in the p–n junction more strongly compared to individual 
FeNi‑LDH as verified by DFT calculation, which indicates 
that this positively charged FeNi‑LDH side has stronger 
ability to adsorb targeted  OH‑ compared with individual 
FeNi‑LDH (Fig. 16e). As a result, the FeNi‑LDH/CoP/
CC electrode has the low overpotentials of 231, 249, and 
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254 mV at 20, 100, and 350 mA cm−2 in alkaline media, 
respectively, and its current density at 1.485 V increases by 
10 times and 100 times compared to the FeNi‑LDH/CC and 
CoP/CC, respectively. In addition, an extremely small Tafel 
slope (33.5 mV dec−1) and a large TOF (0.131 s−1) can be 
obtained (Fig. 16f–h). The fabrication of heterojunctions in 
catalyst would be a new strategy to promote their catalytic 
activities by purposefully regulating the electronic structure 
of active sites. For the past few years, many other 3D hierar‑
chical nanoarrays on conductive 3D networks, such as CoFe 
LDH/Co0.85Se/carbon cloth, NiFe LDH@NiFe‑Bi/carbon 

cloth, and NiSe/NiFe LDH/Ni foam, have been reported as 
high‑performance OER catalysts [139–144].

4  Summary and Outlook

Electrochemical water oxidation is a critical process of 
water splitting which exhibits a great potential for energy 
storage and conversion. Designing and synthesizing low‑
cost highly active electrocatalysts are essential to improve 
the efficiency for applications on an industrial scale. In this 

Fig. 15  a Schematic diagram of the preparation process of CoNi‑LDH@PCPs. b Formation mechanism of hollow CoNi‑LDH arrays. c SEM 
images (1–3) and HRTEM images (5–6) of CoNi‑LDH@PCPs, and photograph (4) of triangle biscuits. d STEM image (1) and mapping images 
of CoNi‑LDH arrays. e LSV curves of the different CoNi‑LDH@PCPs catalysts at 1 mV s−1 in 1 M KOH. f Tafel plots of the different CoNi‑
LDH@PCPs catalysts. Reproduced with permission of Ref. [124]. Copyright 2019 American Chemical Society



Nano‑Micro Lett. (2020) 12:86 Page 25 of 32 86

1 3

review, we summarized recent notable developments of 
LDH nanosheets and their derivates toward OER electroca‑
talysis, together with important strategies to enhance their 
electrocatalytic activities. First, various synthetic procedures 
to control the morphology and phases are presented, cover‑
ing bottom‑up and top‑down approaches. Secondly, in order 
to enhance the intrinsic activity of LDHs, several typical 
approaches have been introduced, including doping other 
metal or nonmetal components or creating cavities. Moreo‑
ver, considering the poor conductivity of LDHs, it becomes 
very beneficial to exfoliate them into monolayer or few 
layers and then hybridizing with conductive components. 

In situ growing LDH nanosheets on conductive substrates 
to fabricate 3D freestanding electrodes have also proven to 
be an effective methodology to promoting their intrinsic 
activity.

It is anticipated that the design and synthesis of new 
composites based on LDHs with controllable structure and 
morphology for electrochemical water splitting will be the 
future direction. The remaining challenge is to elaborately 
tune the electronic structure and control the quantities of 
active sites in LDHs. It is also needed to probe the elec‑
trocatalytic process in situ and elucidate the mechanism in 
depth, thus providing clear guidance for the rational design 

Fig. 16  a Schematic diagram of the fabrication process of FeNi‑LDH/CoP/CC composite electrodes. b SEM image, c, d HRTEM images and 
SAED pattern (inset of c) of FeNi‑LDH/CoP NSs. e The energy diagrams of CoP and FeNi‑LDH and the electrocatalytic mechanism for OER 
in the FeNi‑LDH/CoP/CC p–n junction. f LSV curves of the different CoNi‑LDH@PCPs catalysts at 5 mV s−1 in 1 M KOH. g Tafel plots of the 
different catalysts. h TOF at different overpotentials. Reproduced with permission of Ref. [125]. Copyright 2019 Wiley–VCH Verlag GmbH & 
Co. KGaA, Weinheim
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of LDHs and their derivates as next‑generation nonprecious 
electrocatalysts. It is also noteworthy that the applications 
of transition metal LDHs may be broadened to other related 
energy storage fields such as supercapacitors and batteries. 
Nevertheless, enormous challenges still exist in achieving 
practical electrochemical water oxidation using these nano‑
catalysts. Future efforts should be directed toward making 
full use of the structural superiority of LDHs and probing 
the fundamental principles, such as systematically investi‑
gating the versatile combination of metal cationic species 
and valence states, modulating anionic gallery as well as 
tuning interlayer spacing. The catalytic properties under 
large current conditions and long‑term stability have yet to 
meet the requirements of implementation on any industrial 
scale. Much more solid works are urgently needed to address 
these issues.
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