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ABSTRACT

The development of efficient photo(electro)catalysis using sustainable renewable resources to
prepare high value-added products is now a major goal to achieve new environmentally friendly

technologies. However, existing solutions still offer unsatisfied catalytic efficiency and low energy
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utilization. Therefore, it is paramount to develop new strategies to control the morphology and
structure of functional materials to improve their photo(electro)catalytic activity. Layered double
hydroxides (LDHs), as a kind of two-dimensional (2D) materials, have been largely explored in
photo(electro)catalytic reactions due to their extensive tenability of elemental composition and
interlayered anions. Furthermore, the intrinsic feature of atomic dispersion has been utilized to
introduce more active sites to further improve the reaction performance. Herein, we review
strategies that have been developed for introducing more active sites into or onto the LDH layer for
the construction of multi-metallic LDHs based photo(electro)catalytic material. The accompanied
structure and electronic changes that are pivotal for modulation for catalytic activity are proposed,
such as, improving carrier transportation, and optimizing molecular activation energy. We review
the catalytic performance of multi-metallic LDHs for photo(electro)catalytic water splitting, CO»
photoreduction, CO hydrogenation, heavy metal mineralization/reutilization and beyond. We
highlight future challenges and opportunities to design multi-metallic LDHs to address future

photo(electro)catalysis research challenges.

Keywords: multi-metallic layered double hydroxides; structural regulation, water splitting, CO:

reduction, heavy metal mineralization
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1. Introduction

The continuous development in societal life styles and the rapid growth of the global population
insures ever increasing demands that inevitably lead to energy and resource shortcomings and
environmental pollution. We urgently need sustainable developments and environment-friendly
strategies to alleviate this situation. By taking advantage of sustainable renewable energy (wind
energy, tidal energy, solar energy), photo(electro)catalysis has the potential to convert water and
greenhouse gases into hydrogen and other high value-added products (important industrial raw
materials for chemicals production). And these issues existing in catalytic activity of current
photo(electro)catalysis (such as low conversion, poor energy utilization, and low selectivity) are
urgently required to be solved [1-4]. Since the discovery of graphene in 2004, the exploration and
application of ultra-thin two-dimensional (2D) nanomaterials has become more and more extensive
[5, 6]. In comparison with conventional traditional three-dimensional (3D) materials, 2D materials
are widely applied in the field of energy storage and transformation. The unique features of 2D
materials, geometric and electronic properties with the super large specific surface and the highly
exposed coordination unsaturated sites make them excellent candidates for developing novel
catalysts and processes [7, 8]. Furthermore, 2D materials are ideal model catalysts for understanding
the real active site and surface reaction mechanism through combining theoretical calculation
chemistry and surface science technology [6]. At the same time, researchers have been developing
additional approaches such as surface modification and/or doping in order to introduce more active
sites and construct more defective structures, thereby bringing about effective enhancements to their
inherent characteristics [9]. Today, 2D materials are highly various, including metals, oxides, halides,
nitrides, carbides, hydroxides, hydrides, MXenes, metal organic frameworks (MOFs), covalent
organic frameworks (COFs), polymers, black phosphorus, silicene, antimonene, and perovskites [10,
11]. Therefore, it would be a significant step forward to develop structure-activity relationships for
controllable catalytic active sites on 2D materials for the photo(electro)catalysis.

Among 2D materials, the commonly used formula of layered double hydroxides (LDHs) is [M -
FMI(OH) (A" )y mH20, where the M?* are normally Mg?*, Co?*, Ni*’, etc. and the M>" are
typically AI**, V¥*, Cr**, Fe*" in M(OH)s octahedral coordination. The A" is the intercalated anion
such as NOs~ and SO4*", COs?". The most common MgAI-LDH that based on “double metals” have
been widely explored, since it was artificially synthesized for the first time in 1942 which was
followed by the confirmation of crystal structure of single-crystalline MgAIl-LDH in 1969 [12, 13].
The wide tunability of the nature of either the metal M>* and M>" cations, their molar ratios and the
nature of interlayered anions has prompted them to be extensively studied [14-18]. In recent years,
researchers have found that the pristine binary (two metal cations) LDHs can be easily transformed

into ternary LDHs or multi-metallic LDHs via incorporating other metal atoms into the layers, thus
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causing the generation of more active sites and modulation of electronic or morphology structure,
to further facilitate the catalytic activity [19, 20]. What’s more, researchers also tried to adjust the
introduction form of the other elements by changing the synthesis method and route to purposefully
achieve the structure modulation of multi-metallic LDHs, so as to expect the improvement of
catalytic performance.

In this review, we summarize the most recent development in the ingenious design, synthesis, and
characterization of multi-metallic LDHs structure and derivatives as catalysts (Scheme 1) in the
field of various photo(electro)catalytic reaction systems (Figure 1), such as water oxidation,
hydrogen evolution, CO» reduction, nitrogen fixation, organic syntheses, and pollutants removal,
etc. (Table 1). What’s more, the structure-function relationship between multi-metallic LDHs and
catalytic reactions are highlighted, which provides valuable visions for the exploration of robust and
promising catalysts on LDHs based materials. In addition, we also put forward some prospects about

the application of multi-metallic LDHs and derivatives in catalysis and heavy metal

mineralization/reutilization as well as photothermal cancer treatment.
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Scheme 1. Design and development of multi-metallic LDHs for various application.
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catalytic applications and beyond.
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2. Strategies for structural regulation

The most reported LDH contain M?" and M3 cations, like Mg?*, AI**, etc. Besides, metal ions can also be Li",
Ti*, Zr**, or Sn*" etc. for some specific LDH such as LiAl-LDH. By changing the combination and ratios of these
elements, a range of physical/chemical reactivity can be explored to further modulate the catalytic activity. However,
the tunable composition space available using only two elements severely limits the potential to introduce more
active sites and induce higher catalytic activity. Furthermore, synergistic effects between multiple metal centers
could facilitate the catalytic activity through the interactive mechanisms and/or even changes in morphology and

microstructure.
2.1 Introduction of the third metal cation into LDHs
2.1.1 Valence regulation of multiple metal ions in LDHs

It has been deeply exploration that Ni or Fe with high valence in NiFe-based electrocatalysts could be favorable
to catalytic performance on oxygen evolution reaction (OER) [65, 66]. The controllability of metal cation
composition of LDHs could ensure the existence of metal-to-metal charge-transfer (MMCT) mechanism [67, 68]
during reactions. The introduction of other variable valence transition metal cations in order to modify the electronic
structure and chemical environment of atoms on the layer has become a common strategy for improving the
performance for many catalytic chemistries [25, 32, 46, 69-72].

For instance, the surface electronic structure of LDHs can be modified by introducing Mn** into NiFe-LDH
structure in order to boost OER performance [27]. According to a Bader charge analysis from theoretical
calculations, electric charge of Ni** and Fe** sites increased after Mn?* incorporating compared with that in pristine
NiFe-LDH (Figure 2a). The X-ray photoelectron spectroscopy (XPS) data revealed a negative shift for the Ni 2p
and Fe 2p binding energies for NiFeMn-LDH, this was also accompanied by an increase in the valence state of Mn
from +2 to +4, supporting the prediction from calculations for electron transfer from Mn?" to neighboring Ni** and
Fe’* sites of NiFeMn-LDH (Figure 2b). The introduction of partially reduced Ni’>" and Fe*" sites appeared to
facilitate significantly improvement water oxidation performance.

Atom doping can significantly affect the electronic structure, but it can also facilitate activation of intermediates
and boost catalytic performance. Electronic structure modification using doping of V** into the NiFe-LDH forming
NiFeV-LDH reduced the onset potential for efficient electrocatalytic water oxidation [20]. The XPS spectra (Figure
2¢), indicated there was no change to the Ni**, whereas the binding energy of the Fe*" decreased after doping and
the V** was observed to be partially oxidized to V** and V*". In this case, theory and experiment results
demonstrated that OER kinetics could be improved via V** introduction, contributing to the improvement in

electrical conductivity and electrocatalytic activity (Figure 2d) [24].
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Figure 2. a) Theoretical calculations for the electron density in NiFe-LDH and NiFeMn-LDH, b) O 1S XPS region for NiFe-LDH
and N,FeMn-LDH. Reprinted with permission from [20]. Copyright 2018, Wiley-VCH. c¢) Fe 2p XPS of NiFe-LDH and NiFeV-LDH,
d) Gibbs free energy diagram for OER for NiFe-LDH and NiFeV-LDH. Reprinted with permission from [27]. Copyright 2018, Royal

Society of Chemistry.

Introducing heteroatoms also creates new interactions with surrounding atoms. For example, partial substitution
of Ni** with Fe?" introduces new Fe-O-Fe moiety (Figure 3a), Fe>*-doped NiFe-LDH exhibited enhanced OER due
to the tuning of the local atomic structure of NiFe-LDH [19]. In-operando X-ray absorption spectroscopy (XAS)
has been performed to gain further insights into the relationship between the local structure (Fe-O-Fe) and the
enhanced OER activity. Figure 3b showed the variation in the Ni and Fe valence states for Fe**-doped NiFe-LDH,
from Figure 3c the contraction of the Fe-O 1* coordination shell was consistent with oxidation of the Fe centers to
generate Fe®™" sites. Substitution of Fe?* on the Ni** sites perturbed the electronic environment and stabled the

higher-valence of Fe, improving the OER activity.
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These results suggest that introducing the variable valence metal ions into binary LDH facilitates tuning of the
valence states of the metal cations, which in turn promotes electron transfer, generation and stabilization of highly

catalytic active sites which is synergistically beneficial for improving performance.

2.1.2 Vacancy engineering of layers

Defect engineering in catalytic materials has been confirmed as a versatile strategy for activity improvement. In
these processes, surface defects could be highly beneficial for decreasing molecular activation energies, modulating
of electronic structure, and stabling the active intermediates, etc [4, 73]. Due to the higher surface energy of 2D
materials compared with the conventional bulk materials, the surface, corner or edge atoms could be more easily
migrate from 2D lattice [74, 75], creating a range of surface defects, such as single and/or multiple vacancies,
vacancy associates, pits, dislocations, lattice disorders, voids, and distortions [76, 77].

Introducing vacancy defects, which can dramatically affect the coordination environment and valence states of
atoms, has been demonstrated to be an effective method of tuning the electronic structure of materials [4]. Jin et al.

prepared etched ultrathin NiFeAl ternary LDH nanosheets containing low-coordination number Ni and Fe sites and
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Al vacancies via etching strategy (Figure 4a) [21]. The ratio of Al of NiFeAl-LDH through electrochemical
treatment was largely decreased, indicating the generation of AI** vacancies. Benefiting from the abundant AI**
vacancies and coordinatively unsaturated Ni** sites, the electron transfer reactions can be greatly facilitated along
with allowing exposure of the active sites, thus V a-rich ultrathin NiFeAl-LDH nanosheets exhibited enhanced OER
performance.

NiFeZn-LDH with Zn vacancy (denoted as D-NiFeZn-LDH) and NiFeAl-LDH with Al vacancy (denoted as D-
NiFeAl-LDH) were prepared using an alkaline etching method by introducing Zn** or AI** sites into NiFe-LDH
thus selectively creating atomic M*/M>" defects (Figure 4b) [22]. According to XPS of D-NiFeZn-LDH, the
decreased valence of Ni and Fe indicated etching of Zn>" sites generated Ni>*~O-Fe’" defects, the lower Ni valence
state and unchanged Fe valence state for D-NiFeAl-LDH confirmed the production of Ni**~O-Fe** defects was
induced by AI*" vacancies. To demonstrate the existence of Zn?* or AI’*" vacancies, based on the electron
paramagnetic resonance (EPR) spectra (Figure 4c), D-NiFeZn-LDH showed a strong peak that could be ascribed to
the more Ni**~O-Fe** defect than D-NiFeAl LDHs. And based on the experimental results, it can be confirmed that

M?* vacancies were more favorable to improving catalytic activity.
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Figure 4. a) Schematic preparation of NiFeAl-LDH. Reprinted with permission from [21]. Copyright 2017, Elsevier. b) schematic
illustration of NiFe-LDH via introducing M?>”M>" vacancy defects, c) EPR spectra of NiFe-LDH, NiFeZn-LDH, D-NiFeZn-LDH,

NiFeAl-LDH, D-NiFeAl-LDH. Reprinted with permission from [22]. Copyright 2018, Springer-Verlag.

In addition to cation vacancy control, the creation of anion vacancies can also greatly affect electronic structure
and further enhance catalytic performance [42, 78]. The introduction of Mn?* into NiFe-LDH could lead to the
increase of oxygen vacancies due to the electron transfer from Mn** to Ni** and Fe** [27]. Density functional theory
(DFT) calculations supported the existence of oxygen vacancies and low valence Ni?* and Fe*" in the Mn?**-doped
NiFe-LDH and this significantly increases the M—O%H ¢ binding strength and facilitates deprotonation for

significantly improved water oxidation performance. Similarly, Zhang et al. successfully synthesized CuZnAl-LDH
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containing oxygen vacancies and low valence Cu®" (8 < 2) by incorporating Cu atoms into ZnAl-LDH layers [57].
Both experimental studies and calculation showed that oxygen vacancies and coordinatively unsaturated Cu®" may
improve photoinduced electrons transfer and N, activation. As a result, this system exhibited excellent
photocatalytic performance for N> photoreduction to NHs. In another case, NiCoFe-LDH nanosheets with O and Fe
vacancies could be prepared via partial substitution of Ni on the Co sites in CoFe-LDH [39]. The X-ray absorption
fine structure (XAFS) (Figure 5a) demonstrated the O and Fe vacancies after the incorporation of Ni atoms,
promoting the photo-induced charge separate and transfer. Consequently, the synergistic effect of Ni doping and
vacancies facilitated the CH4 production and H» suppression (Figure 5b, ¢). Similarly, when a suitable amount of
Co is incorporated into MgAl-LDH [53], the CoMgAI-LDH was able to generate more hydroxyl vacancies (Figure
5d-f) due to the lattice distortion ascribed to smaller ionic radius of Co?" than Mg?" which was observed to be

beneficial for carrier transport in the photoreaction.
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Figure 5. a) FT-EXAFS of Fe K-edge and b) UV—vis spectra, c) schematic illustration of CO,PR to CH4 for NiCoFe-LDH and CoFe-
LDH. Reprinted with permission from [39]. Copyright 2020, American Chemical Society. d) FT-EXAFS of Co K-edge for CoMgAl-
LDH, CoAl-LDH, CoO and Co metal, ¢) WT plot, f) schematic illustration of a CoMgAI-LDH containing oxygen vacancies. Reprinted

with permission from [53]. Copyright 2021, Elsevier.

When ions are introduced into the LDH layers that create large differences in electronegativity, then electron
transfer is likely to occur to promote the formation of electron-rich centers that may have high catalytic activity; the
introduction of large cations may cause distortions within the layers that may be accompanied by the formation of
oxygen vacancies, generating coordinatively unsaturated active sites, that are beneficial to the adsorption of

substrates or intermediates and electrons transfer for the efficient catalysis.

There is another question arouse, how can we quantify the defect concentration and may provide a quasi-location

site of the defects that formed on the multi-metallic LDHs LDH in order to further map the detail of the defects.
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Take monolayer NiAl-LDH catalyst as example[79], through AFM and HRTEM results, the whole concentration of
oxygen and metal ions can be clearly calculated, while by virtue of XAFS results, the corresponding coordination
number of the first Ni-O shell can be preciously obtained with a number of 5.5 compared with the pure NiAl-LDH
with a Ni-O coordination number of 6.0, thus the oxygen defect concentration can be obtained with a number of
8.3%, corresponding to the oxygen defect intensity of 2.14 nm™, similar though can also fit to calculate metal ions
defect concentration. Then a location site description can be defined as material- -defect type- located highly
exposed facet-concentration, like LDH-Vo-(001)-2.14 nm™. Such defect quantity location method provides guideline
for precisely regulate selectivity of catalytic reaction by accurate defect engineering. The above-mentioned
description maybe also suitable for highly active facet exposed NiO, ZnO, TiO; systems. Take NiO as an example
as obtained from calcination of NiTi-LDH monolayer precursor[80], through combination of AFM, TEM and XAFS
results, the synthesized highly exposed (110) facts of NiO have abundant of oxygen defect, and the location site of
defects can be regarded as NiO-Vo-(110)-2.76 nm™. Such defect quantitative provide a new and more intuitive view
of the defect structure. However, defective quantities are also limited, for instance, the defects of materials will be
affected by the reaction environment, thus the defect structure will not maintain a constant state. Therefore, it may

need to use more in situ characterizations to reflect the change of defect structure in real time for further exploration.
2.2 Lattice modulation of layers
2.2.1 Lattice distortions in the layers

Apart from vacancies, other defects, such as dislocations, disorder of lattice can have influence on the
physicochemical properties of materials along with many local atomic arrangement parameters slightly altering,
such as bond lengths or angles, atomic distances and coordination numbers [73, 74].

For instance, Ni**Ti**Ti*"-LDHs containing Ti** defects was formed by decreasing the thickness of bulk Ni**Ti*"-
LDH down to a few layers with the generation of oxygen vacancies (Figure 6a) [81]. Both electron spin resonance
(ESR) and XAFS studies showed both an increased concentration of Ti*" defects along with structure distortions
and lower coordination number in first Ti—-O coordination shell compared with bulk NiTi-LDH (Figure 6b). DFT
calculations also revealed that a significantly reduced band gap for NiTi-LDH once incorporated with Ti** centers,
this situation facilitated electron—hole separation for photocatalytic water oxidation. Site-selective incorporation of
ruthenium and iridium was found to promote reaction kinetics of self-supported NiV-LDH [52]. According to an
XAFS study (Figure 6¢-¢), Ru (Ir) introduction cause high distortion of octahedral V along with V vacancies for
NiVRu-LDH or NiVIr-LDH. DFT calculations verified that the efficient modulation of electronic structures via Ru
or Ir introduction would promote both HER and OER activities by reducing the energy barrier of HER and largely
improve OER. Similarly, synergistically perturbation to the electronic structure for Ni(OH). through Fe and V
incorporation can enhance the overall OER performance (Figure 6f) [23]. A severely distorted local coordination
for V and a shortening of V-O bond lengths formed under OER conditions was thought to make a crucial

contribution to the promoted catalytic activity.
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Figure 6. a) Schematic illustration of Ti** self-doped NiTi-LDH, b) Ti K-edge EXAFS spectra for NiTi-LDH. Reprinted with
permission from [81]. Copyright 2014, Royal Society of Chemistry. ¢) V K-edge and d) V L-edge XANES spectra, ¢) WT-EXAFS of
V for NiV-LDH, NiVRu-LDH and NiVIr-LDH. Reprinted with permission from [52]. Copyright 2019, Springer Nature. f) Schematic

representations of NiFeV-LDH. Reprinted with permission from [23]. Copyright 2018, Springer Nature.

Overall introducing heteroatom metals ions can create unsaturated coordination and distortions within the
layers that is often accompanied by production of oxygen vacancies. Generation of these highly active

configurations can tend to facilitate electron transfer, reduce barrier and overall improve catalytic performance.

2.2.2 Crystal phase transition of the laminar structure

Transition metal ion substitution with multiple valence states (such as Ni**, Co**, Fe**, Mn*") into LDHs has
been confirmed to have influence on modification of electronic structure, on the other hand substitution with
cations that offer only a single valence state has received very little attention. Wang et al. [82] found the
incorporation of Al could largely increase the crystallinity of LDH and improve the reversible electrochemical
activity involving both Ni*" and Co*’, ensuring the stable existence of Ni(OH)s and Co(OH)s. Thus, LDHs can
offer improvements of the specific capacitance and cyclic performance for high-performance supercapacitors.
As a result, NiCoAl-LDHs were prepared via changing the Al ratio. [45]. The scanning electron microscopy
(SEM) and transmission electron microscope (TEM) images showed a transition from one-dimensional (1D)
nanowires (NiCo,-OH) to mixed structure with nanowires and nanosheets for NiCo,Al,-LDHs (Figure 7a, b),
indicating that the AI*" ions in NiCo,Al,-LDHs were benefit for the generation of nanosheets. As shown in the
X-ray diffraction (XRD) (Figure 7c), the introduction of AI** favored a change from the B-phase (NiCo-OH)

to a-phase (NiCoAl-LDH) with the increased interlayer spacing for ion transport and improving the
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crystallinity. As a result, the observed increase in specific capacitance (Figure 7d) of the NiCo,Al-LDH is

ascribed to hierarchical structure and morphological stability inducing better ions transport and electrolyte

accessibility.
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Figure 7. a) Schematic illustration, b) SEM images, ¢) XRD patterns, d) gravimetric specific capacity CC@NiCo,-OH and

CC@NiCo,Al-LDH electrodes. Reprinted with permission from [45]. Copyright 2019, Wiley-VCH.

The introduction of AI** can not only provide a stable framework for the nucleation and growth of LDH
phase, but also promote the construction of a lamellar structure and increasing the specific surface of the
material, these features are beneficial to the contact between more active sites and reactants to improve

performance.
2.2.3 Crystalline vs amorphous phases

In addition to the creation of point defects and lattice distortions, the introduction of higher valence ions or non-
metal ions may lead to larger regions of disorder, forming an amorphous structure. Compared with the crystalline
counterparts, it has been demonstrated that amorphous phases have a larger ratio of unsaturated coordination sites,
which could facilitate reactants adsorption and charge transfer [83]. However, the low conductivity or poor stability
of purely amorphous phases may cause their lower catalytic activity [84]. Hence, a potential catalyst construction
by integrating advantages of two phases to balance stability and activity. Therefore, the creation of crystalline—
amorphous interfaces may be an efficient way to enhance the catalytic performance and stability of catalysts.

The ultrathin tungsten-doped NiFe-LDH nanosheets directly growing on nickel foam (NiFeW-LDH/NF) with
many crystalline—amorphous boundaries was prepared as potential catalysts for OER [36]. The oriented crystalline
nanoparticles with amorphous phase can be observed by high resolution transmission electron microscope (HRTEM)

(Figure 8a), the lattice fringes corresponding to the characteristic (012), (015), and (018) facets of NiFeW-LDH
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could be seen in the circles of nanoparticles, confirming the existence of the boundaries, this could promote the
generation of active site and efficient reaction. On the other hand, the incorporation of W¢* facilitated the modulation
of electronic structure for Ni and Fe sites to promote efficient electron transfer, resulting in the excellent catalytic
activity for OER (Figure 8b, c). Similarly, CuNiCo-LDH with amorphous edge was prepared via the incorporation
of sulfur ions [47]. The HRTEM images showed the crystal internal area with amorphous nanosheets edges (Figure
8d) and elemental mapping EDX analysis confirmed the location of S ions. Besides, based on XPS results,
sulfurization was accompanied by the generation of Ni** ions ascribed to the partially unsaturated coordination Ni
amorphous species. Thus, the edge sulfurization of LDH facilitate the high conductivity and highly active sites for
the electrocatalytic hydrazine oxidation reaction (HzOR) (Figure 8¢). In another example, CoAIS(OH) with poor
crystallinity tending to amorphous phase was prepared by immersing CoAl-LDH in S* solution, in which the S*
replaced OH™ [54]. The SEM and selected area electron diffraction (SEAD) showed that the platelet-shaped structure
for CoAl-LDH was preserved (Figure 8f, g). The efficient sulfurization was attributed to preserving an effective
morphology, thus CoAIS(OH) hydroxysulfides with such structural regulation and many exposed active sites
exhibited excellent bifunctional OER activity (Figure 8h).
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Figure 8. a) HRTEM images of NiFeW-LDH nanosheets, b) XPS for NiFe-LDH and NiFeW-LDH, c¢) OER LSV curves. Reprinted
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with permission from [36]. Copyright 2020, Royal Society of Chemistry. d) HRTEM images and corresponding SAED pattern of S-
CuNiCo-LDH; e) LSV curves of S-LDH-3 (S-CuNiCo-LDH) and LDH-3 (CuNiCo-LDH). Reprinted with permission from [47].
Copyright 2019, Royal Society of Chemistry. f) SEM image, g) SAED pattern of CoAlS hydroxysulfides; h) OER and LSV plots of

CoAI-OH and CoAlIS hydroxysulfides. Reprinted with permission from [54]. Copyright 2017, Wiley-VCH.

Therefore, by controlling the formation of the amorphous structures via adjusting the incorporated ions, the
crystalline—amorphous phase boundaries form could be purposefully constructed, the high activity of the amorphous

form and the stability of the crystal lattice deliver stable materials with excellent catalytic activity.
2.2.4 Amorphous structure transformation

Metal cations incorporation into LDH layers could adjust coordination and electronic structures [75]. Changing
the synthesis methods and synthesis conditions can induce trivalent and bivalent metal cations atomic ratios to go
beyond the normal range for LDHs. Thus, multi-metallic oxyhydroxides with amorphous phases along with
unsaturated coordination and disordered bonding environments have exhibited huge potential for their enhanced
catalytic activity.

Sargent et al. prepared an FeCoW oxyhydroxides gel with amorphous phase via a room-temperature sol-gel
process [41]. The HRTEM and XRD data demonstrated that the FeCoW gel was an amorphous phase (Figure 9a).
According to EXAFS, the distortion of the WOs octahedra increased (Figure 9b) along with the generation of
CoOOH and FeOOH during the OER. It is thought the metal ion coordination in CoFeW could adjust the electronic
structure to facilitate the efficiency of OER. Similarly, amorphous NisCosMo—OH prepared via chloride ion
corrosion on a Ni foam exhibited excellent performance toward water splitting [50]. This performance was attributed
to the Mo doping significantly boosting the kinetics of NiCo—OH facilitated charge transfer. In another case, Guo
et al. incorporate Cu into a NiFe hydroxide shell and thereby synthesize homogeneous amorphous nanocages of
CuNiFe hydr(oxy)oxide (Figure 9¢) [30]. The introduction of Cu improved conductivity of the amorphous material.
Furthermore, according to the XPS results, more Ni** was oxidized to Ni** along with the introduction of Cu,
causing to larger percentage of NiOOH, to further promote OER activity. As a result, the enhanced catalytic activity
was ascribed to generation of Ni active species and improved charge transfer in CuNiFe hydr(oxy)oxide (Figure

9d).
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Figure 9. a) HAADF-STEM image, SAED pattern, elemental mapping of G-FeCoW oxyhydroxides, b) bulk W Ls-edge XANES
spectra. Reprinted with permission from [41]. Copyright 2016, American Association for the Advancement of Science. ¢c) TEM image,
SAED pattern and EDS elemental mapping, d) schematic illustration of OER catalysis enhancement mechanism of AN-CuNiFe.

Reprinted with permission from [30]. Copyright 2019, Wiley-VCH.

When incorporating highly charged cations into the octahedal brucite layers of an LDHs, the resultant materials
may completely turn into amorphous phases (oxyhydroxides), in which the coordinatively unsaturated highly active

sites could facilitate electron transfer and improved reaction kinetics.
2.3 Loading metal atoms/particles on the layers
2.3.1 Single atom anchoring on layers

Single-atom catalysts (SACs) have exhibited huge potential in the research on heterogeneous catalysis. When
compared with nanoparticles or bulk of materials, these catalysts may reach the maximum atom-utilization
efficiency [85-89]. However, single metallic atoms tends to aggregate attributed to dramatically increased surface
energy [90]. Considering the stability of SACs, it is of significance to explore an appropriate support which can
serve as a matrix for dispersing/isolating single metallic atom sites to promote the atomic utilization [91]. It has
been confirmed that the M** ions atoms are highly dispersed and ordered in the layer of LDHs (Figure 10), where
each M*" ions were surrounded by M?* ions with no M**-M>*" close contacts [67, 92]. Furthermore, compared with
other oxides (hydroxides), LDHs have the intrinsic property of tunable element composition, as a result, there has

been many explorations on how single metal atoms could be inserted/anchored in an ordered manner on LDHs.
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Figure 10. A polyhedral representation of the LDH structure. Reprinted with permission from [67]. Copyright 2008, American

Association for the Advancement of Science.

Research on single-atom supported LDH materials could be traced back to 2003. Kaneda et al. successfully
prepared Ru/MgAI-LDH [61]. According to the XAFS (Figure 11a), the peaks centered at 3.5 A could not be
observed, demonstrating Ru species existed as single atoms. Furthermore, a monomeric Ru*" with one OH and two
H>0 was bonded to three O atom in the layer of MgAl-LDH (Figure 11b). Thus, the cooperative catalytic activity
between grafted-Ru and LDH base sites facilitated R-alkylation. Besides, Zhang et al. prepared Au/NiFe-LDH via
electrochemical method [38]. From XAFS analysis, the single Au atoms were adsorbed on oxygen creating Au—O
bonds. DFT calculations supported the surface charge transfer from the Au atoms to O, Ni and Fe atoms (Figure
11c) improved the OER. Although this work demonstrated single Au atoms were highly-dispersed on the layer of
LDH by Au—O bonding, evidence for the precise location of single metal atoms remained elusive. Song et al.
reported a facile method for synthesizing Ru SA supported on a monolayer NiFe-LDH [33]. According to WT-
EXAFS, the Ru/NiFe-LDH exhibited one peak centered at 4.1 A~!, which could be ascribed to Ru—O shell (Figure
11d, e). With the help of model fitting and energy calculations, the Ru atoms were confirmed to locate on the layer
of LDH and possibly vertically above Fe atoms (Figure 11f). In addition, the location of Ru SA may stabilize the
intermediates and lower the reaction barriers, and thus enhancing the hydrazine electrooxidation. Further work by
this research group successfully prepared NiFe-LDH doped with single-atom Rh [35]. Through comparing XAFS
experimental and simulation results (Figure 11g) and in contrast to Ru, the Rh atoms were shown to exist in the
layers as RhOg. Furthermore, the layer distortions and defect sites caused by the Rh doping contributed to the good
catalytic performance (Figure 11h). For another case, Ru SA anchoring on the layer of CoFe-LDH (Ru/CoFe-LDH)
was synthesized by a dipping method [40]. Through XPS and computational simulation, it was confirmed that there
was strong electron effect between single atomic Ru and CoFe-LDH due to electron transportation from the Co and
Fe atoms to Ru atoms (Figure 111). According to in situ XAS, compared with irreversible oxidization of Fe and Co,
the reversible change of Ru valence state indicated that Ru local structure could re-construct under the reaction
conditions (Figure 11j), demonstrating that Ru could stably work as the active site without dissolution into the
electrolyte during reaction. Cui et al. successfully anchored single Ir atoms on NiFe oxyhydroxides (Iro.i//NigFe SAC)
by in situ cryogenic—photochemical reduction method [93]. XAS analysis and DFT calculations, suggested that a

5.3+

highly oxidized single Ir atom (Ir’~") is created under operating conditions and this contributed to the exceptional
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OER performance.
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Figure 11. a) FT-EXAFS, b) Surface structure of Ru/MgAIl-LDH. Reprinted with permission from [61]. Copyright 2008, American
Chemical Society. ¢) Differential charge densities of NiFe LDH with and without Au atom when one O atom is adsorbed on the Fe site.
Reprinted with permission from [38]. Copyright 2018, American Chemical Society. d) FI-EXAFS, e¢) FT-EXAFS for Ru/NiFe-LDH,
f) relative energy of Ru atom upon the O, Ni and Fe of Up-Ni, Up-O, Up-Fe. Reprinted with permission from [33]. Copyright 2019,
Royal Society of Chemistry. ) XANES spectra and the corresponding calculation and fitting results for Rh/NiFe-LDH, h) PDOS of
DFT calculation for NiFe-LDH and Rh/NiFe-LDH. Reprinted with permission from [35]. Copyright 2021, Royal Society of Chemistry.
i) operando XAS and in situ XANES measurement under the electrochemical condition, j) charge density from computational

simulation of Ru/CoFe-LDHs. Reprinted with permission from [40]. Copyright 2019, Springer Nature.

Single atom noble metal-based catalysts have also been prepared to enhance thermal reactions. Ru SA/MgAl-
LDH exhibited the enhanced hydrogenation of CO, to HCOOH [62]. Upon the addition of NaOH,g, isolated single-
atomic Ru species would graft onto O atoms of OH of LDH to form Ru—OH bonds (Figure 12a-c by Ru K-edge
XANES and UV-vis spectroscopy. Based on Figure 12d, the electron transfer for OH could be crucial for creating
electron-rich Ru centers with high catalytic activity. What’s more, when compared with other M** ions, Ru/MgAl-

LDH exhibited the best catalytic performance, indicating that the LDH basicity may promote Ru SA to enhance the
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The LDH structure in which metal atoms are highly dispersed and ordered can be a benefit for the generation of
single-atom catalysts. Single atoms may be stabilized by grafting to the hydroxylated LDH surface, thereby

promoting both stability and synergy with the layer atoms.
2.3.2 Nanoparticle loading on the support

Besides, LDHs also exhibited the advantage on preparing highly-dispersed metal and mixed metal oxide
nanoparticles attributed to the high dispersion of metal atoms on the layer. Fe-based catalysts show promising
potential CO hydrogenation to olefins [94] due to the electronic structure [95, 96]. And Fe atoms can be introduced
into the layer of LDH to obtain highly dispersed Fe-based catalysts, therefore, a Fe-based heterostructure
photocatalyst was prepared via H, reduction from ZnFeAl-LDH (Figure 13a) [97], in which Fe-500 consisted of
Fe’ and FeO, nanoparticles supported by ZnO and amorphous Al,03. Al,O; could be a thermally stable support to
avoid catalyst sintering and aggregation during reduction process. According to Fe K-edge XANES and in situ XPS
analysis (Figure 13b), with increasing the reduction temperature, more Fe® could be generated from FeO,. DFT
calculations indicate that the interfaces between Fe and FeO, was beneficial for the product selectivity towards
olefins and suppressed CO; evolution under photoirradiation. Followed by this, through annealing of the ZnCoAl-
LDH or MgFeAl-LDH precursor, a novel photothermal catalyst (Co-450) containing metallic Co was synthesized
[98], that consisted of Co and Co304 supported on the ZnO-Al,03. Co-450 exhibited excellent CO hydrogenation
activity. Both experiment and theory suggested that the O modulated the electronic structure of Co, leading to
modest hydrogenation and excellent selectivity to olefins (Figure 13c¢). Similarly, via Ho-reduction from CoFeAl-
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LDH, the alumina-supported CoFe-alloy NPs was prepared [99]. Due to the photothermal activity of CoFe alloy
nanoparticles and low barrier energy of CH»-CH, coupling, CoFe-650 exhibited the enhanced selectivity (<95%) to

hydrocarbons for CO; hydrogenation.
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Figure 13. a) The Fe-x photocatalysts that were obtained by H, reduction of ZnFeAl-LDH, b) in situ XPS spectra. Reprinted with
permission from [97]. Copyright 2018, Wiley-VCH. ¢) The potential energy profile of CO dissociation. Reprinted with permission
from [98]. Copyright 2018, Wiley-VCH.

In addition, by annealing NiZnAl-LDH, Ni.Zn bimetallic catalysts (Figure 14a) were synthesized [100]. Due to
the dilution effect of non-magnetic Zn atoms, a non ferromagnetic Ni1ZniAl alloy could be inferred in which each
Ni atom was surrounded by Zn atoms (Figure 14b). Consequently, due to the oxophilicity of Zn and decrease of
electron density on the Ni, improving the hydrodeoxygenation (HDO) pathway along with the decarboxylation
pathway inhibited. Furthermore, by adjusting the atomic ratio of LDH can not only influence the atomic distribution
of'the alloy, but also adjust its geometric structure. For example, take CuCoAl-LDH as precursor, Cu@(CuCo-alloy)
nanoparticles on AlOs (Figure 14c) were fabricated [101]. From the TEM (Figure 14d) with EDS line scan, the Cu
signal was in the center, the Cu and Co signals were in the shell, indicating that CuO was initially reduced to metallic
Cu nanoparticles, followed by the reduction of Co304. XPS experiments indicate a higher surface Cu/Co ratio
(2.88/1.00) than the bulk ratio confirming the Cu migrated to form CuCo alloy. Hp-temperature programmed
reduction (TPR) profiles (Figure 14¢) and XPS analysis indicated that Cu could promote the generation of Co to
form CuCo alloy. The strong interaction of Cu and Co facilitated mass diffusion and transportation and contributes

to the enhanced catalytic activity on CO hydrogenation.
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The characteristics of high dispersion and adjustable atomic ratios for LDHs and that catalytically active elements
with varying ratios can be easily introduced and dispersed allows for a logical analysis and determination of the

structure-activity relationship.
2.4 Construction of multi-metallic LDHs
2.4.1 Introducing multiple cations into the laminate for high-entropy materials

The origin of LDHs could be traced back to the 1960s, and the general structure has been confirmed based on the
structural study of the minerals hydrotalcite and pyroaurite [102, 103], in which Mg(OH), with M** replacing Mg**
on the layer. Subsequently, Yan et al. [104] proposed the construction mechanism of LDHs. In addition to the ionic
radius criterion, the distortion angle of octahedral coordination of the cations has a huge effect on the formation of
LDHs. Recently, Sasaki et al. proposed that both layered single metal hydroxides (LSHs) and LDHs can be
uniformly classified into layered metal hydroxides (LMHs) due to their similar layered structures [105-108].

Taking advantage of layer element adjustment within LDHs, He ef al. synthesized successfully a quaternary
CoZnGaAl-LDH on the surface of spherical c-Al,O3 [109]. Similarly, a series of quaternary CoZnFe''Fe''-LDH and
even quinary CuZnMnFeAl-LDH with different ion ratios were prepared by coprecipitation method [110, 111].
However, doping with larger atoms will lead to unsaturation of the octahedral coordination in the laminate and
increase the degree of disorder. Due to the individual K, of the metal ions, pH changes during the nucleation process
will also cause successive precipitation leading to the formation of impurities. Therefore, it is difficult to explore a
synthesis strategy that can integrate multiple elements into the laminate lattice without impurities. Zou et al. reported

high-entropy hydrotalcites (HEHs) [51] (Figure 15a) via fast coprecipitation. According to Figure 15b, some lattice
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distortions such as defects and dislocation could be observed attributed to introduction of various multi-metallic
atoms, and the diffraction peaks of XRD pattern broaden as the metallic elements increase (Figure 15c, d),
demonstrating the severe lattice distortion. As a result, the enhanced OER activity of HEHs (Figure 15¢) could be
attributed to the crystal defects in the HEHs lattice structure. A series of high-entropy oxides (HEOs) derived from
HEHs was prepared via a low-temperature plasma strategy (Figure 15f) [112]. EPR experiments on the HEOs from
low-temperature plasma treatment (P-HEOs) showed more surface oxygen vacancies than the HEOs from high-
temperature calcination (C-HEOs) (Figure 15g). The nanosheet structure, abundant O vacancies, and high specific

surface area of P-HEOs promotes catalytic activity on HMF electrooxidation (Figure 15h).
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Figure 15. a) Structure of 2D HEH, b) atomic resolution high angle annular dark field scanning transmission electron microscope
(HAADF-STEM) of FeCoNiZnAlCuCrMgIn HEH, c¢) XRD patterns, d) HAADF-STEM and Energy dispersive X-ray spectrometer
(EDX) elemental mapping of HEHs, ¢) LSV curves for HEHs in OER. Reprinted with permission from [51]. Copyright 2021, Wiley-
VCH. f) Low-temperature plasma strategy for HEOs, g) EPR spectra, h) LSV curves. Reprinted with permission from [112]. Copyright

2021, Wiley-VCH.

The use of high-entropy LDHs has greatly expanded the possibility of introducing more active sites into the
laminates of LDHs. Based on the high dispersion characteristics of LDH itself, various kinds of high-entropy alloys
or oxides with uniformly dispersed elements could be prepared via different processing strategies. Further studies

into the application of high-entropy materials with high catalytic activity is required.
2.4.2 Introducing multiple species into the interlayer galleries
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The nature of the interlayer anions in an LDH galleries is highly flexible [113-116], supramolecular materials
prepared by introducing active molecules into the interlayer galleries has been widely investigated [117-124]. For
example, the catalytic active metal ions coordinated to the porphyrin or other ligands can be assembled within an
LDH to form a composite material [122, 125-127].

Wang et al. reported a method to anchor single Pt atoms intercalated in NiFe-LDH (NiFe-CO5>-LDH-Pt SA) via
space-confined electroreduction (Figure 16a) [128]. XAFS analysis ((Figure 16b), showed single Pt atoms generated
through replacing Pt-Cl bonds with Pt-O bonds in LDH laminates along with lattice distortion than NiFe-PtCls> -
LDH. The interlayer single Pt atoms not only could facilitate the electron transportation of NiFe-LDH for HER, but
also changed Ni valence and Ni/Fe-O bond accompanied by the transformation of abundant active phase
(Ni?*Fe**“O,H,), optimizing OER intrinsic activity. Wei et al. reported the synthesis of ultrathin film (UTF)
electrodes [125] based on LDHs and iron porphyrin (Fe-PP) via layer-by-layer (LBL) (Figure 16¢), which exhibited
good OER activity combining the advantages of LDH and Fe-PP (Figure 16d). In addition, Shi et al. [126]
constructed Zn-CDs (carbon dots)-LDH system (Figure 16e), which showed ultralong room-temperature
phosphorescent (RTP) lifetime (Figure 16f) under ambient conditions and high phosphorescence efficiency. Besides,
via exfoliation-assembly strategy, Han et al. prepared a serious of transparent ultrathin films of various exfoliated
LDHs (CoAl-LDH, MgAI-LDH, NiAl-LDH) assembled alternately with polyanions [129]. The combined
functionality of the laminates and interlayer anion indicated that these heterogeneous films could have potential as
catalyst, sensors and photovoltaic devices. Moreover, inspired by the LDHs in situ transformation from MOFs, the
NiCoZn-LDH/Co9Sg-QDs was prepared on carbon fibers for the application of supercapacitors [130], in which
Co9Ss-QDs were effectively created and embedded within the interlayer of MOFs-derived ternary NiCoZn-LDH
via in situ selective vulcanization of Co. Due to the abundant active sites from Co9Sg-QDs, rapid ion/electron
transmission from NiCoZn-LDH and enhanced mechanical flexibility of carbon fibers, the hybrid CF@NiCoZn-
LDH/Co9Ss-QDs achieved an outstanding supercapacitor capacity of 2504 F g at 1 A g and a high capacity

retention rate of 62%.
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The tunable characteristics of LDH interlayer anions through various strategies such as ion exchange or
exfoliation recombination is a further dimension. The synergistic interactions of intercalated species and laminates

of LDH offer the possibility to improve electron transport capacity, and increases active densities.
3. Applications of multi-metallic LDHs

3.1 Electrocatalysis

3.1.1 Electrocatalytic Water splitting

Electrochemical water splitting has become an important approach to producing hydrogen. However, the overall
water-splitting process is severed limited by the poor kinetics of OER. Therefore, it is essential to develop efficient,
and highly active OER catalysts using earth abundant elements [131] due to the high price of traditional OER
catalysts. Recently, LDHs have been explored as OER electrocatalysts attributed to their excellent catalytic activity
[2], like NiX-LDH, CoX-LDH [2, 29, 69, 132-134]. Additionally, binary LDHs can be easily transformed into
ternary or multi-metallic LDHs via introduction of other metal cations by taking advantage of cation flexibility

within LDH layers. These substitutions may directly or indirectly modulate the electronic structure and so an impact
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on catalytic activity.
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Figure 17. Comparison of the OER performance of multi-metallic LDHs with original binary LDHs from current researches [25, 26,

28, 30, 31, 38, 40, 41, 52, 63], hollow marks represent binary LDHs and solid marks represent multi-metallic LDHs.

For example, Al, Zn are unique amphoteric metals, whose hydroxides are reactive to acidity and alkalinity. The
addition of excessive alkali could cause the dissolution of their hydroxide phases. If this process occurs in the LDH,
it will lead to the generation of vacancies in the layer. Leaching of base-soluble Zn** or AI** sites from D-NiFeZn-
LDH and D-NiFeAl-LDH produces selectively M>* or M*" defects that leads to enhancement of the electrocatalytic
activity for OER (Figure 18a) [22]. According to the DFT calculations on these systems, Ni**—Fe*" sites were
predicted to offer a lower OER overpotential than Ni**~Ni>" sites, which was consistent with the experimental
results. Therefore, it could be concluded that in this system, M?" defects were more favorable for improving the
electrocatalytic activity.

More recently, the substitution of high valence state cations such as Cr, V, Ir and Ru have exhibited huge potentials
for OER [34, 49, 56, 135-138]. For example, Li et al. explained that the vanadium doping in NiFe-LDH was benefit
to enhance OER catalytic activity [20]. The XPS data revealed the average valence state of Fe decreased after V
doping. DFT calculations (Figure 18b) predicts a lower over potential in OER for NiFeV-LDH, a narrower bandgap.
In order to systematically investigate structure-activity relationship in NiFeM-LDHs for OER [139], various
NiFeM-LDHs were prepared and onset potential and corresponded Tafel slope was analyzed during OER (Figure
18c). The incorporation of different atoms could efficiently lower the thermodynamic barrier or accelerate the
process. Based on Figure 18d, e, the oxygen species absorption and electron transportation could also be facilitated
through different alternatives.

What’s more, in view of the outstanding performance of IrO, and RuO» in OER, introduction of a small amount
of these noble metal ions also produces systems with excellent catalytic activity [140]. For example, Ir**-doped
NiFe-LDH exhibited Pt-like HER performance [141]. The binding energies of the Ni and Fe cations in NiFelr-LDH
shifted positively compared to pristine NiFe-LDH, indicating changes to the electronic structure as a result of partial
incorporation of Ir. An Ir-doping strategy can significantly enhance the dissociation kinetics on NiFe-LDH. Apart
from doping atoms into NiFe-LDH, Ru lattice-doped CoCr-LDH also exhibited enhanced OER activity.[63] In the
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HRTEM-STEM images (Figure 18f), the brighter Ru atoms were incorporated in the lattice fringes rather as isolated
atomic spots, confirming successful lattice doping. Furthermore, in the Ru EXAFS only Ru-O bonded featured was
observed in CoCrRu-LDHs, indicating the atomic dispersion of Ru atom in the LDH layers. Theoretical calculations
(Figure 18g) demonstrated that Ru doping can enhance the activity of the Co cations toward OER via getting more
electrons from Cr. Furthermore, compared with other MCrRu-LDHs (M = Mg?*, Ni**, Cu**, and Zn?>"), CoCrRu-
LDHs recorded the best activity, confirming the significance of Ru atoms to facilitate OER performance.

Besides, the hierarchical ternary LDHs fabricated from MOFs through a simple self-template strategy have
exhibited the superior performance for water splitting and beyonds, which could attributed to that their large surface
area and elastic cavity favorable for the promotion of electrical conductivity and mass transfer capability [16]. For
instance, a series of hierarchical multi-metal containing LDHs composed of monolayer nanosheets were constructed
from oxalate MOFs [142]. Among them, CoNiFe-LDH showed the smaller overpotential of 248 mV at a current
density of 10 mA cm 2 with a Tafel slope of 38 mV dec™ for OER compared with NiFe-LDH and CoFe-LDH,
indicating that the incorporation of Ni or Co had an effect on the modulation of electronic structure for supported
LDHs to enhance the reaction kinetics. In addition, via changing the Ni/Co ratio, the obtained LDHs with sheet-like
morphology achieved a poor OER activity than that of CoNiFe-LDH with octahedral morphology, proving the
important role of hierarchical architecture in OER. Similarly, the ternary NiCoFe-LDH hollow polyhedrons in situ
growth on the surface of ZIF-67 also showed an enhanced OER performance compared with binary NiCo-LDH
[143]. Furthermore, a hollow Rh-doped CoFe-LDH (CoFeRh-LDH) structure [144] was constructed by an efficient
etching-doping strategy for overall water splitting, achieving a current density of 10 mA cm ™ at an overpotential of
28 mV for HER and 100 mA cm 2 at 245 mV for OER with cell voltage for overall water splitting of 1.46 V, giving
an promising application in water splitting. The promoted performance could be ascribed to the Rh doping and the
construction of hollow nano-triangle architecture by virtue of MOFs structure, improving the modulation of electron
structure along with the generation of Fe vacancy and explosion of substantial active sites to facilitate the mass

transfer and reaction kinetics for overall water splitting.
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Figure 18. a) OER polarization curves of NiFeZn-LDH, D-NiFeZn-LDH, NiFeAl-LDH and D-NiFeAl-LDH. Reprinted with
permission from [22]. Copyright 2018, Springer. b) Gibbs free energy diagram on NiFe-LDH (black line) and NiFeV-LDH (red line)
and total density of states (TDOS) curves of NiFeV-LDH and NiFe-LDH. Reprinted with permission from [20]. Copyright 2018, Wiley-
VCH. c) the analysis of onset potential and Tafel slope, d) the relationship of onset potential and the binding energy of Fe-O, e) the
relationship of Tafel slope and the bandgap width. Reprinted with permission from [139]. Copyright 2021, Wiley-VCH. f) The Cs-
corrected STEM image (red circles: bright Ru atoms), g) free energy diagrams of CoCrRu-LDH. Reprinted with permission from [63].
Copyright 2020, Wiley-VCH.

In addition, the doping of high-charge metal cations may lead to a further increase in the disorder of the LDH
layer due to local perturbation of the metal coordination environments and electronic structure, in the limit would
be the formation of oxyhydroxide-type materials. Zhang et al. incorporated W®" in an FeCoW oxyhydroxides gel
with amorphous phase via a room-temperature sol-gel process [41]. During the process distortion of WOs octahedra
increased along with decrease in the average W charge, which then promoted oxidation of Co and Fe ions producing
more active sites for OER (Figure 19a). What’s more, crystalline-amorphous phase boundaries also enhanced OER
activity (Figure 19b, c) by providing highly defective interfaces. Ternary NisCosMo—OH nanosheets was prepared
via Mo doping [50]. The presence of Mo®" significantly boosted the kinetics of NiCo—OH by facilitating charge

transfer (Figure 19d, e) via O bridges among metal atoms.
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Figure 19. a) Surface-sensitive XAS scans at the Fe and Co L-edge, b) the OER polarization curve, c) overpotentials of FeCo-LDH
and FeCoW oxyhydroxides. Reprinted with permission from [41]. Copyright 2016, American Association for the Advancement of
Science. d) XPS spectra for Mo 3d and O 1s, e) Tafel plots toward OER of NiCo—OH, NiMo—OH, and NisCo;Mo—OH. Reprinted with

permission from [50]. Copyright 2019, American Chemical Society.

3.1.2 Electrocatalytic organic reactions

In addition to electrolysis of water, electrocatalytic organic synthesis has also received extensive attention [145,
146]. It may provide an alternative, ecofriendly route that avoids high temperature and pressure conditions. In this
area, most explorations have mainly focused on binary LDHs or NiX for hydroxymethylfurfural (HMF) conversion,
however, multi-metallic LDHs are less researched. Ternary NiCoFe-LDH were observed to be efficient for OER
and the conversion of HMF to the product 2,5-Furandicarboxylic acid (FDCA) (Figure 20a) [28]. According to
atomic force microscopy (AFM) images, the incorporation of Fe changed the octahedral metal hydroxide layers and
decreased the thickness. NiCoFe-LDH exhibited increased active sites, enhanced catalytic kinetics for OER after
incorporating Fe into NiCo-LDH (Figure 20b). In addition, NiCoFe-LDHs showed improved performance for HMF
conversion into FDCA (Figure 20c, d). The small overpotential and Tafel slope of HMF conversion may be

attributed to thinner sheets along with more active sites.
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Figure 20. a) Schematic illustration of the electrochemical system of HMFOR, b) Tafel plots of NiCo-LDH, NiFe-LDH and NiCoFe-
LDH for OER, c¢) polarization curves of NiCoFe-LDH, d) HMF conversion performance versus reaction time of NiCoFe-LDH [28].

Reprinted with permission from [28]. Copyright 2020, American Chemical Society.

Besides, hydrazine electrooxidation has been widely explored. Ru SA/NiFe-LDH (Figure 21a) was prepared and
exhibited good catalytic activity. [33]. Detailed studies showed that Ru atoms were precisely located above Fe atoms,
the loading can reach go up to 7.0 wt% (Figure 21b). Furthermore, DFT calculations demonstrated that Ru SA could
efficiently lower the reaction barrier and decrease band gap energy (Eg) for the electron conduction (Figure 21c, d).
Similarly, atomically dispersed Rh on NiFe-LDH [35] also exhibited good catalytic performance that may be

ascribed to the distortion of layers and introduction of defect sites by the Rh atoms.
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Figure 21. a) Schematic illustration of Ru/mono-NiFe-LDH, b) FT-EXAFS spectra, ¢) LSV curves of of Ru/mono-NiFe-LDH, mono-
NiFe-LDH, bulk-NiFe-LDH and carbon paper, d) EIS of Ru/mono-NiFe-LDH, mono-NiFe-LDH and bulk-NiFe-LDH. Reprinted with

permission from [33]. Copyright 2019, Royal Society of Chemistry.
3.2 Supercapacitors

Fiber supercapacitors (SCs) [147, 148] are being extensively researched as energy storage device of various
equipment. Cu-doped NiCo-LDH with hierarchical structure (Figure 22a) has been prepared via in sifu corrosion
growth [48]. Both ultraviolet photoelectron spectroscopy (UPS) and Nyquist plots, indicated that Cu introduction
could modulate the electronic structure to increased electrical conductivity and faster charge transfer kinetics (Figure
22b, c¢). The 3D multicomponent structure was also beneficial to allowing adequate electrolyte permeation. This
unique structure and in situ Cu doping, delivered an electrode with a high specific capacitance and cycling stability
(Figure 22d, e). In addition to the electronic structure regulation [149, 150], morphology modulation was also found
to promote supercapacitive performance. The changes to the microstructure and morphology of CC@NiCo,Al,-
LDHs by varying the Al stoichiometry has been proven to have a great impact on electrochemical performance [45].
The higher specific capacitance of CC@NiCo,Al-LDH over CC@NiCo,-OH was a result of a mixed morphology
of nanowires and nanosheets enhancing the exposure of active sites. Faster ion transport, electrolyte accessibility,

and morphology stability could be all ascribed to increased crystallinity after the introduction of Al
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cycling performance. e) capacitance retention of hybrid fiber supercapacitor. Reprinted with permission from [48]. Copyright 2019,

Wiley-VCH.

3.3 Photocatalysis

Taking inspiration from photosynthesis, the photoreduction of CO, to hydrocarbons is considered as one of the
key strategies for mitigating the energy crisis along with solar energy utilization in order to promote a sustainable
future.[14] The traditional photocatalysts exhibits catalytic activity only under UV light irradiation due to the wide
bandgap of the active material, this of course significantly limits the utilization of the solar spectrum. Efficient
capture of visible—near-infrared (NIR) photons is challenging due to their relatively low energy [151]. Researchers
are increasingly making greater use of solar spectrum by expanding the response to visible and infrared light [152,

153].
3.3.1 Photocatalytic CO; reduction

Photocatalytic CO reduction to hydrocarbon fuels is an important strategic target that could mitigate energy
consumption as well as global warming. However, CO; activation is challenging in part due to the strength of the
C=0 bond. Particularly, CO> reduction into CHy still difficult, due to the unfavorable kinetics ascribed to a series
of multi-electron transfer process [154]. LDHs has been explored as potential photocatalysts [14, 81] attributed to
their adjustable band gap and various active sites [39]. Tanaka ef al. reported the CO; photocatalytic conversion on
various M?*-M*"-LDHs, they successfully demonstrated the conversion of CO, (dissolved in water) into CO and
0,.[155] LDHs was firstly applied on photocatalytic CO;, reduction by Izumi et al. in 2011 [156]. They found the
Cu in LDH were the mainly active site. Nickel-based catalysts have high methane activity [157-160], NiCoFe-LDH
with various vacancies was applied in CO2PR and exhibited enhanced activity [39]. DFT study of NiCoFe-LDH
highlighted that new defect levels were generated in the middle of the band gap leading to a decreased bandgap and
facilitated electrical conductivity of NiCoFe-LDH (Figure 23a), which leading to high CHj4 selectivity (Figure 23b).

In a further example, Ru@FL-LDH consisting of ultrathin MgAl-LDH and Ru nanoparticles exhibited improved
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catalytic activity for the photothermal reduction of CO> [161]. Compared with other Ru-loaded catalysts, Ru@FL-
LDH achieved light-absorption across the whole spectral region from the UV—vis—NIR. Ru@FL-LDH maintained
a reaction temperature ~350°C while FL-LDHs reached 67°C, confirming that the Ru nanoparticles was favorable
for photo-thermal conversion, dramatically increasing the local temperature under irradiation (Figure 23c). This
exfoliated LDHs and Ru nanoparticle system demonstrated highly-efficient catalytic performance recording a 99.3%

of selectivity for CHy4 (Figure 23d).
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Figure 23. a) The calculated total DOS (TDOS) and partial DOS (PDOS) plots and b) selectivity of CH4, CO, and H,. Reprinted with
permission from [39]. Copyright 2020, American Chemical Society. ¢) temperature monitoring (T.M.) of catalysts and FL-LDHs matrix,

d) long-term test. Reprinted with permission from [161]. Copyright 2017, Wiley-VCH.
3.3.2 Solar-driven CO hydrogenation

Light olefins are raw materials for production of various chemical products (such as polymers, drugs, etc).
Indirect routes of olefin synthesis involve the Fischer—Tropsch (FT) process, which was typically carried out under
severe conditions. By contrast, photocatalysis using visible light was promising approach for small molecules
conversion to high-valuable products, including hydrocarbons. The photothermal catalyst, Co-450 prepared at
450°C from ZnCoAl-LDH, consisted of Co and Co030s4 supported on a ZnO-Al,O3 (Figure 24a). This material
showed remarkable CO hydrogenation activity [98] (Figure 24b). This heterostructure could weaken the
hydrogenation activity of Co, causing to high selectivity to olefins (Figure 24c). Similar photothermal CO/CO>
hydrogenation can be also found in ternary CoFeAl-LDH, ZnFeAl-LDH, and NiFeAl-LDH structure, etc. Another
example is Cu@(CuCo-alloy) on Al,O3 (denoted as Cu@(CuCo-alloy)/Al,O3) that can be fabricated from CuCoAl-
LDH [101]. The XPS and in situ FTIR data suggested that electron transportation may weaken the C—O bond of the

adsorbed CO thus facilitating dissociation and enhancing hydrogenation to alcohols (Figure 24d, ¢).
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3.3.3 Organic oxidation reactions

Compared with thermochemical reactions employing high temperatures and pressures, photocatalytic oxidation
reaction could drive chemical transformations under mild conditions via highly active radicals, such as hydroxyl
(*OH) or superoxide (-O2") [162, 163]. The series of Zn,Ti-LDH (x = 1, 2, 3, 4) catalysts were highly selective for
the photooxidation of benzene to phenol in water under UV-vis light irradiation (Figure 25a) [164]. XAFS analysis
indicated the Ti of ZnTi-LDH may exist with low valence (Ti’", 3 < § < 4) than TiO, (Figure 25b) which is
accompanied by coordinative unsaturation and an abundance of oxygen vacancies. As shown in Figure 25c, ZnTi-
LDH exhibited ESR signal at g = 1.996, ascribed to the existence of Ti** due to the formation of oxygen vacancies.
Thus, octahedrally distorted TiOs sites and abundant oxygen vacancies facilitated charge carrier

separation/transportation the generation of -O" to deliver excellent catalytic performance (Figure 25d).

36



= Suitatie Bend siructure
« % ¥ o » Nipd seperation of photonduced
L = - whectron-bolw pars

- . uw
- .

[+ .
- . A\ o Raute
e o

Normalized yp (E)

Bon et = z —Ti0,
£ % - Zn,Ti-LDH
Sl | ——Zn,TILDH
AT HGEOA - :
4960 4970 4980 4990 5000
E (eV)
c d 100
I Phenot [ | Acid [l Benzoquinone
0.6 v o L . 804
3 “” oy R
’ 2407~ e <
ks | 199 . > 60
0.4+ vy =
2 (I P25 2
2 v,‘b.\'.,‘#\.-\q‘.‘.,"ul = pro o "J,\A*‘MPV‘»“\‘ § 404
by Wy A [
0.24 1 )y av
g 2,090 . —Tio, (77 204
OIO<W
v . v o 0\\ o\\ 0\\ 2% <01 O
2500 3000 3500 4000 4500 e St vt et A
__ 2N T s 0
Magnetic Field (G)
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permission from [164]. Copyright 2020, Elsevier.

3.4 Environmental and biological applications

In addition, through introducing elements with specific physical/chemical properties, multi-metallic LDHs
has also exhibited excellent catalytic activity in the fields of environmental energy and biological anti-cancer,

bacteriostatic and other fields.
3.4.1 Wastewater treatment

Water pollution have become a serious environmental issue influencing our health. Today, the Fenton reaction
was very effective in wastewater treatment for removing hazardous organics in wastewater. Besides iron-containing
species, other transition metals exhibiting at least two oxidation states such as Mn, Cr, Ru and Cu have been proven
to be active for Fenton reaction [165-168]. In this study, a series of CuNiSn-LDHs were prepared for phenol
degradation [169]. Electron transfer between multivalent metal ions in LDH via metal-oxo—metal (M-O-M) bridges
could promote rapid regeneration of highly active Cu" ions for superior performance (Figure 26a). Furthermore,
with a low Cu/Ni ratio, Cu(OH);Cl; octahedra with a shorter Cu-Cl bonds could be formed, which could further
promote electron transfer between Cu and other MOg octahedra via Cu-Cl-M linkages (Figure 26b). CuiNizSng.7s-

LDH could converse 97.8% phenol with better stability.
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3.4.2 Heavy metal mineralization/reutilization

Adsorption from soil has become promising strategy to remove arsenic and other anionic heavy metals without
by-products [170, 171]. CaMgFe-LDH was applied for arsenic immobilization and showed excellent performance
[43].The XRD patterns showed only the diffraction features of MgFe-LDH after As®>" removal, indicating no CaFe-
LDH produced. It was concluded that the Ca leached from the ternary LDHs to precipitate As** for efficient removal.
What’s more, LDHs containing a higher content of Ca exhibited an even higher removal capacity. In addition, the
low leaching of Mg from the LDH demonstrated the stability of MgFe-LDH, which favored the H2AsOs™ entering
the interlayer through anion exchange. Similar to this work, MgCaFe-LDH exhibited good removal of
pyrophosphate (PP) and triphosphate (TPP) in water [172]. The Ca release [173] was attributed to the anions
precipitation, while anion exchange of MgX-LDH was benefit for immobilization of anions. Besides, M03S13>~
intercalated in MgAIl-LDH exhibited excellent performance for capture of Ag" ions [174]. At low [Ag'], the
interlayered Mo3;S13>~ could coordinate with Ag™ to form [Ag«(Mo3S13),]"" anions which remained in the LDH
interlayer galleries, when the [Ag] was high the S;*~ and Mo*" in M03S13*~ could reduce Ag” into Ag’. A similar
adsorption mechanism was observed for low concentrations of Hg?" and Cu*".

In addition to adsorbing anionic heavy metal pollutants in the interlayer region, LDHs can also immobilize heavy
metal cations into the laminate through a unique isomorphous substitution process. Recently, Kong ef al. discovered
this property for LDH in the treatment of heavy metal pollution [175]. The ion exchange between Cd*" and Ca®" in
CaAl-LDH causes the topotactic conversion of CaAl-LDH into CdAI-LDH to yield an ultra-stable mineralization
structure (SSMS), Cd content in treated soil was below the national standard for three years in field experiments.
Following this study, Chi et al. reported a detailed exploration on the super-stable mineralization of Ni** on CaFe-
LDH [44]. XRD and XAFS confirmed the occurrence of isomorphous substitution and the formation of super-stable
NiCaFe-LDH (Figure 27a). Theoretical calculations verified a super-stable mineralization process and the higher

thermodynamics stability of NiCaFe-LDH compared to CaFe-LDH (Figure 27b, c). Therefore, CaFe-LDH can
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purify ultra-high concentrations of Ni*" and reduce the concentration of solutions containing trace Ni** ions in the
wastewater to ppb levels. Moreover, NiCaFe-LDH showed excellent catalytic activity in electrocatalytic oxygen
evolution and photocatalytic CO> reduction (Figure 27d), and has considerable potential for practical application.
In short, stable ternary LDH can be formed through a super-stable mineralization process that not only efficiently

treat heavy metal pollution, but also yield efficient photo/electrocatalysts.
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Copyright 2021, Wiley-VCH.

3.4.3 Cancer treatment

LDHs are currently attracting attention as nano-carriers for delivering various drugs and bio-active molecules
attributed to low toxicity, good biocompatibility, and excellent anionic exchange capacity [13]. Recently, Gd** has
been widely used in the application of clinical contrast agents for cancer diagnosis, since Gd*" is an t7 cation which
is highly effective at shortening proton longitudinal relaxation times [176]. The ICG-DOX/Gd-LDH was prepared

via intercalation of photothermal agent (indocyanine green, ICG) and chemotherapeutic drug (doxorubicin
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hydrochloride, DOX) into the interlayer of Gd**doped LDH to create a chemo-photothermal synergistic therapeutic
agent [177]. According the characterization experiments, the high-spin Gd** on the laminate significantly improved
the NMR imaging, but also facilitated photogenerated electron-hole separation and transformation, leading to the
generation of more reactive oxygen species under irradiation, facilitating photothermal therapeutic efficiency. In
another case, a novel theragnostic system was formed by Au nanoclusters along with photosensitizer Chlorin €6
supported Gd-incorporated LDH [178]. The prepared Ce&AuNCs/Gd-LDH (Figure 28a) exhibited enhanced
magnetic resonance/fluorescence dual-modal imaging and excellent photodynamic therapy (PDT) activity on cancer
treatment. And the electron transfer from AuNCs to LDHs was favorable for the improvement of fluorescence
quantum yield (QY) from 3.1% to 18.5%, thus prompting magnetic resonance imaging (MRI) as well as

fluorescence imaging activity.

808 nm laser

¢} vacancy

=
) sFU
Cu(OH)s

Cu(OH).

v‘ Mg(OH)s or Al(OH)s

£ Mg(OH)x or Al(OH)«

- -
gy oI W
SIORKE RENAN

N AL \I<‘_\I<’
! - o N | N
pH: 74 | e ph:6570

Lol NENAE
N t

,/L\_/’.'\,_ = B

e
our
o116 maa s

EEEEES B © COEEEE

e ] e 3 . = = = pH-sensitive Acid-enhanced NIR Heat-facilitated
D DD DD DD DD D)D) Ti-weighted MRI photothermal therapy chemotherapy

Figure 28. a) Schematic illustration for the structure. Reprinted with permission from [178]. Copyright 2018, Elsevier. b) Structure
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Wiley-VCH. c¢) Schematic representation. Reprinted with permission from [180]. Copyright 2018, Elsevier.

Furthermore, Mn has been found to be an essential micronutrient for some enzymes and physiological processes,
Mn**-based materials have been widely applied as an attractive alternative to Gd**-based T;-weighted MRI contrast
agents (CAs) [179, 180]. By incorporating Mn?" into MgAIl-LDH, Mn-LDH was prepared along with ultrasensitive
pH response and 'H relativity and showed enhanced MR imaging for tumor tissues at least 2 d in vivo (Figure 28b)
[181]. According to the in situ EXAFS analysis, special microstructure of Mn was benefit for T; relaxation of
protons, attributed to a pH-ultra-sensitivity in the T1-weighted MRI. Similarly, defect-rich multifunctional Cu-doped
LDH were synthesized by introducing Cu into MgAI-LDH [182]. The thermal images showed the photothermal
conversion was dependent on Cu ratio. The photothermal transduction efficiency could be further promoted in acidic
buffers (81.9%) compared to deionized water (53.1%) which is accompanied by more OH defects generation, which

could be favorable for specifically improving the photothermal therapy in the acidic environment. The anticancer
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drug 5-FU could be intercalated into Cu-LDH, enhancing the synergistic effect of chemotherapy and photothermal

therapy to kill more cancer cells (Figure 28c).
3.4.4 Antibacterial application

Recently, LDHs have been indicated as potential inorganic building blocks to produce films and coatings on anti-
corrosion, sensing as well as optical applications. For MgAl-LDH, silver ions can be easily converse to Ag NPs in
aqueous solution without any reducing agents [172]. The prepared coatings showed enhanced antimicrobial activity
against bacteria and efficiently prevent the biofilm generation of nutrient solutions when compared with control
glass, which highlighted the high hydrophilicity of prepared Ag-LDH coatings. Similarly to this case, Ag-LDH
coating was synthesized on Mg alloy for promoting antibacterial and degrading performance [183]. The prepared
Ag-LDH coating could significantly inhibit bacterial proliferation to suppress the degradation of magnesium alloy.
What’s more, the calcined Ag-LDH showed stronger antibacterial performance over LDH [184]. During the test of
simulating bacterial culture up to 5 days, any microbial growth could not be seen in the block of calcined Ag-LDH
compared with pristine LDH, indicating the better antibacterial activity of calcined Ag-LDH, which may be further
applied in the field of ceramics. Besides, Ti**doped ZnTi-LDH (ZnTi**Ti*"-LDH) exhibited excellent visible light
induced antibacterial activity in the antimicrobial studies of bacteria S. cerevisiae and S. aureus [185], which could
be attributed to that ZnTi**Ti**-LDH with Ti** and oxygen vacancies was favorable for producing superoxide anion

radicals, thus achieving the higher photocatalytic oxidation activity.
4. Summary and Outlook

In the review, we summarize the construction strategies for multi-metallic LDHs over recent years and their
application for a range of functions and reactions. We focus on the influence of introducing the heteroatom on the
modulation of morphology, electronic structure, lattice, crystal phase of the multi-metallic LDHs formed. The
pivotal roles of structural modulation to deliver catalytic activity improvement are proposed, such as, creation of
active sites to directly participate in reactions, improving electronic conductivity, lower molecular activation energy,
and optimizing reaction pathways. We highlight the use of these materials to as catalysts for water splitting, CO>
photoreduction, CO hydrogenation, heavy metal mineralization/reutilization etc. Although promising progress in
the application of multi-metallic LDHs has been made, there still exist several pressing challenges, which on the
other hand serve as huge opportunities for the future research. These challenges include:

(1) How to realize the controllable defect concentration of multi-metallic LDHs to facilitate the catalytic activity
when introducing more active sites into layers of binary LDHs. As discussed above, defect sites (vacancy or
amorphous phases) are more conducive to carrier transport, band gap adjustment, active intermediate species
generation, and further facilitate catalytic performance in many processes. However, how to we accurately quantify
and locate the defect sites is still a very demanding and significant task, and which will facilitate the controllable
adjustment of active site-driven reaction selectivity and provide clear ideas for the design of high-efficiency catalysts.

(2) How to clearly reveal the reaction mechanism with the help of advanced characterization techniques.

Compared with ex situ experiments, in situ experiments, such as XAS, XPS, FTIR, and Raman, have some real
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advantages in revealing in the catalyst structure evolution and observing the reaction processes via analysis of the
captured reaction intermediate active species due to the real-time and precise monitoring property. This will provide
a more intuitive and clearer insight and understanding of the reaction mechanisms and provide stronger evidence to
develop the structure-activity relationships.

(3) How can we take advantage of theoretical calculations to rationally design catalysts and predict reaction
results. Though machine learning for algorithm, theoretical calculations could be applied to perform experimental
simulation and results prediction. This would provide huge assistance in catalyst design.

(4) How can we design heterojunction structures to expand the application of LDHs. Rather than reaching the
limitations of single material; heterojunction structures could realize multiple characteristics of each component
through the assembly of different materials, thus driving efficient opto-electronic and photothermal coupling and
the leap from homogeneous to heterogeneous reaction.

(5) How to define and understand multi-metallic LDHs more accurately. The deeper exploration and development
of LDH-based materials have made the types and combinations of laminate metals more and more diversified, which
means that the “D” of LDH (layered double hydroxide) have been derived from the original “double” to “multiple”,
these multi-metallic LDHs can be named as LMMH (layered multi-metallic hydroxides) for preciously describing
the recent development of LDH. Therefore, this will require more understanding and summary from researchers to
get a broader and more appropriate description or definition, which may be benefit for the more detailed and deeper
exploration of LDHs.

In summary, despite numerous challenges discussed here, it can be expected that continued research on multi-
metallic LDHs would further unlock the potential of industrial application of LDHs-based materials in

photo(electro)catalytic reactions in the future.
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