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ABSTRACT 

Considering the previous work on layered double hydroxides (LDHs) as novel photocatalyst, 

research on this group of materials has become one of the most exciting subjects of today. LDH 

has become an important class of layered materials having perspectives for photocatalysis, 

wherein a great attention has been paid to the exhaustive aerobic degradation of pollutants, 

photocatalytic water splitting, and CO2 photo-reduction. The unique structure, uniform 

distribution of different metal cations in the brucite layer, surface hydroxyl groups, flexible 

tunability, intercalated anions with interlayer spaces, swelling properties, oxo-bridged linkage, 

and high chemical stability are some of the important advantages of this group of materials. This 

article provides an up-to-date review on significant progress in the fabrication of the LDH 

photocatalytic systems aiming at environmental clean-up and energy production, such as 

degradation of pollutants photocatalytic H2 generation and photocatalytic CO2-reduction.This 

article, after discussing recent significant progress in the synthesis of different photoactive LDH 

materials and photocatalytic applications through their structural and electronic properties, 

considers many typical examples. In particular, the recent progress on the emerging strategies of 

LDH to improve their photocatalytic activity is also presented. Eventually, the future challenges 

and outlooks of this group of materials are also discussed.  
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1. Introduction 

Synthetic inorganic layered materials, such as layered perovskite and cationic and anionic clays 

with well-defined structures and tailor-made functionalities, provide special characteristics for 

the solution of today’s environmental and clean energy problems. In this review article, 

considerable research efforts have been put into the design and study of different layered double 

hydroxides (LDHs) for photocatalysis. LDHs, generally also called anionic clays, are known as 

host–guest layered materials.
1, 2 

However, contrary to cationic clays, LDH materials are quite 

rare in nature. Most of the LDHs are synthetic materials and their structures appear as the 

naturally arising mineral hydrotalcite [Mg6Al2(OH)16]CO3⋅4H2O, which was discovered in 1842 

and first prepared as a synthetic material in 1942 by Feitknecht.
3,4

 However, the detailed 

structural characteristics of LDHs were delineated during the late 1960s by Allmann,
5
 Taylor

6
 

and their co-workers. LDHs are an important class of layered materials receiving a great 

attention in important areas such as adsorbent, catalysis, photocatalysis, photochemistry, 

electrochemistry, biomedical science, magnetisation, polymerisation and environmental 

applications.
7–12

 Recently, LDH have emerged as a ground-breaking photocatalyst group in the 

field of energy and environment because of their several exceptional properties. The fabrication 

of visible active layered double hydroxide photocatalysts is currently a subject of particular 

importance because of their significance in both fundamental research and practical applications. 

Though different groups have been reported regarding neat LDHs and modified LDHs in 

photocatalytic degradation of organic pollutants and decomposition of water into hydrogen and 
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oxygen, designing a novel visible active LDH photocatalyst for industrial application is still a 

great challenge. 

  Although there have been a few reviews on preparation, properties and catalytic 

applications of LDH-based materials
12,13

 and LDH nanosheets,
14

 a strategic update is highly 

desirable to inform the latest progress, growing trends and updated summary of the current status 

with regard to photocatalysis. Although a number of research groups, particularly that of Li and 

co-worker have performed a lot of works in this field and summarised the use of LDH materials 

in the field of different heterogeneous catalytic applications.
 15-16 

However, the rapid growth of 

the use of LDH catalysts in the photocatalytical applications is requiring a fresh assessment. 

Therefore, the recent review aims at providing an overview of the progress of the present 

research in the synthesis of photoactive LDHs with various modification strategies for various 

photocatalytic applications. Such progress is also expected to offer an additional opportunity 

regarding the design and development of layered materials based photocatalysts. Layered double 

hydroxide (LDH)-based photocatalysts have emerged as one of the most promising candidates to 

replace TiO2 –based photocatalysts for photocatalysis owing to their unique layered structure, 

compositional flexibility, low manufacturing cost and ease of synthesis. It compiles their unique 

structural and electronic properties and the information available on the special characteristics of 

LDHs responsible for the photocatalytic activity towards energy and environmental applications. 

Moreover, the fundamental strategies are discussed, which are required to enhance the 

photocatalytic activity. Our findings also suggest that the use of solar energy for photocatalytic 

water splitting for hydrogen evolution might provide a feasible source for ‘clean’ hydrogen fuel, 

degradation of organic pollutants and reduction of greenhouse gases. Furthermore, this review 

attempts to demonstrate the well-established mechanism and use of the LDH photocatalyst for 
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photocatalytic reactions. We hope this review will benefit the interested researchers in the field 

of photocatalysis by layered materials. 

 

 

2. Synthesis of Photoactive LDHs 

In the past few years, several studies related to the synthesis of LDH materials have been rapidly 

published. They discuss simple and inexpensive methods to synthesise both in laboratory and at 

an industrial scale. Many methods allowed the preparation of materials with tailored physical and 

chemical properties suitable for many applications. 
17-19

 As there have been several review 

articles towards the preparative chemistry of LDH materials, herein our focus is primarily on the 

synthetic methods closely associated with photoactive LDHs. 

2.1. Co-precipitation method 

In the pioneering work on the LDH as a photocatalyst, co-precipitation is the most common 

preparative method followed by the researchers. For the first time, Garcia et al. reported a simple 

co-precipitation method to synthesise Zn–Cr, with NaOH and urea solution as precipitators for 

photocatalytic applications.
20

 It was based on the slow addition of the mixed solution of divalent 

and trivalent metal salts in an appropriate ratio and a second (alkaline) solution to the reactor 

containing water. The simultaneous addition of mixed metal salts and alkali maintains the pH at 

a selected level, leading to the co-precipitation of the two metallic salts. The mechanism of co-

precipitation is ideally based on the condensation of hexa-aqua metal complexes in solution, 

leading to the formation of the brucite-like layers with close to evenly distributed metallic 

cations and with solvated interlamellar anions. The hydrolysis of urea proceeds very slowly but 

final products provide a better crystallinity and a better control of the particle size. 
21

  Garcia et 
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al. also prepared Zn–Ti and Zn–Ce LDHs for the same application.
20

 Wei et al. also synthesised 

Zn–Ti LDHs by the co-precipitation of homogeneous solutions of zinc and titanium salts for dye 

degradation.
22 

 They also prepared Ti-based LDH materials by a bottom-up synthesis approach 

that enhanced the efficiency of the electron–hole separation for visible-light photocatalytic 

oxygen performance.
23

  The same research group also prepared M-Ti-layered double hydroxide 

matrix (M = Ni, Zn, Mg). 
24

  ZnAlTi ternary layered double hydroxides with varying Zn:Al:Ti 

atomic ratios were prepared by the co-precipitation of metal salt solution under low 

supersaturating conditions.
25

 
35

 Moreover, our group developed different LDH photocatalysts, 

such as Zn–Cr LDH, Zn-Fe LDH and Zn-Y LDH, that displayed excellent photocatalytic 

performance in the degradation of pollutants and decomposition of water under visible-light 

irradiation. 
26 27 28 29

 For SnO2/MgAl LDH, Mg/Al LDH is prepared by the co-precipitation 

method. 
30

 Moreover, ternary LDHs prepared by co-precipitation methods with high 

photocatalytic properties have also been investigated by different research groups. Zn–Al–Fe 

LDHs with different Zn:Al:Fe ratios showed that Fe
3+

 in the brucite layer of LDHs play a more 

significant role in the photocatalytic properties.
 31-33

 In addition, Mg–Zn–Al layered double 

hydroxides with varying amounts of zinc were prepared by this method.
34

  Similarly, Cu/Co–Cr 

and Zn/Ni–Cr with varying divalent/trivalent metal cation ratios have also been successfully 

fabricated by co-precipitation method for dye degradation.
35,36

 The reconstruction of the original 

LDH structure by the hydration of the calcined LDH is the unique property, which is attributed 

to a structural memory effect that can be used to prepare LDH composite photocatalysts. Lu et al. 

successfully fabricated TiO2/CuMgAl-R LDHs by this method.
37

  The preparation method 

primarily involved the co-precipitation, calcination and rehydration processes. 

2.2. Solution mixing method 
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The solution mixing method is widely applied to prepare semiconductor/LDH composite 

photocatalysts. Carja et al. fabricated a novel bi-component photoresponsive nanocomposite 

(TiO2/Zn LDH) consisting of zinc-based anionic clay (Zn LDH) and TiO2 nanoparticles, which 

was obtained by the structural reconstruction of the Zn LDH in a TiOSO4 aqueous solution.
38

The 

SnO2/MgAl composite was prepared by mixing the two semiconductor oxides as 

ZnO/SnO2.
30

Valente et al. prepared the CeO2/ Mg–Al LDH composite by mixing the Mg–Al 

LDH and cerium nitrate solution under vigorous mechanical stirring.
39

 The TiO2/Zn–Al LDH 

nanocomposite photocatalyst was prepared by mixing TiO2 with thermally treated Zn–Al LDH in 

the Na2CO3 solution. 
25

  Hwang et al. reported the mesoporous layered TiO2/Zn–Cr LDH 

composites by mixing the formamide suspensions of Zn–Cr-LDH and layered titanate 

nanosheets under a constant stirring at room temperature.
40  

 Recently, they have also reported 

the synthesis of highly efficient Zn/Cr-LDH graphene nanohybrid composites for visible-light-

induced O2 generation by mixing the formamide suspensions of Zn/Cr-LDH and GO/RGO 

nanosheets under a constant stirring at room temperature.
41

 Carja et al. synthesised the 

CuO/LDH composite photocatalyst during the structural reconstruction method in the aqueous 

solution of Cu (CH3COO)2. They showed that the nanoparticles of CuO are deposited on the 

surface of the LDH indicating the formation of CuO/clay heterojunctions.
42

The composite 

Au/Zn–Al LDH and Au/Zn–Ce–Al LDH are synthesised by vigorous stirring of appropriate 

AuCl3 with the LDH for hydrogen production by solar light irradiation.
43

  

2.3. Anion-exchange method 

The anion-exchange method is based on the exchange properties of the interlayer anions of 

LDHs. When the co-precipitation method is unsuitable, the anion-exchange method is used. For 

example, when the metal cations or the anions are unstable in alkaline solution or the direct 
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reaction between cations and guest anions is more favourable or if the suitable soluble salt of the 

guest anions is not available, this method is especially useful. The anion exchange in LDHs 

primarily depends on the electrostatic interactions between the brucite sheets and the exchanging 

interlayer anions.
44

  

 The anion-exchange process in LDHs is associated with the following main features: 

(1) Appropriate solvent will favour the anion-exchange process. 

(2) The pH value should be more than 4.0; at low pH value, the brucite hydroxyl layer will be 

vanished. 

(3) The anion-exchange process depends on the chemical composition of the LDH host layers. 

(4) Generally, higher temperatures favour anion exchange. 

The polyoxometalates (POMs) pillared LDHs are generally difficult to synthesise because of the 

large anionic size. Only ion-exchange method is suitable for synthesising POM intercalate 

LDHs. We used a facile anion-exchange method to prepare heteropoly acid intercalated Zn/Al 

LDHs.
45 

As  polyoxometalate possesses high reduction potential and optoelectronic properties, it 

plays an important role in the photocatalysis. Hu et al. prepared tungsten polyoxometalates 

pillared layered double hydroxide by the ion-exchange method for the degradation of organic 

pollutants. They also synthesised ‘paratungstate A’ ion intercalated Mg/Al layered double 

hydroxide by the same method for the photocatalytic degradation of organochlorine pesticides 

and hexa chloro cyclohexane.
46,47

 Fan et al. synthesised a bifunctional Ag/AgBr/Co–Ni–NO3 

LDH nanocomposite photocatalyst by using the facile anion-exchange and light reduction 

methods. Co–Ni–Br LDH sheets were prepared by a topochemical synthesis method and 

followed by the addition of the AgNO3 solution to the suspension of Co–Ni–Br LDH. Ag
+
 

reacted with the LDH interlayer Br
−
 and was converted to AgBr nanoparticle on the surface of 
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the LDH sheets; NO3
−
 entered the LDH interlayers and followed by light reduction; and 

Ag/AgBr/Co–Ni–NO3 LDH nanocomposites were formed.
48

  

  In addition to the above methods, other methods have been established for the fabrication 

of different LDHs, such as hydrothermal synthesis, the sol–gel process 
49

  and the salt–oxide (or 

salt-hydroxide) method.
50

  In addition, for actual practical applications, layered double hydroxide 

materials are synthesised using nucleation and aging steps, and also microspheres of the material 

are formed in a subsequent spray drying process.
51- 53

 Moreover, other methods are the non-

anion-exchange methods that include the microemulsion method,
54

  etc., which  are used only in 

special cases. 

3. LDH as a Novel Photocatalyst 

Over the past two decades, there has been an extremely rapid growth in the publications related 

to the TiO2 as a model semiconductor photocatalyst to produce H2 from water splitting, biomass 

reforming, industrial waste reforming, and to produce carbon-based solar fuels via CO2 

photoreduction.
55

 As TiO2 absorbs only UV light (up to 380 nm), which is an inherent limitation 

for the TiO2-based photocatalysts for efficient light harvesting capacity with low efficiency in 

the visible region. In the search of other semiconductor materials with photocatalytic activity 

under visible-light irradiation, important efforts have been carried out in the last decade. 

Consequently, the LDH-based photocatalysts have been developed as one of the most promising 

candidates to replace the TiO2-based photocatalysts. As the photocatalytic properties of materials 

are determined by their structural and electronic properties, it is essential to discuss the factors 

that influence the LDH photocatalysis process. 

3.1 Influence of structural properties 
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LDHs are a group of anionic clays which are also known as hydrotalcites.
16

 The naturally 

occurring most common LDHs contain Mg
2+

 and Al
3+

 mineral (Talc) with the chemical formula 

Mg6Al2⋅(OH)16⋅CO3⋅4H2O. Since hydrotalcite is one of the most representative minerals of this 

group, LDHs are also called ‘hydrotalcite-like compounds’ with the general formula 

[M(II)1−xM(III)x (OH)2]
x+

 [Ax/n H2O]
x−

, where M(II) and M(III) are the metal cations, A is an 

intercalate anion (CO3
2−

, SO4
2−

, NO3
−
, F

−
, or Cl

−
), though other natural and artificial structural 

varieties also exist.
57,58

 The structure of hydrotalcite is the same as that of the brucite-like 

Mg(OH)2 structure, which consists Mg
2+

 ions, octahedrally coordinated by hydroxide ions 

(Figure 1(a)).
59 

 These octahedral units consist infinite layers by edge-shared octahedrons with 

the O–H bond perpendicular to the plane of the layers. The divalent and trivalent metal cations 

found in LDHs primarily belong to the third and fourth periods of the periodic table.
17, 60

 There 

can be various degrees of M
II
 and M

III
 positional ordering in the hydroxide layers depending on 

the composition and the nature of the cations. LDHs may also contain M
1+

 and M
4+

 cations but 

these are limited to specific examples such as Li
+
, Zr

+4
, Sn

+4
 and Ti

4+
. 

  In LDHs, the metallic cations are arranged in octahedral environment. The cohesive 

forces between the brucite layer are induced because of (i) the Columbic force of attraction 

between the positively charged brucite layers and the negatively charged interlayer depending on 

the layer charges, and (ii) hydrogen bonding between the OH groups of the metal hydroxide in 

the brucite layer and the oxygen atoms of the intercalated anions depending on the coordination 

symmetry. For example, the carbonate ion is intercalated with its molecular plane parallel to that 

of the layered double hydroxide sheets. This mode of coordination maximises the hydrogen 

bonding between the layer and the interlayer. Considering this conception, a systematic study has 

been carried out by Kamath  et al.
61 
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An important structural characteristic of LDH materials is that the M
II
 and M

III
 or M

IV
 

cations are distributed in a uniform manner in the hydroxide layers without cluster materials. The 

host structure of LDH is based on the brucite-like Mg (OH)2 layers of edge-shared MO6 

octahedron. 
19, 62

 MO6 octahedron is one of the important factors that affect the photophysical 

and photocatalytic properties of LDHs. Moreover, due to the high degree of dispersion, the 

semiconductor nanoparticles show high photocatalytic efficiency. The high dispersion of 

transition metal octahedron enable the electron transfer and avoid the recombination of electrons 

and holes.
63,64

 It has also been observed that chromium hydroxide shows a strong absorption in 

the visible-light regions.
65

  This implies that it could serve as a potential photocatalytic material. 

However, no photocatalytic activity with visible-light irradiation has been found for chromium 

hydroxide due to low efficiency of electron–hole separation or excited electron transfer. 

However, CrO6 was observed to be an efficient photocatalyst compared with Cr(OH)3, which 

was already proved by Wei and co-workers.
66

  In M/Ti (M = Cu, Ni, Zn) LDH, a highly 

dispersed TiO6 octahedron within a 2D inorganic matrix has been found to be an effective 

photocatalyst in the field of photocatalytic water splitting and solar-energy conversion.
67

  

  One of the most effective methods to synthesise the visible-light-driven photocatalyst is 

the metal ion doping.
68-71

 Doping plays an indispensable role in modifying a material. It has been 

shown that the two metal ions in LDHs and the M–O bonds make them similar to TiO2 doping 

materials. Considering that LDHs have two or three different metal ions and the proportion 

between these metals can be controlled, they are identified as a ‘doped semiconductor’, where 

‘higher valent cation’ acts as a dopant. The variation of transition metal ions in the brucite-like 

layers enables LDHs to show a broad spectrum of photocatalysis, which has been exemplified in 

the applications of photocatalysis. It was found that the combination of metals, such as Zn/Cr, 
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Mg/Cr, Zn/Fe, Mg/Fe, Cu/Cr, Co/Cr, Ni/Fe, etc. leads to the photoresponse of these materials in 

the visible-light region. In addition, doping is an inadequate procedure to add a huge amount of a 

metal in a semiconductor material. Addressing this issue, recently Garcia et al. have developed a 

series of visible-light active Zn/M (M = Cr, Ti, Ce) LDH catalysts for water splitting.
20

They 

showed that an LDH can be considered as a ‘doped semiconductor,’ if ‘Cr’ is used as a dopant. 

Recently, Parida et al. have studied the doped semiconductor-based different types of LDHs.
26-29

 

Therefore, LDHs act as doped semiconductors and the cation doping in metal octahedral sites of 

the brucite layers reflected the properties of a doped semiconductor in photocatalysis. For other 

metal-doped semiconductors, reproducibility is a key factor that makes it difficult to obtain 

consistent results. Another advantage is that LDHs can be prepared on a large scale.
26 

 

  LDHs consist of positively charged hydroxide sheets and charge-balancing interlayer 

anions with interlayer bonding. Thus, they can be exfoliated into positively charged 2D 

nanosheets. The positively charged LDH nanosheets can also be fabricated by layer-by-layer 

(LBL) assembly with oppositely charged electrocatalytically active species. Therefore, recently 

Hwang et al. have prepared mesoporous heterolayered photocatalysts, such as Zn/Cr-LDH 

nanosheets and layered titanate nanosheets by LBL assembly. The hybrid materials act as an 

efficient photocatalyst due to the effective electronic coupling between cationic and anionic 

nanosheets and porous structure.
40

 They also prepared self-assembly of Zn/Cr-LDH 2D 

nanoplates with graphene 2D nanosheets that showed better activity than other photocatalysts.
72 

  Moreover, the surface OH
−
 groups of brucite layer react with valence band holes and 

yield hydroxyl radicals (OH
•
) that have a very high oxidation potential and are considered as an 

important intermediate for photo-oxidation reactions.
73 

 An MgAlTi-LDH sample demonstrated 

to be a very powerful photocatalyst due to a decrease in the size of the anatase nanoparticles in 
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combination with highly hydroxylated layered surface of LDHs reported as by Seftel et al.
74

 It 

was previously reported that the OH groups in LDHs may favour the titania activity. The surface 

hydroxyl groups are converted into HO
•
 radicals, which are the reactive oxygen species (ROS) 

responsible for the dye degradation.
75-77

 In addition to the above facts, other factors such as the 

calcination of LDHs may also have some effect while forming mixed metal oxides or spinels as 

the main component for various catalysis reactions. These LDH materials can serve as effective, 

stable, eco-friendly and regenerated photocatalysts in photocatalysis.
78

 
 

  The flexible properties of the layered structure in LDHs play an important role in 

photocatalysis.
79

 Compared with bulk photocatalysts without a layered structure, layered 

materials provide more favourable environment for the diffusion and separation of photoexcited 

charge carriers. The high activity of these layered compounds is due to the easy migration and 

separation of the photogenerated charge carriers by the MO6 octahedron units.
26,69

 Yoshsimura et 

al.
80

 found that different H2 evolution sites in the layered structure lead to totally different 

photocatalysis from others. For example, we also explained the superior photoactivity of layered 

Zn/Fe LDHs, Zn/Y-(NO3, WO4, MoO4) LDHs, compared with ZnO materials.
46,47

 Moreover, the 

importance of the layered structure of LDHs must derive from its capability to absorb water and 

consequent swelling in various degrees. Thus, water should be able to access the intergallery 

space as well as the external non-gallery surface. This maximises the surface of the catalyst and 

helps in the photocatalysis.
35 

In addition, the LDH acts as a photoassisted semiconductor because 

photoexcitation that produces mobility of charges in the lamellar structure inducing the 

formation of photoactive defects.
81 

 

  The uniform distribution of positive charges on the LDH layers assists in the stability of 

the interlayer anions by the electrostatic host–guest interactions. As the interlayer bonding 
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between the LDH sheets is relatively weak, LDHs exhibit excellent ability to exchange with 

interlayer anions. The interlayer space in LDHs plays an important role in improving the 

photocatalytic activities. The interlayer water and hydronium ions in the interlayer space of the 

layered materials play a key role in enhancing photoactivity with efficient charge 

separation.
82

The interlayer galleries of LDHs are capable of accommodating much more bulky 

anions. It has been reported that the intercalation of large anions enhances photocatalytic activity 

as compared with original layered oxides. This is due to the interlayer space that facilitates the 

reaction between the photogenerated charge carriers and the reactant molecules that suppress the 

charge recombination.
83-84

 Parida et al.
26   

found that the carbonate intercalated Zn/Cr-LDH 

shows high and stable photocatalytic activity for water splitting towards hydrogen evolution due 

to interlayer carbonate. They also compared the activity of nitrate, tungstate and molybdate-

intercalated Zn/Y-LDHs.
29 

The highest activity was found in molybdate-intercalated LDHs under 

visible light irradiation. From molecular orbital energy level diagrams, it was predicted that the 

HOMO of molybdate is nonbonding with fully filled oxygen 2p orbital and the LUMO of 

molecular orbital contributes to Mo (4d orbital). Thus, the interlayer molybdate anion gets 

photoexcited representing HOMO → LUMO OMCT spectra and forms e
−
 and h

+
 pairs. These 

photogenerated holes can oxidise and reduce the organic molecules to form hydroxyl radicals 

(OH
•
) and the superoxide radicals (O2

−•
) that lead to mineralising the organic wastes. However, 

the intercalated anions result in dramatic activity for efficient charge separation. Hu et al.
45,46

 

clearly explained the role of interlayer anions in LDHs for photocatalytic activity. They 

synthesised polyoxometalate (POM)-intercalated LDHs for the degradation reaction of an 

aqueous organochlorine pesticide, hexachloro cyclohexane (HCH). The photocatalytic reaction 

occurs in the interlayer space of LDHs and the mode of activation of the compound is the 
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photonic activation that has the more powerful redox ability by forming electron–hole pairs. 

Therefore, it indicates that the space between the two layers of brucite sheet play the vital role 

for the reaction of photocatalysis. 

3.2 Influence of electronic properties 

The study of electronic properties of LDHs is an indispensable step for the understanding of the 

chemical behaviour of LDH materials among other semiconductors. The electronic structure 

calculation of LDHs has been carried out by the computational chemists. Sato et al. reported that 

the layered structure of LDHs is stabilised by the three-centred bridging OH groups of LDHs.
85 

If 

the transition metal cations are coordinated with the weak field ligands (OH groups and OH2 

groups) in the LDH, they can be calculated only in the high-spin state. Roussel  et al.
86 

 explained 

the cationic order and structure of Zn/Cr–Cl and Cu/Cr–Cl LDHs by X-ray absorption fine-

structure study. Both are characterised by two different regions or layers constituted by 

octahedrons and the interlamellar spaces. Wei et al. provided a detailed electronic structure of 

LDHs on the basis of the DFT study. In this model, each bridging oxygen atom in metal–

oxygen–metal (M–O–M) is set to be bonded to one hydrogen atom of the OH group, and the 

terminal oxygen atoms are set to be bonded to two hydrogen atoms of the OH2 group shown in 

Figure 1(b) and (c). This model has one OH group at the three-centred bridging position, three 

OH groups at the two-centred bridging position and nine OH2 groups at the terminal edges.
87

  

   The metal octahedra in LDHs are connected with each other by a metal–oxygen–metal 

oxo bridging linkage. The oxo-bridged binuclear linkages constructed in LDHs act as a visible-

light-induced redox centre for photocatalysis and also represent MMCT. This refers to the 

electronic excitation created from one metal to the other. Several years ago, Frei et al. presented 

the metal oxo-bridging structure of different doped semiconductors and their photocatalytic 

Page 16 of 73Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



 

 

activities.
88,89

 For the first time, Kang et al.
90

  investigated the titanium-embedded layered double 

hydroxides like M/Ti LDH (M = Ni, Cu) as an oxo-bridged system for photocatalysis. The wide 

bandgap of titanium oxide is the biggest problem that is solved by synthesising this type of 

LDHs. Wei et al. synthesised the high dispersed LDH materials for water splitting. They 

proposed that the metal–oxygen–metal bond of TiO6 units in Ni/Ti, Zn/Ti and Mg/Al/Ti–LDH 

would have a significant influence on the electronic structure of the TiO6 units resulting efficient 

photocatalytic behaviour. Recently, we have demonstrated the use of MMCT of different LDHs 

(Zn/Y, Cu/Co–Cr, Zn/Ni–Cr) as a novel type of visible-light absorbing chromophores.
29,35,36

 A 

systematic investigation of the photocatalytical properties of the Co–O–Fe oxo-bridged LDH 

system was performed by Kim and co-workers.
91

  

  The efficiency of the photocatalyst depends on the optical properties and position of the 

redox potential in a semiconductor. The redox potential of a donor species should be more 

negative than the valence band position of the semiconductor, and the acceptor molecules must 

have more positive potential than the conduction band. In this regard, LDHs like the Zn/Cr-LDH 

Cr-3dt2g band lies just below the H
+
/H2 reduction level and the O2p valence band level is more 

positive than the oxidation potential of O2/H2O. Therefore, the hydrogen evolution in Zn/Cr-

LDH is due to the excitation of Cr-3dt2g to Cr-3deg, and the oxygen evolution is due to the 

excitation of O-2p to Cr3d-t2g.
26,71  

Zn/Cr-LDH materials show two strong absorption peaks at 2.2 

and 3.0 eV corresponding to the d–d transitions of Cr
3+

 ions. After hybridisation of layered 

titanates with the Zn/Cr-LDH, an electronic transfer exists between LDH and layered titanate 

leading to the separation of electrons and holes. From the results of electrochemical CV, it was 

found that the conduction band of Zn/Cr-LDH shows higher positions than the CB of the layered 

titanate. Therefore, the photogenerated electrons in the Zn/Cr-LDH can migrate to the CB of the 
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layered titanate, leading to highly efficient result.
90

 In the case of Ni/Cr LDHs, the band edge 

potential of the Cr 3d-t2g (−0.74 V) and Ni-3d-t2g (−0.23 V) bands lies below the hydrogen 

reduction level. These photoelectrons are easily excited from Cr 3d-t2g → Cr 3deg and Ni3d t2g → 

Ni3deg due to the d–d transition.
36

 

4. Photocatalytic Activity of LDHs
 

4.1 Photocatalytic detoxification of organic pollutants/environmental remediation 

Advanced oxidation processes (AOPs) that involve the production of very reactive oxygen 

species are efficient methods to remove organic contamination.
92

 The main advantage of the use 

of AOPs is to degrade organic dyes and pollutants that cannot be treated biologically. During the 

photocatalytic process, the photoexcitation of semiconductor surfaces with ultraviolet–visible 

radiation generates photoactivated electron–hole pairs. As a result, electrons (e
−
) migrate to the 

conduction band and holes (h
+
) are produced in the valance band. The holes mediate the 

oxidation reaction and produce hydroxyl radicals, whereas the electrons mediate the reduction of 

the dissolved O2 to form the superoxide radicals. These superoxide radicals are also protonated 

to form the hydroperoxyl radical (HO2
•
) and subsequently H2O2. H2O2 further decomposes to 

form the OH
·
 radicals (figure 2). Finally, the radicals formed during this process are responsible 

for the oxidation of the organic molecules that produce intermediates, H2O and end products. 

Therefore, the resulting hydroxyl radicals (OH
•
) with a standard redox potential E

0
 = 2.8 V 

versus NHE, being a strong oxidising agent than other conventional oxidants such as ozone (E
0
 = 

2.07 V), hydrogen peroxide (E
0
 = 1.78 V), chlorine dioxide (E

0
 = 1.57 V), chlorine (E

0
 = 1.36 

V), etc. can react with almost all organic aromatic compounds. Consequently, the photocatalytic 

processes can be applied to hazardous non-biodegradable water contaminants.
93 

4.1.1. Degradation of organic dyes and pesticides into LDHs 
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Recent research on the chemistry of LDHs shows their potential applications in the 

photocatalytic degradation of organic pollutants such as phenolic derivatives, carboxylic acids, 

xanthene group of dyes, azo-group of dyes or chlorinated aromatics into harmless products, e.g. 

carbon dioxide, water and simple mineral acids. LDHs exhibit high activity of organic compound 

degradation under visible light irradiation. Some of the factors that are involved in the LDH 

photocatalysis process are discussed in part 3 of this review article. 

Binary and ternary LDH materials 

Mantilla et al. were the first to report the photoassisted degradation of 4-chlorophenol and p-

cresol by using Mg/Al hydrotalcites. Mg/Al hydrotalcites are not semiconductors, but because of 

their high photocatalytic activity they are known to perform as an induced semiconductor and 

termed as a photoassisted system instead of photocatalysis by the authors.
81

 In this case, in the 

laminar structure of layered double hydroids (LDHs), the induced photoexcitation can cause 

mobility of charges and form the photoactive defects. The number of photoinduced centres could 

depend on the Mg/Al ratio. The activity of LDHs is enhanced with the increase in the Mg/Al 

ratio. This work could provide guided information for steering in the design of LDHs with 

tunable photocatalytic activity. We have fabricated different anions (carbonate, nitrate and 

chloride) that intercalated Zn/Fe LDHs for the photocatalytic decomposition of azo dyes (methyl 

violet and malachite green) under solar light irradiation. In this case, the Fe
3+

 ions of edge-shared 

FeO6 octahedrons play an important role in visible-light absorption. The LDHs with intercalated 

carbonate ions have shown highest photocatalytic activity compared with chloride/nitrate-

intercalated LDHs because of the narrow and regular pore size distribution, well-defined 

mesoporosity with narrow band-gap energy and average crystallite size.
29
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During the past decade, lots of work has been developed to modifying TiO2 by doping 

with elements such as N, C, and other transition metal ions.
94-96

 As compared to pure TiO2, the 

modified TiO2 have been exhibited favourable visible-light absorption and photocatalytic 

activity. It was found that the C–N–TiO2 photocatalyst decomposed 10 mg/ L of methylene blue 

completely in       3 h under UV light irradiation and 50% under visible light irradiation. 
97

 

Subsequently, Shao et al.
22

 synthesised Zn/Ti layered double hydroxides considering different 

Zn/Ti ratios using co-precipitation methods for the decomposition of methylene blue (MB) under 

visible-light irradiation. The photocatalytic activity depends on the influence of the molar ratio of 

Zn/Ti. It was found that, under visible-light irradiation, all Zn–Ti LDHs (2:1, 3:1 and 4:1) 

display high photocatalytic activity than that of commercial TiO2 and ZnO.  Particularly, the 

photocatalytic activity of the Zn/Ti (3:1) LDH attained ~100% in 100 minutes, which is 

significantly higher than that of the Zn/Ti (2:1) LDH (~95%) and the Zn/Ti (4:1) LDH (~96%), 

respectively. It was observed that the Zn/Ti (3:1) LDH display superior activity because of high 

specific surface area, hierarchical structure and low band-gap energy. In the recent past, Ni et al. 

synthesised a series of Zn/M–NO3-LDHs (M = Al, Fe, Ti) and Fe/Ti LDHs for the photocatalytic 

degradation of Rhodamine B. Amongst these materials, Zn/Ti–NO3-LDHs showed the best 

activities because of their hierarchical structure, small crystallite size and high specific surface 

area.
98

 Moreover, Ni/Ti-LDHs are synthesised by using urea as a template and a basic 

precipitation agent play a vital role for the photocatalytic degradation of methylene blue dye. As 

compared with ZnO, ZnS, NiO, TiO and Degussa P25, the as-prepared LDH display high 

activity because of its high specific surface area, porous structure, lower band gap, different 

surface states of Ni and Ti in the layered framework and in the presence of defects.
99

 They also 
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synthesised Co/Ti (2:1) LDHs by the same procedure for the degradation of aqueous Congo 

Red.
100

 

Several studies have reported the use of the chromium-based transitional metal 

octahedron of inorganic materials in photocatalysis. In a very recent report, we have explored the 

application of Zn/Cr LDHs in the photocatalytic degradation of dyes (xanthene dyes) and 

substituted phenol (4-chloro 2-nitro phenol). As the LDH is based on brucite-like layers with 

edge-shared M(OH)6 octahedrons, Cr
3+

 ions in the CrO6 octahedron of Zn–Cr–CO3 LDHs play 

an important role in photocatalysis.
26

 Wei and co-workers
66

 systematically synthesised a group 

of visible-light-responsive Cu/Ni/Zn–Cr LDHs by using a scale-up method, which exhibited a 

remarkable activity for Sulpho Rhodamine B, Congo Red, chlorinated phenol and salicylic acid 

under visible-light irradiation. Due to the high dispersion of the CrO6 unit in the LDH matrix, M-

Cr/NO3-LDHs (M = Cu, Ni) exhibit 20 times higher photocatalytic activity than the commercial 

TiO2 as well as super recyclable ability. However, the band energy analysis demonstrated that 

M–Cr/NO3-LDHs show a visible-light response that originates from the d–d transition in the 

orderly dispersed CrO6 octahedron in the LDH layer. The effective photocatalytic activity of 

Cu/Cr LDHs can be attributed to the surface electric property, small energy gap and large 

number of surface hydroxyl groups as confirmed by the ESR technique. The mechanism was 

also explained by the HOMO–LUMO concept. Cu/Cr provides two absorption bands: the first 

one is due to 
4
A2g(F) → 

4
T1g(F) at 410 nm and the second is due to 

4
A2g(F) → 

4
T2g(F) at 570 nm. 

It was found that the high dispersion of the CrO6 octahedron in the LDH layers, the low band gap 

and the surface OH groups of brucite layers play an important role in photocatalysis. A Cu–Cr 

layered double hydroxide (Cu/Cr-LDH) film by the electrophoretic deposition method was 

synthesised; and its visible-light-driven photocatalysis for the degradation of organic pollutants 
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(2, 4, 6-TCP, SRB and Congo red) was studied. Due to the large specific area and the rich 

macroporous/mesoporous structure, the LDH film shows superior photocatalytic activity 

compared with the corresponding LDH powder sample.
102 

Recently, Parida and co-authors 

demonstrated a visible-light active carbonate intercalated M
II
 (Co, Ni, Cu and Zn)/Cr

III
CO3 

LDHs for the degradation of methyl orange. The results of the present study demonstrated the 

effect of M
II
 metal in the brucite layer of M

II
/Cr

III
CO3 LDHs in photoactivity.

103
  In addition to 

binary LDHs, a series of carbonate-intercalated Cu−Co/Cr ternary LDH materials was prepared 

and the effect of divalent metal ions in the brucite layer on the photocatalytic activity was 

investigated.
35

 As the presence of CrO6 performs a similar role in all the as-prepared Cu/Co–Cr 

LDHs, we have correlated copper and cobalt concentrations with the photocatalytic activities for 

different LDHs. The maximum amount of cobalt and the minimum amount of copper in the 

brucite layer exhibit the highest photocatalytic activity because of the cooperative effect of 

binary cations and the high electron-transfer ability of cobalt. The reduction potential of Co (E
0
, 

Co
2+

/Co = −0.28 V) lies at a higher level than that of Cu (E
0
, Cu

2+
/Cu = +0.34 V) and the 

reduction potential of cobalt is also slightly near to that of oxygen (E
0
 = −0.13 V), which can 

transfer more electrons to the surface-absorbed oxygen to form superoxide radicals. The 

presence of Cu is also helpful because it helps in forming more and more hydroxyl radicals in the 

aqueous solution. Frei et al. explained the metal oxo-bridging structure of Ti–O–Cu and Ti–O–

Sn using the conception of the metal-to-metal charge transfer spectra (MMCT) for the 

mechanism of photocatalysis.
88,89

 Therefore, to meet the requirements of high performance for 

photocatalysis and the presence of M
n+

–O–M
m+

 oxo-bridged bimetallic linkages between two 

neighbouring LDH octahedra, we introduced a new mechanism. The oxo-bridged binuclear Cr
III

–

O–Cu
II
/Co

II
 linkages present in LDHs are considered as a visible-light-induced catalytic redox 
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centre. By the excitation of the oxo-bridged system of Cr
III

–O–Cu
II
/Co

II
 under visible-light 

irradiation, the surface-adsorbed oxygen molecules could be reduced to superoxide radicals, 

which are reactive oxygen species responsible for the degradation of malachite green. 

Calcined LDH materials 

It is well known that when the LDH is calcined the layered structure of LDH collapses and a 

highly dispersed mixed oxide solid solution is formed.
103

 As it has been reported that ZnO can be 

used as a successful photocatalyst for the degradation of organic pollutants.
104

 Ahmed et al. 

synthesised a highly crystalline ZnO from the calcined product of Zn/Al-LDHs for 

photocatalysis.
105

 Similarly, Seftel et al. prepared calcined and uncalcined Zn/Al-LDHs with 

different cationic ratios by the co-precipitation method for the degradation of methyl orange in 

the aqueous solution. The result showed that Zn/Al-LDH (Zn:Al = 4) calcined at 500 °C showed 

93% MO dye degradation activity in 4 h under UV irradiation. The significant improvement was 

due to the formation of large amounts of the ZnO phase.
106

 On the other hand, Morimoto et al. 

reported the photodegradation behaviour of methyl orange (MO) and fast green (FG) for calcined 

Zn/Al and Mg/Al layered double hydroxides. The best result was obtained for the adsorption 

capacity and photocatalytic activity of Mg3Al-LDH with the lowest particle size. Consequently, 

this compound showed dual properties, adsorption and degradation.
107

 ZnO-coated flaky layered 

double hydroxides and flaky mixed-metal oxides (FMMO) were prepared by Zhi et al. for the 

photocatalytic decomposition of acid red G. The ZnO nanoparticles were homogeneously 

deposited on the FLDH surface by the co-precipitation method. The results showed that the flaky 

structure of mixed-metal oxides provides the best result in the adsorption and 

photodecomposition processes.
108

 Mantilla et al. synthesised calcined and uncalcined Zn–Al–Fe 

LDHs with different Zn:Al:Fe ratios by the co-precipitation method for the degradation of 2,4-
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dichlorophenoxyacetic acid (2,4-D). The samples calcined at 673 K showed high adsorptive and 

high photodegradation activities.
32

 They also successfully presented the synthesis of 

Zn
2+

/Al
3+

+Fe
3+

 LDHs with the Al
3+

/Fe
3+

 ratios of 5.42, 1.36, 1.08 and 0.57, respectively, from 

the soluble salts and calcined at different temperatures to form mixed oxides designed for the 

photodegradation of phenol and cresol in the aqueous medium. The obtained mixed oxides 

showed important properties for semiconductors with high specific surface area and a band gap 

of 2.54–2.04 eV. For the photodegradation of phenol and p-cresol (40 ppm), the high degradation 

values (98%) were obtained at an Al/Fe ratio of 0.57 after 6 h and 4 h of irradiation, 

respectively.
81

 Zoua et al. used a series of ternary Zn-doped Mg–In-layered composites for the 

degradation of organic dye [methylene blue (MB)] under visible-light irradiation. By increasing 

the content of Zn
2+

 in the brucite layer, the crystallinity of the materials decreased because the 

ionic size of Mg
2+

 and Zn
2+

 does not match with each other. Both as-synthesised and calcined 

LDH materials showed more activity than In2O3 solid and binary Mg–In LDHs. The cause of 

degradation was the dye-sensitised mechanism and the complex photocatalytic mechanism of 

semiconductor oxides.
109

 For the degradation of C. I. Basic Blue 3 dye, the UV active Mg–Al–

Zn mixed-metal oxide photocatalysts derived from Zn (OH)2/Mg–Al LDHs were synthesised. 

The high crystallinity of the nanocomposite showed better photostability and lower defects 

which enhanced the photoactivity.
110

 Some groups also reported calcined Mg–Zn–Al layered 

double hydroxides (MgAlZn LDHs) in a co-current down flow bubble column photoreactor at a 

pilot scale for the photodegradation of 4-chlorophenol (4CP).
111

 

  As ZnO has a wide band gap and In2O3 has a narrow indirect band gap, Li et al.
112

 

reported a heterostructured Zn–Al–In mixed-metal oxide (ZnAlIn-MMO) nanocomposite 

photocatalyst from ZnAlIn-LDH precursors for the degradation of methylene blue under visible-
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light irradiation and compared it with pure In2O3. As compared to pure In2O3, it was found that 

the nanocomposite exhibited much higher photocatalytic activity. It was due to the efficient 

separation and transformation of the photogenerated electrons and holes that originate the 

heterostructure of the ZnAlIn-MMO catalyst and in this case the large specific surface area also 

played an important role. Theyalso synthesised a visible-light-responsive MgO/ZnO/In2O3 

mixed-metal oxide (MZI-MMO) heterostructured photocatalyst from the LDH precursor for the 

decomposition of organic dye.
 113

 

  In addition, novel ZnO/ZnAl2O4 nanocomposites with homogeneously dispersed 

ZnAl2O4 nanoparticles inside a network of ZnO are fabricated by the thermal treatment of a 

single-source precursor of ZnAl-layered double hydroxides (ZnAl-LDHs) as reported by Zhao et 

al. By adjusting the molar ratio of Zn
2+/

Al
3+

 to 3:1, the optimised concentration of ZnO and 

ZnAl2O4 in the final nanocomposites led to the enhanced photocatalytic activity. For ZnO, the 

bottom of the CB lies at −4.19 and the top of the VB lies at −7.39 eV, and for ZnAl2O4, the 

bottom of the CB and the top of the VB lie at −3.36 and −7.16 eV, respectively, versus the 

absolute vacuum scale. Therefore, the electrons at the bottom of the CB band of ZnAl2O4 would 

migrate to that of the CB of ZnO and holes from top of the VB band of ZnO would migrate to 

that of ZnAl2O4. The photogenerated e
−
 and h

+
 pairs can be efficiently separated and they 

enhance the photocatalytic activities of the ZnO/ZnAl2O4 nanocomposites.
114

 

LDH-based nanocomposites 

  A composite semiconductor material is formed by combining two or more materials that 

often exhibit very different properties. In the composite system, when a semiconductor with a 

large band gap is coupled with more negative CB level of a small band-gap semiconductor, the 

photogenerated holes are trapped in the small band-gap semiconductor and the CB electrons can 
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be injected from the small band-gap semiconductor to the large band-gap semiconductor in the 

presence of light. Thus, an effective charge separation can be obtained. TiO2 has a wide band gap 

(3.03 eV for the rutile form and 3.18 eV for the anatase form) with a great ability to produce 

powerful reactive oxygen species by absorbing photons in the UV region, which greatly limits 

their practical applications. In comparison to TiO2, when coupled with the calcined Mg/Al LDH 

this limitation can be overcome, showing superior photocatalytic performances. Therefore, 

Valenzuela et al. prepared TiO2/MgAl LDH nanocomposites by the sol–gel method using 

ultrasound irradiation during the hydrothermal treatment step for the degradation of phenol. The 

OH groups in the LDH surface may favour the titania activity. When the amount of 

hydrotalcite:titania was increased to 1.5:1 and 2:1, the activity decreased as compared to pure 

TiO2. This is probably due to the excess of hydrotalcite that covers the TiO2 nuclei and hinders 

the formation of the OH radicals. A proposed mechanism for the decomposition of the 

photocatalytic phenol in the presence of a mixture of TiO2/Mg–Al layered double hydroxides has 

been shown in Figure 3.
59

 

  Carja et al. prepared TiO2/Zn–Al LDH nanocomposite for the degradation of phenol. The 

photoresponsive performances of this nanocomposite might originate because of the high surface 

area and mesoporous properties. Furthermore, the favourable electron-transfer properties of these 

materials are because of the heterojunction properties of the TiO2/ZnAlLDH semiconductor. 

These properties enhance the ability of generating and separating the photoinduced electron–hole 

pairs.
38

 As ceria plays an important role in the photocatalytic process under visible-light 

irradiation,
115

 Jaime S. Valente described the photocatalytic properties of the CeO2-supported 

Mg/Al LDH system under UV irradiation for the removal of phenolic compounds using the 

charge-transfer mechanism .
39
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  A new type of nanocomposite SnO2/Mg–Al-LDH was prepared by wet impregnation of 

the dehydrated Mg/Al-hydrotalcite-type compounds in an ethanolic solution of SnCl4⋅2H2O for 

the photocatalytic degradation of methylene blue.
30

 It followed the photosensitised degradation 

pathway mechanism. In this case, methylene blue is able to absorb photons and transfer the 

excited electrons into the SnO2 conduction band under UV irradiation because of the negative 

shifting of the flat band potential of SnO2. Similarly, Seftel et al. also modified the parent Zn/Al-

LDHs by incorporating Sn
IV

 in the brucite-like sheet using the co-precipitation method at a 

constant pH by the total replacement of the trivalent Al
3+

 cations and converted them to Zn/Sn 

LDHs. In order to obtain a nanosized-coupled ZnO/SnO2 catalyst, the as-synthesised Zn/Sn-LDH 

(4 × 10
−5

 M) was exposed to a thermal treatment for the degradation of methyl orange. The 

composite with appropriate band levels facilitates the electron–hole transfer between the two 

semiconductors and the efficiency of the charge separation is increased, showing better 

photocatalytic activity.
116

 

  Wei et al.
117

 synthesised a biomorphic hierarchical mixed-metal oxide (MMO) 

framework from LDHs by using a bio-template synthesis method for the decomposition of 

Sulpho Rhodamine B (RB) and azo-benzene-containing dyes (PAZO). In this work, one kind of 

legume was chosen as the bio-template. It was found that the bio-template Zn/Al-MMO 

framework exhibits 2.4 times higher BET specific surface area and much wider pore size 

distribution with hierarchical structure, which results in enhanced photocatalytic performances 

than the Zn/Al MMO powder prepared without bio-template. 

  Li and co-workers reported the Zn/Al-layered double hydroxide/carbon nanotube (Zn/Al-

LDH/CNT) nanocomposite through noncovalent bonds in the presence of L-cysteine 

molecules.
118 

Zn/Al-LDH/CNT nanocomposites exhibited excellent performance for the 
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photodegradation of methyl orange molecules under UV irradiation. Wang et al. described the 

ZnO nanorods decorated on the calcined Mg–Al layered double hydroxides as photocatalysts 

with a high adsorptive capacity as well as the photocatalytic properties of the anionic dyes such 

as acid red.
119

 The photocatalysts with magnetic properties have also been introduced in the 

preparation of magnetically separable LDH-based photocatalysts, which effectively and readily 

remove the catalysts. Chen et al.
120

 successfully fabricated a novel magnetic Fe3O4/Zn–Cr-

layered double hydroxide composite using a two-step microwave hydrothermal method. The 

composite decomposed 95% of methylene blue (MB) under UV irradiation. A higher removal of 

dye by the composite compared with that of Zn/Cr-LDH under the same conditions was due to 

its high adsorption capability and special nanostructure. 

  Recently, Hou et al. have synthesised Bi2MoO6/Zn/Al LDH hierarchical heterostructures 

assembled from Bi2MoO6 hierarchical hollow spheres and Zn/Al LDH nanosheets by using a 

low-temperature hydrothermal method. The photocatalytic activity of the Bi2MoO6/Zn/Al LDH 

composites was investigated for the degradation of Rhodamine B. As Zn/Al LDH cannot be 

excited by visible light, in the case of the heterostructured Bi2MoO6/Zn/Al LDH composite, the 

conduction band (CB) of Zn/Al LDH (+0.55 eV) is more positive than that of Bi2MoO6 (−0.31 

eV). Therefore, Zn–Al LDHs can accept photogenerated electrons from the CB of Bi2MoO6 and 

can then consequently reduce O2, decreasing the electron–hole recombination. The composite 

with LDHs showed better photocatalytic activity and degraded 99% of RhB in 80 minutes, while 

with Bi2MoO6 it was degraded less than 50%.
121

 

  Employing various heterostructured catalysts, the Cu-doped TiO2 nanoparticle-supported 

Cu/Mg/Al-LDHs were successfully synthesised recently by the co-precipitation method and it 

has been followed by the calcination and the rehydration process of the layered double hydroxide 
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(CuMgAlTi-LDH) precursor for the photodegradation of MB. In this case, the anatase-type TiO2 

nanoparticles are homogeneously distributed on the surface of the reconstructed CuMgAl-

RLDH.
122

 The TiO2/LDH heterojunction nanostructure helps in the separation of the 

photogenerated electrons and holes, and improves the photocatalytic activity.
38

 Cui et al. 

synthesised silver orthophosphate immobilised flaky Mg/Al (3:1) layered double hydroxides as 

the visible-light photocatalyst for the photocatalytic decomposition of acid red G. The superior 

activities can be attributed to the smaller size, good dispersion of immobilised Ag3PO4 and 

strong adsorption of the dye on the surface of FLDH.
123

 For the photodegradation of industrial 

dyes (drimaren red and drimaren navy), Carja et al. fabricated nanostructured photoresponse 

nickel with nanoparticle-deposited Mg/Al LDHs and Mg/Fe Al LDHs.
124

 These were obtained 

by the structural reconstruction of Mg/Al LDHs and Mg/Fe Al LDHs in the NiSO4 aqueous 

solution. It was found that the photodegradation of dyes is greatly enhanced by the deposition of 

nanosized nickel on the surface of the LDH flakes. 

  The photocatalysis using different nanoparticles (NPs), such as gold (Au) and silver (Ag), 

on the surface of the semiconductor greatly influences the optical and catalytical properties of the 

materials because the surface of AgNPs follows the surface plasmon resonance effect under 

visible-light irradiation. More recently, Shiyun and co-workers
48

 synthesised a novel 

Ag/AgBr/Co–Ni–NO3 LDH nanocomposite for the degradation of organic pollutants, where the 

Ag/AgBr nanoparticles were highly dispersed on the Co–Ni–NO3 LDH sheets. From the 

photoexcited AgNPs to the conduction band (CB) of AgBr, the electrons were transferred and 

trapped by molecular oxygen in solution to form O2
−
 and also other oxidative species. Similarly, 

the photoinduced holes in the VB of AgBr can more easily induce the formation of OH
•
 from the 

OH groups of the LDHs and help in the degradation of organic pollutants.  
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 Recently, 2D hybrid nanocomposites, including graphene and LDH nanosheets, have 

attracted significant research interest because of their excellent electronic properties and charge-

transfer efficiencies. Moreover, a significant breakthrough was achieved in the photocatalytic 

degradation of organic dyes under visible light. Wu and co-workers
125

 fabricated nanohybrids 

based on the self-assembling of carboxyl graphene and ZnAl LDH layer-by-layer ordered 

nanohybrid. After the hybridisation, the electronic coupling between ZnAl-LDH and graphene 

was supposed to contribute to the efficient spatial separation of the photoinduced charge carriers 

and to reduce the recombination of e
−
 and h

+
 pairs. Therefore, the hybrid materials exhibited 

significantly higher photocatalytic activity compared with pristine ZnAl-LDHs. Furthermore, for 

the first time Li et.al  synthesised a highly efficient visible-light-driven hybrid nanocomposite 

consisting of positively charged ZnCr-LDH nanosheets and negatively charged graphene 

nanosheets for the photoactivity of the degradation of Rhodamine B. Compared with pristine 

ZnCr-LDH, the ZnCr-LDH/graphene nanocomposites showed superior catalytic activity and 

increased the lifetime of the photogenerated charge carriers because of the heterostructure which 

facilitates the efficient transportation and separation of the photogenerated charge carriers.
126

 

Intercalated LDH materials 

Oxo-bridged MMCT catalysts absorb visible light as well as near-IR light and also show the 

photocatalytic behaviour. Many research groups have investigated the use of different oxo-

bridged semiconductors to achieve higher visible-light catalytic activities. With particular 

attention, recently, we have developed Zn/Y-LDH-based oxo-bridged systems for the 

photocatalytic degradation of Rhodamine 6G under visible-light irradiation.
29 

The enhancing 

photoactivity properties of this system are explained on the basis of the oxo-bridged Zn–O–Y 

system and the HOMO–LUMO concept. The intercalated tungstate and molybdate play a major 

Page 30 of 73Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



 

 

role in enhancing the photocatalytic activities because the interlayer anions get photoexcited to 

their charge-transfer excited state representing  O
2−

 (2pπ) → Mo (4d) or W (5d) assigned as 

HOMO → LUMO OMCT spectra of the photocatalyst, which is photonic activated by forming 

e
−
 and h

+
 pairs and various reactive oxygen species for photocatalysis. The molybdate-

intercalated LDHs showed the best result compared with the tungstate-intercalated LDHs 

because the unoccupied Mo (4d) orbital (CB) is positioned at a lower energy level than the W 

(5d) orbital (Figure 4). 

  Furthermore, decavanadate-intercalated ZnBi–LDHs were fabricated by the ion-exchange 

method for the degradation of various organic pollutants under solar light irradiation, which 

showed a high photochemical stability and photocatalytic activity.
127

 The presence of distorted 

VO6 octahedron of decavanadate is essential for the photocatalysis because of the large dipole 

moment of the materials, which could be helpful for the electron–hole separation and reduce the 

charge recombination. Same group
128

 also fabricated Cu (II) phthalocyanine intercalated Zn/Al 

hydrotalcites with molar ratios of 2.0, 3.0 and 4.0 for the degradation of methylene blue under 

solar light radiation. The intercalated phthalocyanine complexes perform as photosensitiser and 

assist in the formation of singlet oxygen, which helps in photocatalysis. Moreover, by adding 

some additives, such as H2O2 and K2S2O8, the photodecolorisation of MB significantly increases 

due to the formation of more amount of singlet oxygen by the decomposition of H2O2, while 

NaCl slows down the process. 

4.1.2. Organochlorine pesticide degradation into LDHs 

Although some persistent organochlorine pesticides have been banned from agricultural and 

public health usage during the past few decades, the advanced methods for the effective 

treatment of the removal of these pesticides is a matter of great concern. Therefore, in the past 
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decade, the use of different photocatalysts for the environmental clean-up of organic pollutants 

through photo-oxidation received much attention. As-paratungstate A is a kind of isopoly 

tungstate with photocatalytic activity, the first modified LDH (intercalation of an aqueous 

paratungstate A cluster ion into the Mg/Al (2:1) LDH) was synthesised by Guo et al.
46

 for the 

photocatalytic degradation of trace aqueous organochlorine pesticide, hexachloro cyclohexane 

(HCH), under UV irradiation. The mechanism of degradation signified that the interlayer space 

is the reaction field and produce the photogenerated OH
•
 radicals. As OH

•
 radicals are strong and 

unselective oxidant species, they help in oxidative degradation and the mineralisation of organic 

substrate. They also
47

 synthesised the tungsten polyoxometalate paratungstate A [W7O24]
6−

 ion, 

the monosubstituted or lacunary Keggin [SiW11O39Mn(H2O)]
6−

, [SiW11O39Ni(H2O)]
6−

, the 

monosubstituted Dawson [P2W7O61Mn(H2O)]
8−

, and the Preyssler [NaP5W30O110]
14−

 pillared 

Mg/Al, Zn/Cr and Zn/Al LDHs by anion-exchange reaction for aqueous organochlorine 

pesticide, hexa-chlorocyclohexane (HCH), degradation. The photocatalytic reaction occurs in the 

interlayer space of the LDH. By photonic excitation, the POM-LDH is converted to POM-LDH* 

and an electron and hole are formed. The photoholes react with the surface hydroxyl groups and 

form hydroxide radicals which are strong and unselective oxidant for degradation of dyes. In the 

meantime, they also prepared polyoxometalate (POM) intercalated layered double hydroxides 

and calcined the precursors to form Zn/Al/W (Mn) mixed oxides for the degradation of 

pollutants.
129 

Typical research works on LDH
 
photocatalyst towards photocatalytic degradation 

of pollutants are shown in Table 1. 

4.2. LDH towards light-driven water splitting 

For photocatalytic water decomposition processes, water molecules are oxidised by the valence 

band holes to form oxygen gas and are reduced by the conductance band electrons to form 
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hydrogen gas, corresponding to a 2 electron reaction. The width of the band gap and the energy 

levels of the conductance band (CB) and valence band (VB) bands are considered the crucial 

points in the photocatalysis. The energy level at the bottom of the conduction band determines 

the reducing ability of the photoelectrons, while the energy level at the top of the valence band 

determines the oxidising ability of the photo generated holes. However, the CB potential of the 

catalyst should be more negative than the reduction potential of H
+
 /H2 (0 V vs NHE, or -0.41 V 

vs. NHE at pH=7) and the VB edge should be more positive than redox potential of O2/H2O 

(1.23 V vs NHE, pH = 0 or +0.82 V vs pH =7) for an efficient photolysis reaction and the 

reduction potential for a certain product depends at a predetermined pH.Therefore, theoretically 

an energy of 1.23 V is equivalent to a photon energy of 1100 nm is required for the above 

approach (figure 5).
16,

 
130-131

 

4.2.1. Water oxidation (oxygen production) 

   Silva and co-workers
20

 reported three kinds of Zn-containing (Zn/Ti, Zn/Ce and Zn/Cr) 

LDHs for oxygen generation through photocatalytic water splitting under visible-light 

irradiation. The most active material was found to be Zn/Cr LDH with an atomic ratio of 4:2 that 

exhibits two absorption bands in the visible region at λmax of 410 and 570 nm. It was found that 

the Cr
3+

 dopant is more effective for enhancing the photocatalytic activity of Zn/Cr LDHs by 

shifting the light absorbance towards the visible range. The apparent quantum yield for O2 

generation measurement at 410 nm was found to be 60.9% for Zn/Cr (2:1), 15.1% for Zn/Ti and 

37.8% for Zn/Ce LDHs, respectively. Although these quantum yields are also quite remarkable, 

they are significantly lower than Zn/Cr LDHs. In addition, Zn/Cr LDHs exhibit enhanced 

photocatalytic activity compared with the calcined Zn/Cr LDHs. This is because of the layered 

structures of LDHs. The layered structures of LDHs are capable of absorbing water, which is 
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able to access the intergallery space as well as the external non-gallery surface and maximises 

the surface of the material for the oxygen generation through photocatalysis. To increase the 

lifetime of electrons and holes, Hwang et al.
41

 prepared the layer-by-layer ordering of two kinds 

of 2D nanosheets of Zn/Cr layered double hydroxide and layered titanate for oxygen generation. 

The obtained heterolayered nanohybrids showed a strong absorption of visible light and a 

remarkably suppressed photoluminescence signal, indicating an effective electronic coupling 

between the two-component nanosheets. The exfoliated nanosheets of LDHs and layered titanate 

possess opposite layer charges with highly porous structures (Figure 6). Consequently, the 

heterolayered nanohybrids are fairly active for visible-light-induced O2 generation with a rate of 

1.18 µmol h
−1

 g
−1

, which is higher than the O2 production rate (0.67 µmol h
−1

g
−1

) for Zn/Cr LDH 

material, that is, one of the most effective visible-light photocatalysts for O2 production. 

   Kang and co-workers
90 

synthesised titanium-embedded layered double hydroxide 

catalysts with a constant ratio of divalent and tetravalent metal ions such as (Ni/Ti) LDHs and 

(Cu/Ti) LDHs (M
II+

: M
IV+

 = 6:1) for photocatalytic water oxidation. In this study, the structures 

and the bonding nature of LDHs for a mixed oxide structure of LDHs were investigated. The 

high surface area and the absorption bands in the visible range of (Ni/Ti) LDHs showed a higher 

reaction rate and produced 49 µmol O2 in water oxidation by using 1 µmol of AgNO3 as a 

sacrificial reagent. In addition, (Cu/Ti) LDHs showed a good reaction rate and produced 31 µmol 

O2 under the same condition. As AgNO3 was used as a sacrificial reagent, Ag
+
 accepts electrons 

in order to forbid the recombination reaction, and after a long irradiation time, Ag
+
 is converted 

to silver nanoparticles and also enhances the activities. Therefore, the M–O–M structure of 

LDHs, bonding nature, the large surface area and visible-light absorbance capacity of LDHs 

result in the high water oxidation photocatalytic activities under visible light. Recently, Kang et 
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al. have reported the Co–O–Fe oxo-bridged Co/Fe LDHs with different ratios of transition metals 

for oxygen evolution under visible light. The brucite layer of LDHs contains more iron resulting 

in good crystallinity, visible range absorption bands and low charge carrier recombination 

displaying highest efficiency.
91 

   The unique properties of graphene oxide (GO) sheets allow extensive modification with 

surface functionalities for photocatalysis. The graphene sheets attached to other semiconductor 

surfaces can efficiently transport electrons and improve interfacial charge-transfer processes. 

Considering this system, Hwang et al.
41

 synthesised visible-light active layered double hydroxide 

2D nanoplates with graphene nanosheets to form the nanohybrid structure. In the obtained 

nanohybrids, the positively charged Zn/Cr LDH nanoplates were immobilised on the surface of 

the negatively charged graphene nanosheets with the formation of a hybrid structure that 

increases the visible-light absorption and produces a remarkable depression in the 

photoluminescence signal. The Zn/Cr LDH/graphene hybrid system (1.20 mmol h
−1

 g
−1

) 

unusually showed high photocatalytic activity for the visible-light-induced O2 generation (λ > 

420 nm), which is far superior to that of Zn/Cr LDH and its physical mixtures with RGO and 

GO.  

 In order to overcome the above-mentioned problems, Wei and co-workers synthesised the 

heterostructured NiTi-LDH/RGO hybrid nanocomposites with a synergic effect from two 

functional components towards water splitting into oxygen with a rate of 1.968 mmol g
−1

 h
−1

 and 

a quantum efficiency as high as 61.2% at 500 nm.
132

 After that the hierarchical Co/Ti LDH core–

shell nanosphere was fabricated by the hydrothermal synthesis of TiO2 hollow nanospheres 

followed by an in situ growth of the CoAl-LDH shell. The strong electronic coupling between 

the TiO2 core and the CoAl-LDH shell accelerates the electron–hole separation and increase the 
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solar light exploitation, producing a high photocatalytic activity for the oxygen production rate of 

2.24 mmol g
−1

 h
−1

 under visible light irradiation which is about 9 times higher than TiO2   

nanospheres (0.27 mmol mmol g
−1

 h
−1

).
133

 For the first time, a detail explanation was given about 

the electronic properties (band structure, density of states [DOS] and band edge placement) of 

different M
II
M

III
 LDHs (M

II
 = Mg, Co, Ni and Zn; M

III
 = Al and Ga) for the evolution of 

photocatalytic oxygen from water. From a theoretical prediction, it was proved that only Co/Al-

LDH is an efficient oxygen evolution photocatalyst (O2 generation rate: 973 µmol h
−1

 g
−1

).
134

  

The latest advancement achieved by our group by designing an efficient composite 

photocatalysts by coupling of Ni/Fe LDH with metal-free polymeric graphitic carbon nitride (g-

C3N4), which exhibited photocatalytic activities for both H2 and O2 evolution under visible light 

irradiation in the presence of a sacrificial donor and acceptor. Its band structure allows for both 

water oxidation and reduction reaction. Since CB of g-C3N4 (-1.13 V) is more negative than that 

of the CB of LDH (-0.60V) and VB of LDH (+1.60V) is more positive than the VB edge 

potential of g-C3N4 (+1.57 V), a heterojunction can be built between LDH and g-C3N4 (Figure 7). 

Under visible light irradiation, the photoinduced electrons of g-C3N4 transferred into the CB of 

LDH, while photoinduced holes of LDH migrated to the VB of g-C3N4, leading a spatial 

electron–hole separation on the Ni-Fe LDH/g-C3N4 hybrid system.
135

 

These original works gave a nice proof-of-concept for fabrication of different composite 

materials coupled with LDH for H2 as well as O2 production.It is highly looked-for to efficiently 

trap photogenerated holes for efficient photoelectrochemical (PEC) water oxidation to evolve O2 

on layered double hydroxide catalysts. Li groups reported that a binary Zn/Co-LDH) film 

directly grown on flexible Ni foil via an electrodeposition method at room temperature which 

exhibited excellent catalytic activity for electrochemical water oxidation. The activity can be 

Page 36 of 73Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



 

 

ascribed to the interconnected two-dimensional (2D) LDH nanosheets vertically grown on the Ni 

foil-conductive substrate, leading to favourable exposure of available active sites for catalytic 

reaction.
136

 Subsequently,  same group report the design and synthesis of a novel ID- TiO2 array 

photoanode with an ultrathin over layer of phosphated-Ni/Cr Layered double hydroxide by a 

photoassisted modification and deposition strategy and achieved 100 % oxidative efficiency for 

PEC water oxidation over a wide range of potential. Similar to the above, it was found that the 

Co-Al-LDH@BiVO4 photo anode exhibited extremely PEC performance as compared to BiVO4, 

which is ascribed to the multiple functionalities and a unique two-dimensional nanosheet 

structure. 
137-138

  

4.2.2. Water reduction (hydrogen production) 

  The LDH-based photocatalysis was first studied by Sato et al.
139

 They disclosed the 

photocatalytic properties of CdS and CdS–ZnS incorporated ino the interlayer of layered 

compounds such as H4Nb6O17, H2Ti4O9, montmorillonite and layered double hydroxides. The 

CdS–ZnS mixtures incorporated into the interlayer were capable of generating hydrogen gas 

under visible-light irradiation in the presence of Na2S, Na2SO3 and/or 2-amino ethanol as a 

sacrificial donor. The incorporation of the CdS–ZnS mixtures in the interlayer of a 

semiconductor such as H4Nb6O17 and H2Ti4O9 was superior to those of unsupported CdS–ZnS 

for hydrogen production. Up to now, many papers have been published on different LDHs using 

photocatalysis. After the discovery of Zn/Cr LDH for oxygen evolution by Garcia et al., our 

group 
26

  fabricated a series of Zn/Cr LDH photocatalysts with varying molar ratios of Zn and Cr 

(2:1, 3:1 and 4:1) for the evolution of hydrogen gas. Amongst all the as-prepared catalysts, 

Zn/Cr–CO3 (2:1) LDH extends the absorption edges to the visible region and exhibits good 

photocatalytic activity (1732 µmol/3h) without the assistance of co-catalysts compared to Rh co-
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catalyst loaded TiO2 (1497 µmol/h
-1

) towards hydrogen production. However, the photocatalytic 

H2 production rate of Fe-doped TiO2 and Cr-doped TiO2 exhibited 15.5 µmol/h and 5.3 µmol/h 

respectively due to the ability of Fe ions to trap both the charge carriers, while Cr can only trap 

one type of charge carrier and thus avoiding recombination.
140

  A significant photoactivity 

enhancement of the LDH is due to the presence of Cr
3+

 ion in an octahedral site of the LDH 

which played an important role under visible-light irradiation in the photoexcitation of electrons 

from Cr-3dt2g to Cr-3deg orbitals. Furthermore, the carbonate-intercalated Zn/Cr-LDH 

photocatalysts for hydrogen generation are more promising than those of neat Zn/Cr LDHs. The 

carbonate ions decrease the recombination reaction and increase the efficiency of hydrogen 

production (Figure 8). 

 In addition to Cr-containing LDHs, very recently, Wei and co-workers have introduced a 

family of photocatalysts of M/Ti-layered double hydroxide matrices (M = Ni, Zn, Mg) for water 

splitting into hydrogen.
26

 They reported that the highly distributing TiO6 units are well dispersed 

in LDH host layers by the network of metal oxygen bonding and the oxo-bridging linkage of 

octahedrons. It has been demonstrated that the electronic structure is modified by the covalent 

interaction between TiO6 and NiO6. The physicochemical characterisations indicated that the 

highest crystallinity of the LDH at Ni/Ti = 4:1 results in superior dispersion of TiO6 units. The 

ordered dispersion of TiO6 units affects the separation efficiency of the photogenerated electron 

and hole carriers, and the high degree of surface defects plays a key role in photocatalytic 

activity. The structural information about the Ti-containing LDHs serves as trapping sites for 

electrons and thus improves the electron–hole separation efficiency. In addition, these LDH 

materials can serve as stable, effective and recyclable photocatalysts for water splitting.
24
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   In addition to binary LDHs, we also fabricated a ternary series of Mg/Al + Fe-CO3 

layered double hydroxides with a constant ratio of Mg/(Al + Fe) = 2:1 with advanced 

physicochemical properties and applied them as photocatalysts for the photocatalytic hydrogen 

generation from water. In the following work, the Al:Fe ratio was varied from 1:4 to lower iron 

concentration in the LDH precursor. Amongst all the prepared LDHs, Mg/Al + Fe (10:4 + 1) 

LDHs contain the optimum amount of iron in the brucite layer producing more amount of 

hydrogen (301 µmol g
−1

 h
−1

) under visible-light irradiation in the presence of hole scavenger 

(aqueous methanol solution), which could be attributed to the favourable surface structure and 

higher crystalline nature of hydrotalcite. Furthermore, LDHs were found to function as doped 

semiconductors and Fe
3+

 was shown to be a more effective dopant for enhancing the 

photocatalytic activity by shifting the light absorbance towards the visible range. However, by 

increasing the amount of the iron content in the salt solution, the visible-light absorption capacity 

of the material increased, thereby, increasing the surface area as well as the recombination of the 

photoinduced charge carriers and decreasing the photocatalytic activity. It was found that a 

higher concentration of iron in the precursor does not exhibit higher activity. In the case of 

Mg/Al + Fe LDH, the O2p orbital of  FeO6 octahedron, the valencr band electron excited to the 

conduction band of Fe
3+

 (3d orbital) and H
+
 accepts the electrons in the conduction band 

producing hydrogen gas. 
33

 

   In a subsequent work, we have further investigated carbonate-intercalated ternary (Ni–

Zn/Cr) LDH photocatalysts for water splitting under visible-light irradiation.
36

 The incorporation 

of Ni
2+

 into the brucite layer of Zn/Cr LDHs contributes to the enhancement in the photocatalytic 

activity. For a better understanding, it was assumed that both Ni
2+

 and Cr
3+

 cations have partially 

filled 3d orbitals, and the band edge potential of the Cr-3d-t2g (−0.74 V) and Ni-3d-t2g (−0.23 V) 
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is  below the H
+
/H2 reduction level; this play a very significant role in water splitting. On 

exposure to visible light (λ > 400 nm), the oxo-bridged bimetallic linkage Zn (II)/Ni (II)–O–Cr 

(III) functions as a visible-light-induced catalytic redox centre, and the induced MMCT 

transition of Zn(II)/Ni(II)–O–Cr(III) to Zn(I)/Ni(I)–O–Cr(IV) is able to serve as water splitting 

sites. Hence, the H
+
 ions in the conductance band are scavenged by the excited electrons by the 

reductant-to-band charge transfer (RBCT) and produce hydrogen gas under visible-light 

irradiation (Figure 9). 

In order to further improve charge-transfer efficiencies, LDH nanosheets can be functionalised 

with other semiconductors. For example, a novel mesoporous CdS pillared ZnCr–LDH was 

prepared by Lin and co-workers, which exhibited an excellent photocatalytic activity in the H2 

generation at a rate of 374 mmol h 
−1

 g
−1

 with a QE of 42.6% under visible irradiation and at a 

rate of 2164 mmol h 
−1

g
−1

 with a QE of 48.2% under UV–visible irradiation. CdS is a logical 

candidate to incorporate into ZnCr–LDH, which improves the photocatalytic activity because of 

the formation of highly porous texture with high surface area and the depression of the 

photogenerated charge carriers.
141

 The loading of nanoparticle (NP) co-catalysts onto a 

semiconductor has shown to be a new promising photocatalyst for hydrogen production by water 

splitting. Carja et al. obtained the self-assembly of Au  nanoparticle/mesoporous matrices of 

layered double hydroxides (Au/ZnAl LDH and Au/ZnCeAl LDH) and their derived mixed 

oxides for hydrogen generation under solar irradiation. It was found that the Au nanoparticle on 

the surface of the LDH create surface plasmon resonance (SPR). The SPR effect of “Au” and the 

composition of the anionic clays are the important parameters for H2 production by using solar 

light . The presence of cerium in the LDH layers leads to a larger population of positive Au
+/3+

 

on the catalyst surface and enhances the photocatalytic performances.
43

 In addition, Xu and co-
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workers reported the well-dispersed Pt-loaded layered double hydroxides with immobilised 

photosensitiser (Rose Bengal, Rhodamine B) for photocatalytic hydrogen evolution with 

remarkably enhanced activity and stability.
142

 In this case, the well-dispersed LDH nanocrystals 

function as support for immobilising RB photosensitiser and Pt nanoparticles. 

4.3. LDHs in photocatalytic CO2 reduction 

The photon energy of sunlight can be converted into electric energy and chemical energy using 

different photocatalysts.
143

 The energy level at the bottom of the conduction band determines the 

reducing ability of the photoelectrons, whereas the energy level at the top of the valence band 

determines the oxidising ability of the photo generated holes. For photocatalytic CO2 reduction, 

the minimum conduction band energy is higher than that for CO2 reduction potential and the 

redox potential levels have to be within the band gap of a chosen semiconductor material. For the 

reduction of CO2 in to hydrocarbons, electrons in the semiconductor are required to have more 

negative redox potential, while holes need to lie on more positive potential level for water 

oxidation reaction [Equation (3)]. Moreover, a total of 2–8 electrons are required to reduce CO2 

into potential hydrocarbon fuels, which is a much more challenging process compared with water 

splitting. The following equations [Equations (1)–(10)] illustrate the different pathways for the 

generation of solar fuels and the related potentials at pH=7. 
130-131

 

Photocatalysts + hν →   e
-
 + h

+                                                                                                               
(1)

  

e
-
 + h

+ 
→ Heat (recombination)                                                                         (2) 

Photooxidation Reaction:                                E
0
 Redox (V vs. NHE) 

H2O + 2H
+
   →   ½ O2 + 2H

+
                               0.82                                       (3)  

Photoreduction Reaction:    E
0
 Redox (V vs. NHE) 

2H
+
 + e

 - 
  →   H2                                                                          −0.41                                                        (4)  
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CO2 + e
−
 → CO2

• −                                                                       
−1.90                                     (5)                                  

 CO2 + 2H
+
 + 2e

− 
→ HCOOH                              −0.61                                    (6) 

CO2 + 2H
+
 + 2e

− 
→ CO + H2O                             −0.53                                    (7) 

 CO2 + 4H
+
 + 4e

− 
→ HCHO + H2O                      −0.48                                    (8)                               

 CO2 + 6H
+
 + 6e

− 
→ CH3OH + H2O                     − 0.38                                  (9)                      

 CO2 + 8H
+
 + 8e

− 
→ CH4 + H2O                           −0.24                                  (10) 

At present, carbon dioxide is considered as the largest contributor to global warming 

amongst all greenhouse gases. Several methods have been investigated to reduce the CO2 

concentration in the atmosphere.
144, 145

 The use of photocatalysts for the conversion of CO2 into 

high-energy-content fuels/chemicals (methanol, hydrogen and methane) has the potential to 

become a viable and sustainable energy source to fossil fuel.
146

 Various LDH materials have also 

been widely studied for the visible-light photocatalytic conversion of CO2 into methanol using 

hydrogen. The zinc and/or copper with aluminium LDHs have been reported to be good 

photocatalysts for the conversion of gaseous CO2 into methanol using hydrogen under UV–

visible light.
147

 The catalyst Zn/Al LDH, with the band-gap energy 5.7, was the most active for 

the CO2 photoreduction. The band gap (3.5–5.7 eV) was sufficient to proceed with the reaction 

steps (CO2
+
 6H

+
 + 6e

−
 → CH3OH + H2O; CO2 + 2H

+
 + 2e

−
 → CO + H2O) at the negative 

reaction potentials. It was found that in Zn /Al LDHs the major product was CO, which was 

formed at a rate of 620 µmol h
−1

 g
−1

 with 94 mol% selectivity (0.16% conversion), whereas 

methanol was the major product formed by the incorporation of Cu in LDH photocatalysts, e.g. 

at a formation rate of 170 µmol h
−1

 g
−1

 over Zn–Cu–Ga photocatalysts. The methanol selectivity 

in the case of Zn/Al and Zn/Ga LDHs improved from 5.9 to 26 mol% and 39 to 68 mol%, 
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respectively, by the inclusion of Cu. The photocatalytic rates can be enhanced to 45% by 

increasing the light intensity by 2.5 times in comparison to the whole wavelength region. It was 

found from spectroscopic study that the specific interaction of Cu sites with CO2 is coupled with 

protons and photogenerated electrons to form methanol. All these reactions depend upon 

temperature. The rates obtained using the Zn–Cu–Ga catalysts (170 mmol h
–1

 gcat
–1

) were 

accelerated to 310 nmol h
–1

 gcat
–1

 by preheating the catalysts at 423 K under vacuum and further 

to 490 mmol h
–1

 gcat
–1

 using the Zn–Cu–Ga catalysts consisting of interlayer [Cu(OH)4]
2–

 anions 

instead of carbonates. They also described the photocatalytic conversion of carbon dioxide into 

methanol using the optimised Zn–Cu and Zn–Cu–Ga layered double hydroxide catalysts. A 

significant breakthrough in the photocatalytic conversion of CO2 into water over Mg/In LDHs by 

solar radiation has recently been achieved by Teramura et al.
148

 LDHs showed superior activity 

as compared with other metal hydroxides because of their surface based sites and exhibited high 

water tolerance for the photocatalytic conversion of CO2 into CO in the aqueous medium. 

Amongst various LDHs, the metal ions containing Mg, Co, Ni, Cu, Zn, (divalent cations) and Al 

and Ga (trivalent cations) showed better effect due to higher absorption capacity and potential for 

CO2 reduction. According to the previous report, the Zn-containing system showed good results 

for CO2 to CO, whereas the Cu-containing LDH is effective for CO2 to methanol. They further 

used CuZnGa-LDHs for the photocatalytic conversion of CO2 into CH3OH under visible-light 

irradiation. In addition, the neat LDHs with variable layer elements, loaded with noble metals 

(Pt, Pd, Au), showed superior activity.
149

 Recently, Xu and co-workers have reported the 

synthesis of self-assembled carbon nitride and layered double hydroxide material. As compared 

with the pristine-nitrate-intercalated Mg-Al-LDHs, the presence of Pd co-catalyst in the hybrid 

material showed excellent photocatalytic activity for CO2 reduction to CH4, approximately 2.6 

Page 43 of 73 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



 

 

times higher than that observed for the Pd-deposited C3N4 material. The CO2 absorption capacity 

of Mg/Al LDHs showed highest and improved CO2 reduction ability.
150

 Recently, Tanaka et al. 

have suggested that because of the high electronegativity of fluorine it can be incorporated into 

the hydroxide sheets as AlF6 units, which greatly influence the absorption capacity of CO2 and 

clearly improve the CO2 reduction capacity.
151

 

5. Conclusions and prospects 

Over the past few decades, continuous efforts have been emphasised on the synthesis, 

modification and application of the photocatalysis for different semiconductors. This review 

endeavours to sum up the systematic overview on the recent progress, current status and novel 

achievements of layered double hydroxides for environmental remediation and water splitting of 

hydrogen and CO2 reduction into fuel. We briefly examined the promising results of the 

binary/ternary unmodified LDHs and modified LDH systems. They exhibited excellent catalytic 

performance because of their versatile chemical composition with good stability and 

recyclability nature. In the process of photocatalysis, some major challenges include simplifying 

the synthesis process with high crystallinity, high dispersive and adequate exposure of the active 

sites, precise control of particle size and morphology and long-term catalytic stability. 

In the process of fabrication, LDH-based photocatalysts are generally subjected to a 

variety of synthetic methods such as co-precipitation, solution mixing, anion exchange, etc. The 

co-precipitation method is often preferred because it is very easy, simple and involves 

inexpensive chemicals or apparatus. Consequently, an additional advantage of LDH prepared by 

co-precipitation and homogeneous precipitation by urea hydrolysis is that it is easy and can also 

be scaled up for industrial production. Unfortunately, sometimes LDHs prepared by this method 

suffer from poor crystallinity and the presence of impurity. The urea hydrolysis method (which is 
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primarily similar to the co-precipitation method) allows better control of particle size and higher 

crystallinity than other methods. However, this method is only suitable for the preparation of 

LDHs with high charge density, that is, it cannot be used to prepare LDHs containing Cu
2+

 and 

Cr
3+

. Similarly, the disadvantages of the solution mixing method are the relatively high cost of 

starting compounds and solvents as well as the great difference between the rates of hydrolysis 

of alkoxides, which make powder synthesis more difficult and expensive. However, this method 

is favourable for the synthesis of different types of composites. Due to wide flexibility of the 

compensating interlayer, the anion-exchange synthetic method is used to intercalate different 

anions into interlayer galleries. It has been demonstrated that the intercalation of different anions 

in the interlayer of LDHs is capable of improving their catalytic activity. The disadvantages of 

the anion-exchange method are that the as-synthesised LDHs usually contain carbonate ions, 

which generally cannot be de-intercalated as they strongly bind to the brucite layer. Therefore, 

by using this method it is not possible to obtain the LDH-containing metal ions that precipitate at 

a high pH. 

Though a large variety of LDH compounds with even more than two different metal ions 

and with several intercalated anions have been synthesised by the above methods, the synthesis 

of the divalent–trivalent LDHs need some specific considerations. First, the ionic radii of the 

metal ions should not be too different from those of Mg
2+

. Second, the metal ratio of the cations, 

i.e. M
2+

/M
3+

, should be between 2.0 and 4.0.
152

 Third, although the interlayer galleries of LDHs 

can be exchanged by the ion-exchange method, the selected anions should not interfere the 

formation of LDH lattice by precipitation of any of the LDH lattice metals (Ksp issues). 

  Studies to date have shown that some LDH photocatalysts with a single component, 

such as Mg/Al and Zn/Al, exhibit insufficient efficiency and stability in practical applications, 
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but the LDHs such as M
II/III

O6 (M = Cr, Ni, Fe, Cu, Co, etc.) are a new class of superior 

photocatalysts. It demonstrates that an efficient photocatalyst does not require a co-catalyst-

loaded material. As an alternative to other oxide catalysts, because of their physical, structural, 

electronic and optical properties under visible light, LDH materials can serve as a new family of 

promising photocatalysts. Furthermore, researchers used many functional materials by 

intercalating the interlayer of LDHs or prepared different composite systems achieving superior 

results. Although great progress has been made in the study of LDHs in photocatalysis, the 

following challenges are still remained unsolved: 

1. Synthesised LDH photocatalysts should be used in the energy and environmental issues as 

killing two birds with one stone. Over the past years, a large variety of LDH-based 

semiconducting materials have been designed and synthesised by some material scientists, 

but still the best materials are unknown. 

  Moreover, the photocatalytic mechanism of LDHs is not fully explained, and the 

theoretical understanding of band energy and the redox potential is in progress, though it is not 

required while using LDHs. A fundamental in-depth understanding of many factors, including 

electronic structure, composition, surface area, crystal structure and morphology for LDHs, 

systematically needs to be explored. Further investigation is needed for the structural property 

with quantum efficiency as well as for the durability of the materials. As the properties and 

functionality of LDHs strongly depend on their unique structures and special synthetic methods, 

the high quality with phase purity must be followed in their preparation. 

2. Developing different water treatment technologies based on LDH photocatalysts will be 

an interesting but difficult job for the researchers because the generation and disposal of 

these used composite photocatalysts is a big challenge. The LDH/magnetic oxide 
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composites can solve the above problems because magnetic materials can be easily 

separated out using an external magnet and can show dual activities such as magnetic and 

photocatalytic activities. 

       The benefits of artificial photosynthesis for the conversion of CO2 into energy are 

of great interest to reduce the level of atmospheric CO2. During the past 30 years, many 

efforts have been put into the design and development of different photoactive catalysts for 

water splitting or to convert CO2 into fuels. Unfortunately, up to now there is no photoactive 

material that has the required high conversion efficiency to make this technology 

commercially feasible. The crucial factors, such as band edge potential, morphology and 

particle size, visible-light absorption range and their long-lived charge carriers, have been 

explained. 

3. Exfoliated layered compounds converted into two-dimensional (2D) nanosheets have 

attracted challenging research nowadays and opening up innovative fields in 

photocatalysis. Due to their unique structure, high specific surface area, good 

transparency, excellent electron conductivity and mobility and high chemical stability, 

the 2D nanosheets are considered as novel materials.
153-154

 Recent studies have 

demonstrated the advantages of different exfoliated layered materials (nanosheets) such 

as graphitic carbon nitride, graphene oxide and MoS2 in facilitating the photocatalytic 

performance.
155-157 

Undoubtedly, C3N4-based nanocomposites possess a great potential 

for environmental and energy-related issues.
158

 g-C3N4 was also used as a catalyst for the 

photocatalytic reduction of CO2 under solar irradiation.
159

 A recent study has suggested 

that 2D-layered transition metal dichalcogenides can be used as an efficient and 

environmental friendly energy material.
160
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         The hybridisation of nanosheet LDHs with other electron accepting species formed 

binary hybrids, providing a powerful method for further enhancing the photocatalytic efficiency. 

Beyond binary hybrid systems, the multi-hybrid LDH-based nanostructures may provide 

extraordinary properties. Ogale et al. have reported a triple-junction-based AuNP/ZnFe2O4/ZnO 

system for efficient solar photoelectrochemical water splitting.
161

 In addition, the new composite 

N-doped graphene with CdS nanocomposites has been synthesised for the visible-light water 

splitting process.
162

 The photocatalytic performance of g-C3N4 show less efficiency because of 

the fast electron and hole recombination. Dong and co-workers developed a g-C3N4/g-C3N4 

metal-free isotype heterojunction catalyst for improving the charge separation of the visible-light 

photocatalysts.
163

This pioneering research work was dedicated to synthesise the LDH-based 

multi-component nanocomposites for superior performance and practical applications. Moreover, 

the combination of different Sandwich-like homogeneous Nano sheets with LDH Nano sheets 

can result in a highly efficient material, which seems to be a perfect structure for the electronic 

transfer. For these multi-component systems, the theoretical calculation and detailed mechanism 

are still not very clear. 

4. Carbon quantum dots (CQDs) can serve as either photoinduced electron acceptors or 

donors. The optical, electronic and catalytic properties of such particles are drastically 

different from bulk catalysts. They can function not only as an efficient photocatalyst but 

also as a multi-functional photocatalyst to promote their wider visible-light absorption 

range and separation of electrons and holes as well as to stabilise photolysis 

semiconductors.
164

 In particular, it is worth to emphasise that further studies must be 

planned using LDH-quantum dot composites to further enhance the photocatalytic 

properties of LDHs. 
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Most of such research topics are currently under investigation and will be predicted in the near 

future. Due to the future trends for further development of this research field, we expect that this 

review can provide an insightful overview to the readers. 
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Figures & Tables  

 

 

Fig.1(a) Structural ilustration of LDH (b) Computational model of M2Al (OH2)9(OH)4]
3+

 (M2: divalent 

metal cation) clusters. (c) One part of the cluster model including the linkage around the three-centered 

bridging OH group which is used to analyze the calculation data. 

 (“a” adapted with permission from ref. 59  @ copyright 2011 Elsevier Ltd, (b) and  (c)  adapted with 

permission from ref. 87 @ Copyright 2009American Chemical Society). 

 

 

Page 61 of 73 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



 

 

 

 

 

Fig.2 Schematic illustration of a semiconductor particle based photocatalyst for organic pollutant 

degradation. 
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Fig. 3 Proposed mechanism for the photocatalytic degradation of phenol in presence of a mixture of TiO2 

/Mg–Al layered double hydroxides (adapted with permission from ref. 59 @ copyright 2011 Elsevier).
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Fig.4  (a) Schematic illustration of anchored Zn(II)/Y(III) bimetallicoxo-linkage on the Zn/Y LDH and its 

photocatalysis driven by the photoinduced MMCT,(b)Schematic illustration of the photocatalysis 

occurring on the Zn/Y/M LDH under visible light irradiation. HOMO and LUMO of intercalated 
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molybdate and tungstate in Zn/YLDH and DP is the dye product (‘a, b’ from ref. 29 @ 2012 American 

Chemical Society). 

 

 

 

 

Fig. 5 Schematic energy diagrams of the  semiconductor for photocatalytic water splitting and 

CO2 reduction process (redox potentials are converted to NHE reference, pH = 7). 
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Fig. 6 (a) Band structure of layered titanate/Zn-Cr-LDH nanohybrid (b) Total mechanism and activities 

for O2 evolution(ref. 41 @ 2011 American Chemical Society). 
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Fig. 7  Mechanistic scheme for evolution of hydrogen and oxygen under visible-light irradiation by Ni-Fe 

LDH/g-C3N4  composite materials. (ref. 135 @ 2013 Royal Chemical Society).
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Fig.8 (a) The proposed reaction scheme for photo-excition of electrons from Cr-3dt2g to Cr-3deg on CrO6 

octahedron of Zn/Cr LDH by irradiation of visible light (b) The mechanism of enhanced photocatalytic 

hydrogen evolution of carbonate intercalated  Zn/Cr LDH under visible light irradiation (ref. 26 @ 2012 

Royal Chemical Society). 
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Fig. 9. Schematic representation of the total mechanism for hydrogen evolution over Ni+Zn/Cr LDH 

under visible light irradiation (ref. 36 @ 2013 Royal Chemical Society). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Page 69 of 73 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



 

 

Table 1. Summary of LDH photocatalysts for degradation of organic pollutants.  

LDH based  

photocatalyst 

Pollutant type Light source/Incident 

Light 

Degradation 

activities      of   

photocatalyst 

Time Reference 

 

Mg/Al LDH 2-Chlorophenol  Intensity of 4400 

µW/cm
2
 and λ  ~   254 

nm 

 

rate  ~  95% 4 h 81 

Zn/Fe-Cl LDH 

Zn/Fe-NO3 

Zn/Fe-CO3 

Methyl violet, 

Malachite green 

Methyl violet, 

Malachite green 

Methyl violet, 

Malachite green 

Exposed to solar light 

and the average light 

intensity was 10,4000 

Lx  

Rate ~ 75%, 72% 

rate~  66%, 64% 

rate  ~  99% 

2h 

2h 

2h 

29 

Zn/Ti (3:1) LDH 

 

methylene blue 

 

 

300 W Xe,  λ = 420 nm 

 

 

 

rate  ~  96% 2 h 

 

22 

C–N–TiO2 Methylene blue 300 W high-pressure 

mercury lamp 

rate ~  50% (visible 

light irradiation) 

rate ~  100% (UV 

light irradiation) 

3 h 97 

Ni/Ti (2:1) LDH 

 

NiO  

Methylene blue 300 W tungsten lamp as 

the visible-light source, 

equipped with a 

wavelength filter (λ > 

400 nm) 

rate ∼99.8% 

 

rate ~  83%  

1.25 h 99 

Co/Ti  (2:1) LDH 

 

CoO 

Congo-Red 300 W tungsten lamp as 

the visible-light source, 

equipped with a 

wavelength filter (λ > 

400 nm) 

rate ~  99.7% 

 

rate ~  82% 

1.25 h 100 

Zn/Cr LDH 

 

Xanthene dyes 

4-chloro 2-nitro 

phenol 

Exposed to solar 

light and the average 

light intensity was 

10,4000 Lx  

rate  ~  95% 2 h 26 

M-Cr/NO3 LDHs 

(M=Cu,Ni,Zn) 

Congo-Red 300 W Xe , λ > 400 nm rate  ~  80% 1.5 h 66 

Cu/Cr-LDH  film 2,4,6-TCP SRB 

Congo  red 

300 W Xe , λ > 400 nm rate  ~  88% 

rate  ~  97% 

1.6h 

 

102 
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M
II
 /Cr 

III
 CO3 

LDH 

 

Methyl orange Exposed to solar light 

and the average light 

intensity was about 

104,100 Lx  

rate  ~  90% 3h 103 

Cu+Co/Cr  LDH Malachite green Exposed to solar light 

and the average light 

intensity was about 104 

,100 Lx  

rate  ~  99% 4h 35 

Zn
2+

/Al
3+

+Fe
3+

 

LDH 

 

phenol and  

p-cresol 

Intensity of 4400 

µW/cm
2
 and λ  ~   254 

nm 

 

rate  ~  98% 6h 

4 h 

106 

Zn-Bi LDH Malachite green  

 Rhodamine 6G  

4-chloro,2-

nitrophenol 

 

Exposed to solar light 

and the average light 

intensity was around 10, 

5000 Lx  

 

rate  ~  65 % 

rate  ~  62 % 

rate  ~  58 % 

3h

  

127 

Mg/Zn–In LDH 

Calcined Mg/Zn–

In LDH 

methylene blue 

methylene blue 

300 W Xe , λ = 420nm 

  

rate  ~  90% 

rate  ~  97% 

1.67h 

1.67h 

109 

109 

Mg-Al-Zn 

Mixed-oxide 

C. I. Basic Blue UV-C irradiation source  

15 W  Xe , λ = 254 nm 

rate  ~  98% 4h 111 

Zn Al In-MMO methylene blue 300 W Xe , λ = 420nm 

 

rate  ~  73 4h 112 

MgO/ZnO/In2O3 

MMO 

methylene blue 300 W Xe , λ = 420nm 

 

rate  ~  98% 5h 113 

TiO2/Mg-Al LDH Phenol Fluorescent black light 

tube UV Philips, 8 W, 

λ=365 nm 

rate    ~   99% 8 h 39 

TiO2/Zn LDH Phenol Intensity of 4400 

µW/cm
2 

and λ  ~   254 

nm 

rate  ~85% 4 h 38 

CeO2/Mg-Al LDH Phenol Intensity of 4400 

µW/cm
2
 

 λ== 254 nm 

rate  ~  50 % 7 h 39 

SnO2/Mg-Al LDH Methelene blue 6 W Vilber Lourmat 

UV-lamp,  λ== 254 nm 

rate  ~  97% 1h 30 

Biotemplated 

Zn/Al-MMO 

Sulfo-rhodamine B 

Azo benzene dye 

UV light produced from 

mercury lamp. 

 

rate  ~  81% 

rate  ~  74% 

2h 

2h 

117 

Zn/Al-LDH/CNTs Methyl orange The UV light was 

irradiated from two 36 

rate  ~  93% 7 h 118 
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W H-type lamps, λ= 254 

nm  

Fe3O4/Zn-Cr-LDH Methelene blue 300 W Xe , λ ≥ 420nm 

 

rate  ~  95% 3 h 120 

Bi2MoO6/Zn–Al 

LDH 

Rhodamine G 400 W Xe , λ ≥ 420nm 

 

rate  ~  99% 80min 121 

Ag3PO4/FLDH Acid red G 400 W Xe , λ ≤ 420nm 

 

rate  ~  95% 1 h 123 

Ni/Mg Al LDH 

 

Ni/MgFe Al LDH 

 

drimaren  red 

drimaren navy 

drimaren  red 

drimaren navy 

Intensity of 4400 

µW/cm
2
 and λ  ~   254 

nm 

 

Rate ~ 70%                                  

rate  ~ 70% 

Rate ~ 84%                            

rate  ~  80% 

6h 

6h 

6h 

6h 

124 

 

 

 

rCG/ZnAl-LDO 

 

Methelene blue 

 

300 W Xe , λ = 420nm 

 

 

 

rate  ~  100% 

 

2h 

 

126 

Ag/AgBr/Co-Ni 

LDH 

Methyl orange 300 W Xe , λ = 400nm 

 

 

rate  ~  100 % 

 

2 h 

 

48 

Zn-Bi/ 

Decavanadate 

LDH 

Malachite green  

 Rhodamine 6G  

4-chloro,2-

nitrophenol 

 

Exposed to solar light 

and the average light 

intensity was around 10, 

5000 Lx 

rate  ~  90% 

rate  ~  87% 

rate  ~  85% 

 

1h 127 

 

Zn/Y-MoO4 LDH 

Zn/Y-WO4 LDH 

 

 

Rhodamine  6G 

Rhodamine 6G 

 

Exposed on whole range 

of Solar light 

 

rate  ~  98% 

rate  ~  84% 

 

2 h 

2h 

 

29 

29 

 

Zn3Al–CuPc LDH 

 

 

Methelene blue 

 

Exposed on whole range 

of Solar light 

 

rate  ~  75% 

 

4h 

 

128 

Page 72 of 73Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



Graphical abstract 

A Review on Recent Progress, Challenges and Perspective of Layered 

Double Hydroxides as Promising Photocatalysts 
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The present review article evaluates the effectiveness and special features of LDH/modified 

LDH on the photocatalytic activities.  

Page 73 of 73 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t


