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Over the past decade, layered double hydroxides (LDHs) have attracted much attention due to their
many advantages in the field of CO, photoreduction, such as superior CO, adsorption and tunable
photoelectrochemical properties. Moreover, their low price, simple production process and high yield
make it easier to realize mass production. This review presents a panorama of the latest developments
of LDH-based photocatalysts for CO, reduction. It starts with the basic principle of photocatalytic CO,
reduction. After that, the fundamentals of LDHs are also illustrated. Later, a series of representative LDH-
based photocatalysts (mainly including LDH-based derivatives and LDH composites) for CO, reduction
are exemplified. At the end, this review also offers some new views into the major challenges,
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opportunities, and heuristic perspectives for future research in this emerging field. There is no doubt
that the advanced LDH-based materials can act as highly efficient photocatalysts to achieve new
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Broader context

breakthroughs in CO, photoreduction.

Photocatalytic CO, reduction technology is inspired by artificial photosynthesis, in which using a semiconductor to capture solar energy is considered as a

promising strategy because of its advantages of zero energy consumption, low cost, and low toxicity. Layered double hydroxides (LDHs) have attracted much

attention due to their many advantages in the field of CO, photoreduction, such as superior CO, adsorption, tunable photoelectrochemical properties and low-

cost characteristic. This review presents a panorama of the latest developments of LDH-based photocatalysts for CO, reduction. It starts with the basic principle
of photocatalytic CO, reduction. After that, the fundamentals of LDHs are also illustrated. Later, a series of representative LDH-based photocatalysts (mainly

including derivative LDHs and LDH composites) for CO, reduction are exemplified. At the end, this review also offers some new views into the major

challenges, opportunities, and heuristic perspectives for future research in this emerging field.

1. Introduction

With the industrialization development of human society, the
demand for energy is also increasing day by day."” And the
continued energy consumption depends mainly on the limited
non-renewable fossil energy sources (coal, oil and natural
gas).*"* As we know, the emission of CO, produced by burning
fossil fuels is the chief culprit leading to global warming.'*™®
Therefore, it has become a hot topic in the field of science
to reduce the greenhouse effect and excessive energy
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consumption by converting CO, into high value-added chemi-
cals (e.g., CH;0H, CO, CH,, HCOOH, etc.).">*° Recently, stra-
tegies that have been applied in converting CO, into fuel
include electrocatalysis, chemical reformation, biochemical
transformation, and hydrogenation, as well as thermal catalysis
and photocatalytic methods.?”*> Among them, photocatalytic
CO, reduction technology is inspired by artificial photosynth-
esis, in which using a semiconductor to capture solar energy is
considered as a promising strategy because of its advantages of
zero energy consumption, low cost, and low toxicity.>* "

The phenomenon of photocatalysis was discovered by
Honda-Fujishima in the 1970s, where semiconductor TiO,
initiated the decomposition of water under the condition of
light radiation.*™*?> Subsequently, the photocatalytic mecha-
nism was studied based on the TiO, platform, and
other photocatalytic materials were also developed.'®*373°
As the earliest photocatalyst, TiO, owns a wide band gap
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(~3.2 eV vs. NHE).>’*° However, the wavelength range of
visible light is from 400 nm to 760 nm, which means that
TiO, exhibits photocatalytic properties only when driven by
ultraviolet (UV) light with high energy.*’** Meanwhile, the
disadvantages inherent to TiO, such as the rapid recombina-
tion of photogenerated carriers and the poor adsorption capa-
city are also obstacles to the improvement of the photocatalytic
performance.*>**™*’ Therefore, it has become a mainstream
development trend to optimize this material or to explore other
outstanding materials for photocatalytic application in the field
of photocatalysis.***°

In view of the above description, advanced photocatalytic
materials are the basic demands of photocatalytic CO,
reduction.’*>? Presently, the common semiconductors known
to be developed can be roughly divided into oxide (WO3, ZnO,
TiO,, Fe,0;, Co,0y, etc.), sulfide (CdS, MoS,, ZnIn,S,, etc.),
perovskite (BaTiO;, SrTiOs, etc.), nitrogen and carbon com-
pounds (g-C3N4, SiC, B,C, etc.), and so on.*”**>® Among the
various semiconductors, layered double hydroxides (LDHs)
have gained extensive attention, owning to their specific lamel-
lar structure, compositionally tunable structures, and optical
properties.’®®” These features endow LDH materials with
better CO, adsorption capacity and optional active sites. Thus,
it is absolutely essential to deepen the research and application
of LDH-based materials in the field of photocatalytic CO,
reduction.®®®°

In this review, we provide a panorama of the latest develop-
ments of LDH-based photocatalysts for CO, reduction. It starts
with the basic principle of photocatalytic CO, reduction. After
that, the fundamentals of LDHs are also illustrated. Later, a
series of representative LDH-based photocatalysts (mainly
including LDH-based derivatives and LDH composites) for
CO, reduction are exemplified. At the end, this review also
offers some new views into the major challenges, opportunities,
and heuristic perspectives for future research in this emerging
field. There is no doubt that the advanced LDH-based materials
can act as highly efficient photocatalysts to achieve new break-
throughs in CO, photoreduction.

2. The fundamentals for CO,
photoreduction

2.1. Mechanism and process for photocatalytic CO, reduction

The majority of materials used in photocatalysis are semicon-
ductors and semiconductor-like materials; thus, energy band
theory plays an irreplaceable role in understanding photocata-
lytic procedures.’>”°7? The formation of the energy band is
realized by the interaction between atoms.”®”’® When atoms are
close to each other, the original energy levels of the atoms split
into a group of energy levels with small energy difference.”” 3
Such a group of energy levels is called the energy band (Fig. 1).
Because the energy difference of the energy levels in the a-band
is very small, it can be regarded as continuous, and there is a
zone without energy levels between the a-band and the b-band,
which is called the band gap (E,).**"* When the atom is in the
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Fig. 1 The fundamentals of photocatalytic CO, reduction.

unexcited state, the electrons in the atom are arranged from the
low-energy level to the high-energy level in turn, and the energy
level filled with electrons is called the filled band. For the filled
band, the energy level with the highest energy and closest to the
empty energy band is denoted the valence band (VB), and the
band that is not filled with electrons is the conduction band
(CB).2"®8 VB electrons driven by light energy remain in the CB
and cross Eg, so the excited electron transition leads to the
differentiation of positive and negative charges in semiconduc-
tors. Excited electrons are called photogenerated electrons
(e7).8%°° After the transition, the VB loses negative charges
and shows positive charges, which are called holes (h*).** From
a thermodynamic viewpoint, these e ~h" pairs can cause the
surface reduction and oxidation reactions only if their respec-
tive reduction and oxidation potentials are located between the
CB and VB potentials. The standard redox potentials for CO,
reduction (Table 1) indicate that multi-electron reduction reac-
tions are more conducive to the surface-active sites of
semiconductors.

Photocatalytic reaction is the combination of photoreaction
and catalytic reaction, which is driven by light energy to
promote the photocatalyst to convert reactants into products.
Chlorophyll, a natural photocatalyst in plants, is the earliest
photocatalyst that human beings came into contact with. The
reason why the photocatalyst has catalytic ability under illumi-
nation is that when sunlight is irradiated on the photocatalyst
surface, it produces reductive e~ and oxidizing h*.*>°*° For

Table 1 Standard redox potentials for CO, photoreduction®®3

E° (V) vs. NHE
Reaction atpH=7
CO, (g) +e~ — COx* ™ -1.9
CO, (g) + 2H" + 2e” - HCOOH (aq) —0.61
CO, (g) + 2H" + 2¢~ — CO (g) + H,0 (aq) —0.53
CO, (g) + 4H' + 4~ — HCHO (aq) + H,O (aq) —0.48
CO, (g) + 6H" + 6~ — CH;O0H (aq) + H,0 (aq) —0.38
CO, (g) + 8H" + 8¢~ — CH, (aq) + 2H,0 (aq) —0.24
2CO, (g) + 6H,0 (aq) + 10e~ — C,H, (q) + 100H~ —0.362
2CO, (g) + 8H,0 (aq) + 12e~ — C,H, (q) + 120H™ —0.349
2C0, (g) + 9H,0 (aq) + 12¢- — C,H;OH (aq) + 120H™ —0.329

2CO, (g) + 13H,0 (aq) + 18¢~ — C,H,0H (aq) + 180H~ —0.31

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The photocatalytic process of CO, reduction.

photocatalytic CO, reduction, CO, combines with e~, chemi-
sorption occurs and then it is further reduced to the target
products (Fig. 1). Therefore, the photocatalytic process can be
divided into the following 5 processes (Fig. 2),"°>'°" namely (i)
light absorption, (ii) separation of photo-generated carriers, (iii)
adsorption of CO,, (iv) redox reaction, and (v) desorption of
adsorbed products. The overall photocatalysis efficiency is
strongly dependent on the cumulative effect of these four
consecutive steps, which can be expressed as below: 7. = naps
X Hes X Nemt X Heus WHETE Ny Habsy Nlesy Hemts a0 1]¢, Tepresent the
photonic conversion, photon absorption, charge excitation/
separation, charge migration/transport, and charge utilization
efficiencies, respectively.'®>'%® The kinetic obstacles can be
summarized as below: (i) the photocatalyst surface morphology
affects photon absorption, (ii) the quick recombination kinetics
of e"-h" pairs is one of the most challenging obstacles, (iii) the
low specific surface area and significant agglomeration of a
nanostructured photocatalyst greatly decrease the surface redox
kinetics and increase the diffusion barriers of the reagent, and
(iv) as an uphill reaction, CO, photoreduction, with its slow
surface multi-electron reaction, results in the accumulation of
photogenerated e~ and h" and thus, e ~h" recombination and
photocorrosion that consequently reduce their photocatalytic
activity. Therefore, the kinetic factors are considered to be more
important than the thermodynamic factors for the design and
development of high-performance CO, photoreduction
catalysts.

2.2. The structure and application of LDHs

Layered double hydroxides (LDHs), also known as hydrotalcite-
like compounds, are a group of 2D original existing and/or
artificially synthesized anionic clay materials.'**'°> These materi-
als were exposed in Sweden in about 1842, but it was not until

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The detailed structure of LDHs.

1915 that Manasse reported the precise formula of the natural
mineral hydrotalcite: [MgsAl,(OH);5]CO;3-4H,0."°*'% Then, in
order to more precisely represent the newly developed members
of the LDH family, [M;_>" M,*" (OH)y(A" )y "mH,O was
introduced.’®” Divalent metal ions (M>') generally included
Mg, Ni**, Zn**, Cu®, etc. and trivalent metal ions (M**) usually
included AI**, Fe*", Ga™, etc.”® The common monovalent (M) and
tetravalent (M**) metal ions were Li" and Ti*"; x denotes the mole
fraction of M>" in the metal ions in the range of 0.20-0.33.
Interestingly, the radii of the metal ions M** and M*" in LDHs
were similar and the formed cationic plates were balanced by
interlayer anions (A"") which could be both inorganic and organic
anions (e.g. C¢H4(CO0),>~, CO,> ", Cl~, NO, ™, SO,*") (Fig. 3)."%% "7

This material has been developed and used extensively since
its emergence as a material with a particularly versatile struc-
ture. Its diverse properties (such as rich reactive sites,'® large
specific surface area,'"*'*° basicity,*""'*"'*? variable interlayer
anions,®*?"'?3 structural memory capabilities,"*®*** and so
on) allow for a wide range of applications. For instance, He
et al. constructed a free-standing electrode FeNi-LDH/CoP/
carbon cloth (CC) with an open and hierarchical heterostruc-
ture for the oxygen evolution reaction (OER), and FeNi-LDH/
CoP/CC shows an extremely small Tafel slope of 33.5 mV dec ,
a large TOF of 0.131 s~ " at 7 = 254 mv, and a high stability over
~18.5 h without degradation.'” Then, Igbal et al. developed
an efficient and facile synthetic method for the preparation
of a multicomponent CDs/Ag@Mg-Al-Ce-LDH nanocatalyst by
using carbon dots (CDs) which can facilitate the electron
transfer and migration, as well as stabilize and improve the
dispersion of Ag NPs.'® The large specific surface area and the
layered structure composed of cations play an important role in
the adsorption of pollutants in water bodies.''*'**'*” And
LDHs can also be invoked in other manufacturing applications,
such as rubber material modifiers,'*® Eco-friendly coatings,”
photocatalysts,’*>**° and so on (Fig. 4). Herein, LDHs have
been intensively studied as emerging photocatalytic materials
for CO, reduction, driven by national carbon peaking and
carbon neutrality goals.

EES Catal,, 2023,1, 369-391 | 371
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Fig. 4 LDH characteristics and application demonstration.

2.3. Advantages of LDHs for photocatalytic CO, reduction

2.3.1. Superior CO, adsorption. The two-dimensional
layered structure of LDHs provides more active sites and a
large specific surface area, which means better adsorption of
CO, by LDHs during photocatalysis. In recent years, several
reports have been published regarding the use of calcined
LDHs as CO, sorbents in two different temperature ranges.

View Article Online
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For instance, in Ti;Li3Al,-LDHs calcined at different tempera-
tures, the plate structure of the LDHs is distorted to different
degrees (Fig. 5a-c)."*' Additionally, as the structure of LDHs
begins to distort, the specific surface area of CO, gradually
increases (Fig. 5f). This increase in surface area, paired with a
decrease in the semiconductor band gap of LDHs, promotes the
conversion of CO, to methane (Fig. 5d and e).

Then, a novel approach where a monolayer of terminal
amino groups of APS is grafted onto LDHs (APS/LDHs) for
CO, capture was explored by Tang et al.”® It was found that the
enlarged layer spacing pillared by dodecyl sulfonate is bene-
ficial to APS introduction. APS is tethered to the LDH laminates
through covalent interaction. The incorporated amino groups
contribute a lot to CO, capture on APS/LDHs both through the
zwitterion mechanism and weak bonding as confirmed by
DRIFTS results. The CO, adsorption capacity stabilizes at about
90 mg g ' during the five cycles of adsorption-desorption,
showing a great application potential in the temperature swing
adsorption processes.

2.3.2. Light adsorption and redox reaction. For most semi-
conductors, adjusting the bandgap structure typically involves
introducing defects or elemental doping, which can be a
complex engineering process due to their fixed crystal compo-
sition and structure. However, LDH materials offer a unique
advantage in that their bandgap structure can be easily
adjusted by utilizing tunable ions and morphological struc-
tures. This means that the bandgap width, which is closely tied
to light absorption and utilization, can be modified without the
need for extensive engineering. Similar work has been realized
on the photocatalytic CO, reduction by ternary LDHs. Kong and
co-workers'*! explored the change of light absorption capacity

(di'fg (e) :'z o 55 160
18] (1) TirLisAlz-180 6 o ; : -
0.16] (2) TirLisAI2-300 42 E o ® \ﬁ/‘? 2
5 (3) TitLisA-500 T S, 7] TiLisAlz-LDHs : A io{150 £
o 0144 (4) TirLisAL-700 2124 = 6 Iy ; ~
~ 0.124 = O 454 % i TitLisAl2-500 ©
8. 5 197 S g bof140 2
8 o] : ; 9
€ 0.10 2 S : : 9 ; 5
S 0.8 O 404 g | TiLisAl-300 ®
o 0.084 1S P : 1 TiLisAl2-3 3
2 006 = U9 S ' : 130 ©
2 7% £ 041 = TilLisAR-180 | § 35 AN : 5
© 0.04 o —o-TirlisA-300 | 5 : TirLisAlz-700 7
0.02 0.2 —A-TitlisA500 | @ 50 W P20 b
0.0- mallc.c i TirLisAlz-180 B @
0.00 T T T . T T T T o
350 400 450 500 550 0 50 100 150 200 250 O 25 110
O

Wavelength / nm

Fig. 5

Time / min

(a and b) The TEM images of Ti/Li/Al-LDHs under different calcination temperatures, (c) surface area and the CO, adsorption capacity of Ti/Li/Al-

LDHs calcined at different temperatures, (d) UV-Vis DRS spectra of TilLizAl,-LDHs calcined at different temperatures, and (e) photocatalytic CH, yields of
Ti/Li/Al-LDHs calcined at different temperatures, and (f) surface area and the CO, adsorption capacity of TilLizAl,-LDHs calcined at different
temperatures (Figures taken with permission from ref. 131 copyright 2023, Nature).
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Fig. 6 UV-Vis DRS spectra of (a) Ti/Li/Al-LDHs with different Ti: Li: Al molar ratios. Photocatalytic CH, yields of (b) Ti/Li/Al-LDHs with different Ti: Li: Al
molar ratios. Surface area and the adsorption capacity of CO, for (c) Ti/Li/Al-LDHs with different Ti: Li: Al molar ratios, (d) schematic of the apparatus for
CO, adsorption and photocatalytic CO, reduction (Figures taken with permission from ref. 131 copyright 2023, Nature).

of LDHs without changing the plate structure of LDHs by
changing the proportion of Ti:Li:Al elements in the TiLiAl-
LDH structure. UV-Vis DRS (Fig. 6a) analysis indicates that all
of those Ti/Li/AI-LDHs show outstanding optical absorption
under ultraviolet light and the bandgap gradually changes on
modifying the proportion of Ti:Li:Al elements. Then, along
with the increase of the Ti:Li:Al molar ratio, Ti;LizAl,-LDH
exhibited the best surface area and CO, adsorption capacity
(Fig. 6¢), and this phenomenon explains its highest photocata-
lytic activity under UV irradiation (Fig. 6b and d). This observa-
tion indicated that the adsorption capacity for CO, should
greatly determine the photocatalytic CO, reduction activities
of these obtained Ti/Li/Al-LLDH samples. And the increased
specific surface area affected by the different ratios of Ti: Li: Al
molar ratios is exposing more active sites.

In addition to the category of atoms have a great modulating
effect on the light absorption properties of LDHs, LDHs con-
taining different kinds of metal ions have been achieved. One
common approach is to identify precursors containing a certain
ion prior to synthesis, while another approach uses ion
exchange. Teng Wang employed the ion exchange method
cleverly to immerse NiCo-LDH into 3 mM Fe(NO;);-6H,0 aqu-
eous solution at room temperature. Product NiCoFe-LDH is
successfully synthesized, which provides a convenient idea for
the catalytic design of LDHs."** Thereby, a detailed band gap
structure of LDHs with different kinds of metal ions should be
provided, as shown in Fig. 7.>"'°***? Fortunately, most of the
LDH family can be excited in visible light and, from the
inverted band position, their reduction capacity meets the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 The band gap structure of common LDH species.

energy required for CO, conversion. The flexible synthesis
method, adjustable composition, and unique microstructure
allow for a wide range of tunability in the conductivity and
band gap structure of LDHs. Therefore, the application of LDHs
for photocatalytic CO, reduction is inevitable.

2.3.3. Separation and migration of photogenerated car-
riers. Based on the excellent semiconductor properties of LDHs,
it is easy to separate photogenerated carriers under illumina-
tion conditions. However, it is equally important for the sepa-
rated photogenerated carriers to migrate to the LDH surface
and contact with CO,. Unfortunately, the conductivity of LDHs
is often unsatisfactory and can negatively affect the photocata-
lytic performance. To address this issue, external interference

EES Catal., 2023, 1, 369-391 | 373
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Table 2 Variation of the particle size of Mg/Al-CO32~ LDHs with Mg/Al
molar ratios of 2

. Average size (um
Molar concentrations g (1)

of NaOH (M) PH 9 PH 10 PH 11
1 2.42 2.57 —

0.5 2.08 2.45 3.1
0.25 1.65 2.43 2.59
0.1 1.97 2.85 2.24

methods such as constructing heterojunctions or loading noble
metals can be employed. Size engineering to improve the
conductivity of LDHs has been a hot topic in recent years.
The common hydrothermal method is not satisfactory for the
size modification of LDHs. H S PANDA and his team probed the
factors affecting the particle size of LDHs and revealed that PH
is the main factor affecting the size of LDHs (Table 2)."** The
micron level size has a limited ability to modulate the electron
migration of LDHs. Then, Tokudome et al. took a unique
approach and a nano-LDH prepared at a high degree of super-
saturation has been found to exhibit a high photocatalytic
activity towards the reduction of CO, in water (Fig. 8)."*° The
rate of CO evolution (50 mmol h™") is 7 times higher than that
of the standard LDHs (7.2 mmol h™"), whilst the reaction
selectivity towards CO evolution is as high as 80% for the
nano-LDH catalyst. The synthesis of small-sized LDH materials
has been a challenging task. The most common approach to
alter their morphology is through layer exfoliation, which leads
to the transformation of blocky LDHs into ultrathin two-
dimensional sheets.”>"'>'?* The size effect of LDHs is known
to promote the rapid migration of electrons on its surface,
thereby overcoming the weak conductivity of LDHs. Therefore,
the synthesis of LDHs into ultra-small particles of 20 nm size
has a significant contribution to the electron migration of the
LDH itself, and the application and exploration of this method
in the field of photocatalytic reduction of CO, still needs
further investigation.

In summary, LDHs have a greater potential for development
in the field of photocatalysis. This is mainly because the
plasticity of their structure drives the favorable enhancement
of their photoelectric properties. The unique layered structure
provides superior conditions for the uniform distribution of
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reactive sites. Therefore, studies focusing on structural changes
for photocatalytic CO, reduction enhancement are pivotal to
the application status of LDHs in the field of photocatalysis.

3. Methods for enhancing LDH
photocatalytic CO, reduction

3.1. Surface modification

3.1.1. Defect engineering. An important structural feature
of the LDH materials is that the M*>" and M>* cations are
distributed in the laminate in a uniform manner, and the
diversity and tunability of the lamellar elements make them
have a wide range of tunable band gaps. Defect engineering can
fine-tune the structure of LDHs and impact their electronic
structure.”*® In recent years, defects introduced based on the
structural features of LDHs including oxygen vacancies, distor-
tions and doping elements have received extensive attention
and discussion. Xiong et al.’*” introduced oxygen vacancies to a
NiFe-LDH nanoarray using NaBH, at room temperature in
aqueous solution. The HRTEM images and electron diffractions
(EDs) of P- and R-NiFe-LDH confirm a slightly destroyed crystal
structure caused by the defective nature (Fig. 9a and b). Then,
first derivative X-band EPR spectra (Fig. 9c) were carried out to
confirm the defect structure of R-NiFe-LDH. While the EPR
signal of P-NiFe-LDH is relatively weak (due to the very limited
defects), a broad and strong signal of R-NiFe-LDH is detected,
demonstrating a defect-rich structure. Moreover, the signals of
R-NiFe-LDH at g = 1.99 could be identified as the electrons
trapped on oxygen vacancies, indicating that the defects in R-
NiFe-LDH are oxygen vacancies. Then, Zhang et al.’*® prepared
Mn-substituted ZnAl-LDH and found that Mn substitution can
effectively promote the surface O vacancy formation. As shown
in Fig. 9d, high-resolution TEM (HRTEM) further verifies the
high crystallinity. The clear lattice fringes with 0.26 nm corre-
spond to the (101) planes of the LDH structure. And HRTEM
reveals that the lattice fringes of MZA have local disorder and
dislocation, which indicates that there are a lot of atomic
defects on the sample surface. ESR spectra in Fig. 9e clearly
display an intense signal (g value of 1.98) on all samples. As this
signal features the O vacancy induced local magnetic field, the
conclusion is that all the samples exhibited O vacancies. The
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Fig. 8 Schematic illustration of the synthesis and photocatalytic application of the nano-hydroxide and TEM image showing the typical nanostructure of
the nano-LDH (Figures taken with permission from ref. 129 copyright 2023, Nature).
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lattice distortion and disorder-defects are caused by defects and
also contribute to the photoelectric properties of LDHs.

Fan et al. proposed an interlayer anion-mediated CO,
reduction reaction in LDHs coupled with 5-HMF oxidation. In
this subject paper, it was found that stirring the LDHs in
potassium hydroxide solution led to an increase in defect
density over time (Fig. 10a)."*® These defects were observed to
cause subtle changes in the structure of LDHs, which were
reflected in the shift of peaks (110) in the XRD pattern (Fig. 10b
and c). Also, EPR confirmed the presence of surface defects
(Fig. 10d). Defect engineering has a significant impact on the
photocatalytic activity of LDH materials due to the formation of

electron traps at the defect sites that are favorable for electron
aggregation. The vacancies created in the LDH layer can
effectively modulate the band gap structure of LDHs, thus
increasing their sensitivity to light. As a result of the UV-Vis
DRS test in Fig. 11a-d, the defective engineering of the LDHs
themselves to make them more suitable for photocatalytic
reduction of CO, is promising.

3.1.2. Single atom decoration. We have noticed that single-
atom catalysis has turned out to be a hot research topic as a
unique surface modification tool. The special feature is that
single atoms as reaction sites can be fully and uniformly
dispersed on the surface of the main catalyst. And single-
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before and after etching (Figures taken with permission from ref. 139 copyright 2023, RSC).

atom photocatalysts have excellent catalytic activity and selec-
tivity in a variety of applications, including sustainable energy
conversion, chemical synthesis, CO, reduction, environmental
remediation, and other areas, owing to their unique electronic
structure and high atom usage.*°"**? For instance, Zhang et al.
firstly employed single-atom Au supported on a NiFe-LDH (Au/
NiFe-LDH) catalyst as a model to evaluate the oxygen evolution
reaction (OER) activity and understand the activity origin at the
atomic level. To confirm the local structure of Au speciation, X-
ray absorption near-edge structure (XANES) measurements
were performed. The results suggest that Au/NiFe-LDH has a
different gold atomic local structural environment compared to
that of metallic Au. Moreover, the good accordance of the
experimental and simulated results of the Au L;-edge XANES
spectra indicate the presence of single-atom Au and an Au-O
bond distance of 1.88 A. All these results certify the successful
formation of Au/NiFe LDH. And the theoretically investigation
shows that Au could transfer electrons to LDH, changing the
charge distribution and thus further improving the catalytic
performance.'** Kohsuke Mori et al. realized an isolated single-
atomic Ru catalyst bound on a layered double hydroxide for
hydrogenation of CO, to formic acid. The authors verified that
the anchoring of a Ru precursor onto the surface of LDH in a
basic medium successfully generated an isolated single-atomic
Ru catalyst surrounded by OH ligands with strong basicity
through Ru K-edge FT-EXAFS spectra and the HAADF-STEM
image of Ru/LDH. The electronegativity was enhanced by the
special location of the hydroxyl groups, which have an ordered
arrangement on the LDH surface. Finally, the catalyst achieved
the constructive result that under low-pressure conditions, the

376 | EES Catal, 2023, 1, 369-391

Ru/LDH catalyst displayed significant catalytic activity for
selective CO, hydrogenation to produce formic acid due to
EMSI and CO, concentration effects.''® LDH materials are
recognized as materials with large specific surface area and
good compatibility with other materials. Thus, there is a
natural advantage of LDHs for the distribution of monoatomic
reactive sites. Unfortunately, there is no relevant report to apply
the idea of single-atom catalysis to the system of photocatalytic
CO, reduction by LDH-based photocatalysts.***4*

3.2. Element doping

3.2.1. Photoelectric performance. Doping elements into a
semiconductor lattice structure can lead to distortion, which in
turn promotes defect generation.'*>'*® Additionally, exchange
ions in LDHs can alter the band gap structure, making ele-
mental doping even more impactful on the photocatalytic CO,
reduction performance of LDHs. The majority of studies have
centered on synthesizing complexes based on LDHs to improve
the performance of photocatalytic CO, reduction and the
adsorption of CO, by LDH materials. Therefore, it is crucial
to conduct research on the mechanism of elemental doping to
understand its impact on the activity of photocatalytic CO,
reduction and the reaction of LDH materials. A series of Er’*
and Er*'/Yb*" doped NiAl-LDH photocatalysts have been suc-
cessfully fabricated by Xing Hu’s team through the solvother-
mal method. The LDH:1% Er and LDH:1% Er, Y% Yb show
strong emissions due to the upconversion effect of Er**/Yb>",
which can be utilized by LDH for the photocatalytic reduction
of CO,,"*" and the upconversion emission spectra of LDH,
LDH:1% Er, and LDH:1% Er, 2% Yb (Fig. 12a). Then, as the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) Upconversion emission spectra of LDH, LDH:1% Er, and LDH:1% Er,2% Yb, (b) schematic diagram of photocatalytic CO, reduction under the

irradiation of UV-Vis and NIR light, (c) UV-Vis DRS, (d) band-gap energies of the as-prepared samples, (e) XRD patterns of different contents of Er** doped
LDH, (f and g) HRTEM images of pure LDH, LDH:1% Er (Figures taken with permission from ref. 147 copyright 2023, Elsevier).

Er*" and Yb®" content increases, the absorption edges shift to
longer wavelengths, which is consistent with the trend of color
change and the light absorption capacity of the catalyst is
significantly enhanced (Fig. 12b-d). Eventually, the enhanced
photocatalytic performance for CO, reduction can be attributed
to the increased NIR light absorption through the upconversion
effect of the co-doped Er**/Yb*®" in the LDH, and the improved
photogenerated charge separation efficiency by the Er**/yb®*
acting as an electron trap. Furthermore, the XRD change curves
(Fig. 12e) and lattice spacing (011) (Fig. 12f and g) of the LDHs
show that the original lattice spacing becomes smaller, so from
the structural point of view, the doping can trigger the distor-
tion of the crystal structure of the LDHs, which is more
conducive to the formation of defects. LDHs have a natural
advantage in photocatalytic CO, reduction, and elemental
doping has a gaining effect on the photocatalytic activity of
LDHs. Therefore, the adoption of elemental doping to improve
the photocatalytic CO, reduction performance of LDH materi-
als deserves to be explored in detail.

© 2023 The Author(s). Published by the Royal Society of Chemistry

3.2.2. Density functional theory (DFT) analysis. The doping
of transition metals into MgAI-LDH to create surface defects
has been considered as an effective strategy to tailor the band
gap and promote electron transfer in CO, photoreduction.™*®
Nevertheless, a report about the comprehensive effect of doped
elements in the whole reaction process, especially in CO,
surface reduction, is still lacking. Herein, Xu et al. have
investigated the detailed mechanism of doped elements for
activity improvement in light absorption, charge transport and
surface reaction as revealed by experiments and density func-
tional theory (DFT) calculation."*® DFT calculation was per-
formed to study the electronic band structures based on Co and
Cr doped LDHs. Ten models of LDHs with or without surface
defects were considered for DFT calculation, namely MgAl-
LDH, MgAl-LDH with one OH vacancy (denoted as MgAl-LDH-
Vou), Co-MgAI-LDH, Co-MgAI-LDH with one OH vacancy
(Co-MgAI-LDH-Vpy), Co-MgAI-LDH with one adjacent OH
vacancy (Co-MgAl LDH-Vgy-A), Cr-MgAl-LDH, Cr-MgAl-LDH
with one OH vacancy (Cr-MgAl LDH-Vpy), and Cr-MgAl-LDH
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Fig. 13 Optimized structural models of (a) MgAl-LDH, (b) MgAl-LDH with one OH vacancy (MgAl-LDH-Voy), (c) Co-MgAl-LDH, (d) Co-MgAl-LDH with
one OH vacancy (Co-MgAl-LDH-Voy), (e) Co-MgAl-LDH with one adjacent OH vacancy (Co-MgAl-LDH-Vou-A), (f) Co-MgAl-LDH with two OH
vacancies (Co-MgAl-LDH-Vou-2), (g) Cr-MgAl-LDH, (h) Cr-MgAl-LDH with one OH vacancy (Cr-MgAl-LDH-Voy), (i) Cr-MgAl-LDH with one adjacent
OH vacancy (Cr-MgAl- LDH-Vou-A) and (j) Cr-MgAl-LDH with two OH vacancies (Cr-MgAl-LDH-Vou-2) (atoms in different colors: yellow-Mg, light
blue-Al, green-Co, blue-Cr, red-O, white-H), (k) Formation energy of the hydroxyl vacancy (Vop) of different defect sites on MgAl-LDH, Co-MgAl-LDH
and Cr-MgAl-LDH (Figures taken with permission from ref. 149 copyright 2023, Elsevier).

with one adjacent OH vacancy (Cr-MgAI-LDH-Voy-A). Their
optimized structural models are shown in Fig. 13a-i, respec-
tively. From the images of the models, the doping of Co and Cr
could nearly introduce distortions to the geometry of MgAl-
LDH. Then, the formation of a hydroxyl vacancy (Efoy) was
investigated for the above models with surface defects. As
shown in Fig. 13k, the Efoy values of Co-MgAI-LDH-Voy
(1.71 eV) and Cr-MgAl LDH-Vqy (2.24 eV) are lower than those
of Co-MgAl- LDH-Vou-A (2.77 €V) and Cr-MgAI-LDH-Vou-A
(3.05 €eV), which confirms that the hydroxyl vacancy near the
doped metal site is more favorable than that around the
adjacent one-Al-two-Mg region. Therefore, Co-MgAI-LDH-Voy
and Cr-MgAl LDH-Vyy formation are much easier.
Subsequently, CO, surface reaction is also analyzed by DFT
calculation based on Co and Cr-doped LDHs. The first step for
CO, reaction is the adsorption of a CO, molecule on the doped
metal sites. Around the hydroxyl vacancy of MgAI-LDH-Voy, it
may provide two active sites for the adsorption of CO, (the Al
and the Mg site). At the same time, Cr and Co are directly
selected as the potential active sites for the reaction. The
optimized structural models of CO, adsorption over four metal
sites (Fig. 14a-d) and the calculated CO, adsorption energies
are shown in Fig. 14e. From the images of the adsorption
models, the CO, molecule is obviously bent and the stable
structure is broken after adsorption. For MgAI-LDH-VOH, the
adsorption energy of CO, is about —2.59 eV on the Al site while
the adsorption energy of CO, is about —2.47 eV on the Mg site.
Therefore, CO, prefers to bond to the Al site on MgAI-LDH-Vy
and the Mg site will be discarded in the following calculation.
The adsorption energies of CO, on Co-MgAI-LDH-Vy and Cr-
MgAI-LDH-Voy are —2.83 €V and —2.70 eV. It is found that the
doped metal could enhance CO, adsorption and Co-MgAIl-LDH
exhibits the advantage of CO, adsorption compared with Cr-

378 | EES Catal, 2023,1, 369-391

MgAl LDH. In addition to this, a possible reaction mechanism
is suggested in the article (Fig. 14f):

CO, +*+H' +e” =*CO, (1)
*CO, + H" + e~ = *COOH (2)
*COOH + H'+ e = *CO + H,0 (3)
*CO = * + CO (4)

According to the largest free energy change of the electron-
involved reaction step, the CO, reduction activity trend is that
Co-MgAI-LDH-Vy; > Cr-MgAI-LDH-Voy; > MgAI-LDH-Vyy,. But
in the CO, surface reaction, Cr-MgAI-LDH is not optimal in CO,
adsorption and electrochemical reduction but its advantage lies
in the release of CO.

Doping engineering is effective in enhancing the perfor-
mance of LDHs in photocatalytic reduction of CO,, but doping
with metal ions becomes preferable due to the structure of
LDHs. For example, Khan et al. induced facile hydrothermal
methodology in the synthesis of La incorporated CoAl-LDH
nanoplates with different doping ratios, which exhibited pro-
motional performance with the optimum quantity of
C0,Aly osLag o5-LDH.** The influence is mainly ascribed to
the substitution of AI** with La*" and the synergistic effect
of heterogeneous Co>'/AlI**-La** with mixed valences. The
optimized doping of La resulted in remarkable photo-
catalytic activity, leading to enhanced production of CO
(25.5 pmol g, * h™') and CH, (21.80 pmol g., ' h™'). Com-
pared to pure LDH, more oxygen vacancies and enhanced
basicity caused by the addition of La greatly contribute to the
photocatalytic CO, reduction of Co,AlygsLagos-LDH. In
addition, similar work has been completed by Deyang Li."*°

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ey00080j

Open Access Article. Published on 28 April 2023. Downloaded on 11/11/2025 9:53:08 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

EES Catalysis

(b)

@

View Article Online

Review

e P e
L
C L Fhoo T ol Pl
e .‘\"‘(
NP o SN
L LNIL PN 7N

Adsorption energy for CO) (-eV)
n
'}

e
0
1

0.0

. S

Co.@vig COo@Al CO,@Co co,@Cr

Fig. 14 Optimized structural models of CO, adsorption over (a) Mg, (b) Al,
green-Co, blue-Cr, red-0O, white-H, black-C), (e) CO, adsorption energies o
intermediate from CO, to CO over three LDHs (Figures taken with permissi

The Cu-doped ZnAl-LDHs with a good layer structure are
prepared by the coprecipitation method. The doping of Cu>*
into the LDH sheets improves the visible light absorption
capacity of the ZnAl-LDHs.

3.3. Surface plasma resonance (SPR) effect

Noble metal nanoparticles can greatly promote the photocata-
lytic reaction, so it is a common method to support
noble metals to improve the photocatalytic activity of
photocatalysts.'"*** Interestingly, when the diameter of the
loaded noble metal nanoparticles is less than 2 nm, they exhibit
semiconductor properties, while the nanoparticles with a dia-
meter greater than 2 nm improve the photocatalytic activity
through SPR.*7°%'*37'°% Noble metal nanoparticles usually
affect photocatalytic activity directly or indirectly. The direct
enhancement means that noble metal nanoparticles react
directly with catalyzed substances or through contact with
active substances such as free radicals. The indirect way is that
the noble metal nanoparticles interact with the semiconductor,
then, the semiconductor reacts with the reactant.*'**°¢71%%
When the noble metal nanoparticles interact with the

© 2023 The Author(s). Published by the Royal Society of Chemistry

104 () = MgAILDH-V, . +CO
= Cr-MgAILDH-V,,
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*+CO,
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1

333 ¢V
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(c) Co and (d) Cr sites (Atoms in different colors: yellow-Mg, light blue-Al,
ver different metal sites, and (f) free energy diagram describing the COOH*
on from ref. 149 copyright 2023, Elsevier).

semiconductor, the catalytic mechanism is that light irradia-
tion on the photocatalyst causes the noble metal nanoparticles
to generate SPR."°'®! Electrons generated by heat on the metal
surface cross the Schottky barrier between the metal nano-
particles and the semiconductor.'®*%* Subsequently, electrons
are injected into the CB of the semiconductor, thus increasing
the density of photogenerated carriers in the semiconductor
and prolonging the residence time of photogenerated carriers
on the semiconductor surface, thus promoting the catalysis.
Therefore, the conditions of the SPR effect should be followed:
I. The wavelength of incident light is close to or less than the
radius of the nanoparticles. II. The nanoparticles have the lens
effect. III. The photon density on the surface of the precious
metal is higher than that on the semiconductor side.'®>"®®
When the noble metal nanoclusters recombine with semicon-
ductors, e~ and h* are usually produced under illumination,
and e~ will transfer to the semiconductors or react with the
solvents to produce singlet oxygen. This unique photocatalytic
gain effect of noble metal nanoparticles can not only act on
other semiconductors, but also improve the photocatalytic
performance of LDHs. Moreover, LDHs acting as a functional

EES Catal., 2023, 1, 369-391 | 379


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ey00080j

Open Access Article. Published on 28 April 2023. Downloaded on 11/11/2025 9:53:08 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Review EES Catalysis
J®) 7 Eool— L
d=5.7 =8001 (¢)— i
325 5700 i \ ? lso =
< S 600 2 o
o 20 iZ co (]
g 35004 f 4 cH, 60 &
£ 15 £ 400+ 2
310 £ 3001 [ 2
° [*]
R g 52001 ” L20 3
100+ »
A I /|
— — woo ety T 0
Z_ 4 6 8 10 AOR (OB @D) L 0% (oW
Particle size (nm) v ,\g%:@\)— 0“}\9@3 [Co
MU B B B i e UL L L B B RS =
10 RO ‘
Y
C 3
5
= =
2 051 g2
2 E
§ -1.04 E}
w 1
-1.54 —
____—
> 411
-2.0 +CO Co - - - (= = ! T
2 2 COOH co +CO 200/ 300 /400 500 600 700 200 300 400 500 600 700 800
+2(H"+e) +2(H'+e) +(H'+e) *+HO +HO @ ® Wave length (nm)
“‘W 5 .. R S = vaceum (eV) SHE (V)
(2 1 (h) =
- (1_ _3
c
2l e T N
surface q-2
“gl= | plasmon e
e € |resonance: e 1
surface |~ 3.02ev |7
#t | plasmon €O, +BH" + 6™ — CHgOH + H,0 -0.32 V
A resonance: E CO, + 2H" + 2¢” — CO + H,0 -0.11V
; -51 |22V gg Ag BG
N Ep excitation:  WF: excitation: { 1
20 nm 5| Au 566V 452-474 |56V
X z WF: eV 2
531-547
-7 eV
e ¢ R : AR -8 e B 8
Fig. 15 (aand b) HRTEM image of Ag@U-LDH, lattice photograph, and size of Ag nanoparticles, (c) catalytic evaluation of CO, photoreduction under the

irradiation of AM 1.5G filter, 100 mW cm™2 on the series of catalysts; Ag* U-LDH is Ag@U-LDH that is sonicated in water for a certain time, (d) free energy
diagrams of CO, reduction to CO on U-LDH and Ag@U-LDH (Figures taken with permission from ref. 75 copyright 2023, ACS). (e) UV-Vis DRS spectrum
for as-synthesized samples of (a) ZnzGa|COs, (b) Ag/ZnsGa|COs-1E 353-15, (c) Ag/ZnzGa|COs-1E 373-15, (d) Ag/ZnszGalCOs-IE 373-180, (e) Ag/
ZnsGa|COs-reconst, (f) Au/ZnzGa|COs-IE, and (g) Au/ZnsGalCOs-reconst, and (f) samples that have been photocatalytically tested for 5 h of (c) Ag/
ZnsGa|COs3-1E 373-15, (e) Ag/ZnsGalCOs-reconst, (f) Au/ZnsGalCOs-IE, and (g) Au/ZnzGa|COs-reconst, (g) HRTEM image of Au/ZnzGa|COs-reconst, (h)

the energy diagram and electron flow in (right) Ag/ZnsGa|COs3-IE 373-15 and
taken with permission from ref. 167 and 168 copyright 2023, Elsevier).

carrier has an unexpected effect on the distribution of such
small-sized particles, and it is surprising to prevent the agglom-
eration of noble metal nanoparticles and cause the uniform
distribution of reactive sites."®

Zhang and his co-workers reported that Ag@U-LDH acts as a
highly efficient photocatalytic CO, reduction catalyst.'®” The Ag
loaded on the U-LDH surface was identified by HRTEM
(Fig. 15a). The supported Ag nanoparticles disperse on U-LDH
nanosheets with uniform size. The lattice fringe spacing of Ag is
0.236 nm corresponding to the (111) plane. The size distribution
diagram indicates an average Ag nanoparticle size of 5.7 nm with a
narrow distribution (Fig. 15b). Therefore, Ag nanoparticles are
successfully loaded on the LDH surface and Ag@U-LDH delivers
a higher CO evolution rate of 757 pmol g~* h™' than U-LDH
(105 pumol g * h™") and a high CO selectivity of 94.5% (Fig. 15c).
The enhancement mainly stems from the fact that Ag on the

380 | EES Catal, 2023,1, 369-391

(left) Au/Zn3zGalCOs-reconst during photocatalytic CO, reduction (Figures

surface of LDHs induces a lower formation energy for the *COOH
intermediate (Fig. 15d). The conclusion that SPR of precious metals
plays a key role in consuming the formation of reactive intermedi-
ates on the surface of LDHs is effectively argued. In the study of
Shogo Kawamura, the UV absorption characteristics of the LDH
photocatalyst with the SPR effect and photocatalytic CO, reduction
mechanism of the LDH-based photocatalyst loaded with noble
metal nanoparticles were investigated and it was found that the
SPR effect induces a red-shift in the absorption band when the
semiconductor is illuminated, and the light utilization efficiency
increases (Fig. 15e and f).'®® An efficient photocatalyst for the
conversion of CO, into fuel was prepared on the basis of the self-
assembly of Ag or Au nanoparticles with [Zn;Ga(OH)s],COs-mH,0
layered double hydroxide (Zn;Ga|CO; LDH). The TEM of Au/
Zn;Ga|COs-reconst makes it clear that metal nanoparticles uni-
formly disperse on the surface of the LDHs (Fig. 15g). The UV-Vis

© 2023 The Author(s). Published by the Royal Society of Chemistry
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DRS absorption characteristic peaks of the as-prepared photocata-
lyst are distributed at 411 and 555 nm attributable to Ag and Au
nanoparticles, respectively. And the photocatalytic mechanism with
the involvement of SPR is shown in Fig. 15h; the electrons created
by SPR of Au are not able to cause photocatalytic CO, reduction,
whereas E, electrons in the LDHs excited by UV light are trapped in
Au and then transferred to CO,-derived species. Due to the higher
potential of excited state electrons on Au than on the CB of
Zn;Ga|CO;, the oxidation is more favorable for CO formation
under UV light.

3.4. Heterojunction

Modification of the internal structure of LDHs has indeed led
to significant progress in photocatalytic CO, reduction; how-
ever, a lower concentration of photogenerated carriers and fast
photogenerated carrier recombination are still a great chal-
lenge. Therefore, to overcome the common drawback above,
researchers have proposed the form of two semiconductors
connected, namely a heterojunction. In addition, according to
the electron migration paths and structures, heterojunctions
have been classified into type-II, all-solid-state indirect hetero-
junctions and all-solid-state direct heterojunctions.'®*”® Prac-
tically, for the photocatalysis of CO,, heterojunctions can also
be considered as excellent candidates due to the enhancement
toward optical properties.'?*'717173

3.4.1. Type-II heterojunctions. The electron migration is
significant for the study of the photocatalytic properties of LDH
materials.>>"'%* In particular, band structure can be calculated
through UV-Vis DRS and Mott-Schottky plot measurement.
Type-II heterojunctions act as the typical one based on two
semiconductors with different bandgap structures built up. A
number of researchers have reported the importance of
bandgap in LDH-based type-II photocatalysts. For example,

View Article Online
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Miao et al.”* synthesized a novel ball-flower In,S;/NiAl-LDH
heterojunction photocatalyst via a simple one-step hydrother-
mal approach for the first time and applied it for CO, photo-
catalytic reduction. The utilization of light is determined by the
absorption band and the absorption intensity of the photoca-
talyst. So, the optical properties of In,S;, LDH and In,S;/LDH
composites are determined by the diffuse reflectance UV-Vis
DRS. As shown in Fig. 16a, a slight red shift in the absorption
edge is observed in In,S;/LDH composites compared with LDH,
and with the increase of the In,S; content, the absorption edge
shifts towards the longer wavelength region. Then, the band
gap energies of In,S;, LDH, and 30% In,S;/LDH are calculated
from DRS spectra by the Kubelka-Munk formula and Tauc
plots, which are 2.0, 2.14, and 2.6 eV, respectively (Fig. 16b). In
addition, the VB and CB values of In,S; and LDH are deter-
mined by the Mott-Schottky method. The flat-band potentials
of LDH and In,S; can be obtained by extrapolating to C~> =0 at
the frequencies of 500 Hz and 1000 Hz. As shown in Fig. 16¢
and d, the CB potentials of pure LDH and In,S; are calculated
to be —0.56 eV and —0.66 eV, respectively. Whereas, a suitable
bandgap structure provides the possibilities for photogener-
ated carrier migration. However, intimate touch between the
semiconductors is a requirement for electron migration
between semiconductors.

In addition to the common SEM and TEM, XPS can also
reflect the interactions between semiconductors. Zhang et al
reported a 3D dahlia-like NiAl-LDH/CdS type-II heterosystem
coordinating with a 2D/2D interface, and in situ growth of CdS
on the surface of the floral spheres of LDHs by a two-step
hydrothermal method (Fig. 17a).">* XPS spectrum is a suitable
implement to be used to verify the elemental composition
(Ni, Al, Co, S, C and O) of the photocatalyst and the intimate
contact between the two semiconductors (Fig. 17b). In view of
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Fig. 16 UV-Vis DRS for pure In,Ss, pure LDH and In,S3z/LDH composites (a) and (ehv)y/» versus energy (hv) for the band gap energies of pure In,Ss and
pure LDH (b), Mott—Schottky plots measured for pristine LDH (c) and In,Ss and (d and e) CO, photoreduction mechanism on the In,Ss/LDH composites

(Figures taken with permission from ref. 74 copyright 2023, ACS).
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2p, (d) Al 2p, (e) S 2p, (f) Cd 3d and core-level XPS spectra (Figures taken with permission from ref. 124 copyright 2023, Elsevier).

the high-resolution spectrum results (Fig. 17c-f), the main
characteristic peaks of both Ni and Al are red-shifted (reduced
binding energy) and those of Cd and S are blue-shifted
(increased binding energy), which indicates the interaction
between NiAl-LDH and CdS. Moreover, according to the varia-
tion of the binding energy for NiAl-LDH and CdS after the
integration, the electron migration from NiAl-LDH to CdS can
be proposed. The observed change in binding energy implies a
possible path of migration for photogenerated carriers, which
aligns with the characteristics of a type-II heterojunction. And
the 3D hierarchical NiAl-LDH/CdS heterosystem presents 12.45
pumol g¢~* h™* of CO production (3.3 and 1.6 folds of pristine
NiAl-LDH and CdS) with 96% selectivity and superior stability.

The photoelectric properties of two-dimensional lamellar
LDHs are exceptional and can be further improved by creating
type-II heterojunction photocatalysts with other semiconduc-
tors. Additionally, the heterojunction-reinforced structure is
more advantageous for the photocorrosion resistance of LDH-
based composite photocatalysts (Fig. 18a)."”* The TiO,/NiAl-
LDH core-shell hybrid was obtained via a synthesis route
involving hydrothermal and calcination treatments but not

382 | EES Catal, 2023, 1, 369-391

involving environmentally toxic solvents or surfactants. As
shown in Fig. 18b, the result of the steady-state PL spectra
means that TiO,/NiAl-LDH is exposed to light, and it experi-
ences a decrease in the fluorescence effect of photogenerated
carriers and a significant improvement in the utilization effi-
ciency of photogenerated carriers. At the same time, the impe-
dance of the composite photocatalyst is reduced (Fig. 18d),
which is more favorable for the overall transport of the large
number of photogenerated carriers generated during illumina-
tion (Fig. 18c). This target TiO,/LDH core-shell hybrid exhibits
the highest CH, evolution among the tested samples, with
a total yield of 5.14 pmol over 5 h, equating to a rate of
20.56 pmol g ' h™', representing remarkable 25.7- and
5.0-fold improvements in CH, production compared with those
of reference TiO, NPs and TiO, HSs, respectively. Therefore,
from the above examples it can be shown that LHD semicon-
ductors can form close contacts with other semiconductors to
improve the LDH photoelectrochemical properties and photo-
catalytic activity.

3.4.2. All-solid-state indirect heterojunction. Z-Scheme
heterojunction is the charge transfer method used in the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 18

(a) Recycling tests of CH4 and CO evolution over the TiO,/LDH core-shell hybrid, (b) steady-state PL spectra, (c) photocurrent responses, and (d)

EIS profiles of the TiO, NPs, TiO, HSs, TiO, NPs/LDH, and TiO,/LDH core-shell hybrid sample (Figures taken with permission from ref. 174 copyright

2023, RSC).

photoreaction phase of photosynthesis in plants in nature. In
order to simulate natural photosynthesis and improve the
redox ability of the photocatalysts, Bard proposed the conven-
tional Z-Scheme heterojunction photocatalyst structure in
1979, which is called Z-Scheme because the electron transfer
process forms the shape of the letter Z in the diagram.>*'”> The
commonly used photocatalytic Z-Scheme heterojunction can be
divided into all-solid-state direct heterojunctions and all-solid-
state indirect heterojunctions whose difference lies in the
presence or absence of intermediates. In addition, the strate-
gies of Z-Scheme have long been widely applied in improving
the photocatalytic CO, reduction activity.'”®™7®

For all-solid-state indirect heterojunctions, excellent con-
ductivity mediators present between the host semiconductor
and the guest one, include Ag NPs, Au NPs, Pt NPs and
graphite.””'”>"®  Compared to liquid-phase media, this
approach solves the low dispersion rate of ions that restricts
the charge carrier stimulation; however, it causes a shielding
effect. Despite such drawbacks, its application for optimizing
LDH-based photocatalysts is still effective. It can also show
unique advantages over type-II heterojunctions, such as out-
standing redox ability. In addition, Z-Scheme heterojunctions
show a similar effect to the type-II heterojunctions, including
improving the photoelectric properties and catalytic activity of
LDH-based photocatalysts. In order to more clearly understand
the superiority of Z-Scheme heterojunctions in the field of LDH-
based photocatalytic CO, reduction and clearly distinguish
between Z-Scheme heterojunctions and type-II heterojunctions,

© 2023 The Author(s). Published by the Royal Society of Chemistry

a novel Z-Scheme mechanism photocatalyst of Ag-modified o-
Fe,O; spherical particles interspersed on hierarchical flower-
like NiAl-LDH microspheres (o-Fe,0;/Ag/NiAl-LDH, designated
as FALDH) was successfully prepared by a combined in situ
hydrothermal and grafting strategy.'®® Ascribed to the strong
interaction between the NiAl-LDH microspheres and the highly-
dispersed Ag/o-Fe,O; particles, boosted CO, adsorption capa-
city and optimized bandgap from o-Fe,O;, and increased
utilization efficiency of light from Ag, the optimal sample of
FALDH-5/10 exhibits significantly enhanced photocatalytic
activity for CO, reduction to CO under simulated sunlight
without any sacrificial reagents and photosensitizers. Photo-
current and EIS measurements were carried out to explain the
photoelectric superiority of FALDH-5/10, as shown in Fig. 19a and
b. And in terms of fluorescence lifetime (Fig. 19¢), the heterojunc-
tion improves the residence time of photogenerated carriers on
the semiconductor surface, thus enhancing the utilization effi-
ciency of photogenerated carriers. For all-solid-state indirect
heterojunctions, there is evidence that the structure of semicon-
ductor (I)}-mediator-semiconductor (II) plays a crucial role in this
system. Chaorong Chen'®" prepared a novel Z-scheme AgBr@Ag/
CoAI-LDH photocatalyst, and the Ag NPs are precisely controlled
between the two semiconductors, as shown in Fig. 20a and b.
Then, one of the main obstacles is that the shielding effect always
exists in the Z-Scheme, which is mainly caused by the form of
semiconductor (I)-mediator-semiconductor (II).

Then, the significant difference for the migration route of
photogenerated carriers that exists in Z-Scheme heterojunctions

EES Catal., 2023,1, 369-391 | 383
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with permission from ref. 180 copyright 2023, Elsevier).

Fig. 20 (a) TEM and (b) HR-TEM of 10% AgBr@Ag/LDH (Figures taken with
permission from ref. 181 copyright 2023, Elsevier).

and type-II heterojunctions can be reflected in the ESR spectrum.
For example, an enhanced Z-Scheme g-C;N,/Ag;VO,/rGO hetero-
junction photocatalyst was successfully prepared by Gao et al.'®
for photocatalytic CO, reduction and a type-II g-C;N, (CN) foam/
LDH heterojunction monolith (NCF) was fabricated through
growing NiFe-LDH in situ on a porous CN foam substrate by
Zhu et al.™" 1t is obvious from the ESR (Fig. 21a-d) comparison
that the Z-Scheme heterojunction releases the full reduction and
oxidation capacity of the semiconductor, which is clearly superior
to the type-II heterojunction.

3.4.3. All-solid-state direct heterojunction. Compared with
indirect heterojunctions connected with intermediate media-
tors, the omission of the intermediate makes the structure
more concise. Two semiconductors linked under the effect of
the built-in electric field not only reduce the shielding effect but
also improve the economic effect of the photocatalyst. The

384 | EES Catal., 2023, 1, 369-391
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built-in electric field can be calculated through DFT. Han
et al”" firstly reported a LDH-based Z-scheme heterojunction
photocatalyst (Niln-LDH/In,S;) with n-type NiIn-LDH and p-
type In,S;. The work function (@) is calculated to illustrate the
electron transfer direction in the Niln-LDH/In,S; heterojunc-
tion. Fig. 22a and b show that the @ of NiIn-LDH and In,S; are
3.19 and 5.08 eV, thereby the Fermi level (Eg) of NiIn-LDH and
In,S; is calculated to be —1.71 and —0.93 eV, respectively.
When contacted with each other, the free electrons will flow
from NiIn-LDH to In,S; at the interfaces until an equal Fermi
level is obtained. Then, density of states (DOS) is calculated to
reveal the active site for CO, photoreduction. The Ni 3d, O 2p,
and S 2p participated in electronic hybridization of CB, while
the VB mainly consisted of Ni 3d and In 5p orbitals (Fig. 22c). A
suitable bandgap structure is essential for the heterojunction.
In addition, a similar bandgap structure to an all-solid-state
indirect heterojunction is presented in the all-solid-state direct
heterojunction.

Sun et al. synthesized a novel CsPbBr;/NiFe-LDH (CPB/LDH)
direct Z-Scheme heterojunction photocatalyst using an easy
impregnation, then applied it for artificial photocatalytic CO,
reduction.""" A suitable band gap structure is necessary for
semiconductors to form a direct Z-Scheme heterojunction. UV-
Vis DRS spectra of NiFe-LDH and CPB/LDH-x (x = 1-3), VB-XPS
spectra and Tauc plots of CPB and NiFe-LDH show the band
gap structures of the semiconductors (Fig. 23a-d). NiFe-LDH as
a semiconductor with strong oxidizing properties becomes the
oxidizing part of the catalyst, while PBC is mainly responsible
for the reduction of CO,. And from the experimental results, it

© 2023 The Author(s). Published by the Royal Society of Chemistry
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can be seen that the formation of NiFe-LDH-based heterojunc-
tions improved the adsorption capacity of CO,, and the level of
photocatalytic reduction of CO, was substantially increased
(product yield rate of pristine NiFe-LDH (7.4 pmol g * h™") is
comparatively lower than that of the CPB/NiFe-LDH-x (x = 1-3)
catalysts). Moreover, the electron consumption rate of CPB/
NiFe-LDH-2 (39.58 umol g~ h™") is about 2-fold higher than
that of pristine NiFe-LDH and CPB, which is counted by
Relectrons = 2R(CO) + 8R(CH,) (Fig. 23f and g). This indicated
that by adjusting the content of CPB/NiFe-LDH, the photogen-
erated carriers in the Z-Scheme can be increased efficiently,
which casts controllable Z-Scheme photocatalytic reduction
performance. The advantages of the all-solid-state direct het-
erojunction applied in LDH-based photocatalysts are also

© 2023 The Author(s). Published by the Royal Society of Chemistry

obvious: the elimination of the interposer is replaced by a tight
coupling between the two semiconductors, which greatly short-
ens the migration path of the photogenerated carriers and
eliminates the cost of the interposer compared to the indirect
Z-Scheme heterojunction. Combining the advantages of type-II
heterojunctions and indirect Z-Scheme heterojunctions with
reduced cost may make it easier to be applied in the field of
CO, reduction by LDH photocatalysis.

In short, LDH-based catalysts have a bright future for
photocatalytic CO, reduction applications, and the tunability
of their crystal structure allows for better coupling with other
semiconductors, resulting in tight junctions. The large specific
surface area not only provides sufficient loading sites for the
distribution of active sites, but also provides naturally

EES Catal., 2023,1, 369-391 | 385
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Fig. 23 (a) UV-Vis DRS spectra of NiFe-LDH and CPB/LDH-x (x = 1-3), (b and ¢) VB-XPS spectra and Tauc-plots of CPB and NiFe-LDH, (d) energy band

alignments of CPB and NiFe-LDH, (e) the product yield rates of the photocatalysts, (f) the electron consumption of pristine NiFe-LDH, CPB and CPB/
NiFe-LDH-x (x = 1-3) (Figures taken with permission from ref. 111 copyright 2023, RSC).

advantageous conditions for CO, adsorption. Although their
photoelectric properties are weak and their electrical conduc-
tivity is not strong, they are well improved by heterojunctions,

Table 3 Summary of the LDH-based photocatalysts for photocatalytic CO, reduction

noble metal loading, and surface engineering. Therefore, the
application of LDH materials in photocatalysis is worthy of
deeper exploration and development.

Performance
Photocatalysts Light source Type Reducing agent Products (umolg 'h™') Ref
ZnO UV-Vis DRS — H,O CcoO 0.7 183
Zn,Al,-LDH UV-Vis DRS — H,O co 7.6 183
Zn,Al,-LDH UV-Vis DRS — H,O co 6.5 183
Zn,Al;-LDH UV-Vis DRS — H,0 Cco 0 183
Mg;Al;-LDH UV-Vis DRS — Acetonitrile CO/CH,4 202.2/120.7 184
NizAl;-LDH 250 W Xe-lamp — H,0 CO 1.63 185
LDH:1% Er, 3% Yb Visible Elements doping H,0 Co 13.20 147
NiCo,04 HCs Visible Calcination 2,2-Bipyridine & acetonitrile = CO 10.5 186
MgCo0,0, Visible Calcination 2,2-Bipyridine & acetonitrile = CO 6.3 186
Ag/NiAl-LDH 250 W Xe-lamp Noble metal H,0 Cco 2.25 185
Pt/ZnCr-LDH uv Noble metal H,O0 CcO 7.8 187
Au/ZnCr-LDH uv Noble metal H,0 CcO 3.3 187
Pd/ZnCr-LDH uv Noble metal H,0 cO 4.6 187
g-C3N,/NiAl-LDH 300 W Xe-lamp Type-II Nafion solution Cco 8.2 130
NiAl-LDH/CdS 300 W Xe-lamp Type-II H,O cOo 12.45 124
a-Fe,03/Ag/NiAl-LDH 250 W Xe-lamp Z-Scheme H,O0 cO 12.7 180
CoZnAl-LDH/RGO/gC3;N, 300 W Xe-lamp Z-Scheme H,0 CcO 10.11 122
CuO/CoAl-LDH 250 W high-pressure Hg-lamp  Z-Scheme Isopropanol Cco 283.26 188
g-C3N,/CoNiFe-LDH 300 W Xe-lamp Z-Scheme H,0 Cco 42 116
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We also compared these improved solutions for increasing
the catalytic activity of LDHs, as shown in Table 3. Pure metal
oxides can be used as semiconductor photocatalysts, however
the performance in terms of activity in photocatalytic CO,
reduction is mediocre compared to LDHs containing this
metal. And among those methods, heterojunctions for the
enhancement of photocatalytic activity are stronger than
others. The density and utilization efficiency of photogenerated
carriers may play a more important role in the photocatalytic
process. Therefore, it is even more important to increase the
lifetime of photogenerated carriers in catalysts. In our mind, to
achieve the best catalytic effect, the development of modified
LDH derivatives as heterojunction photocatalysts would be a
wise choice and a favorable direction.

4. Conclusion and outlook

This review comprehensively summarizes recent advances
in LDH-based photocatalysts and their application towards
photocatalytic CO, reduction, and also highlights several
main research strategies and potential future directions as
shown below.

One of the most important strategies is using LDHs as a
precursor to prepare mixed metal oxides or LDOs. The 2D
characteristics of the LDHs have an intrinsic high density and
uniform distribution of cations within their structures, which
reveals a decisive advantage for designing a photocatalyst with
a high density of active sites for photocatalytic CO, reduction.
The use of bimetallic or trimetallic layered hydroxides also has
the advantage that the number of active sites can be adjusted by
changing the ratio of cations and the type of cationic reaction
sites can also have an obvious effect on the photocatalytic
reduction of CO,.

Another important direction focuses on the design of LDH-
based nanohybrids. Here, the motivation is to enhance the
intrinsically short lifetimes of the LDH charge carriers and
promote their extraction. Examples of type-II and Z-Scheme
heterojunctions have been reported. Notably, many recent
works indicate a dramatic effect of the synthesis method
and preparation conditions on the type and morphology of
the LDH-based nanohybrids. These affect the structural degree
of the materials and, in turn, the electronic interactions
between the composite components, thus resulting in synergis-
tic effects.

Other works highlight the role of surface-loaded plasmonic
materials in enhancing the catalytic activity of the LDH-based
nanohybrids. Noble metal nanoparticles usually affect photo-
catalytic activity directly or indirectly. Although both the direct
path (that means noble metal nanoparticles react directly with
catalyzed substances or through contact with active substances)
and the indirect route (that the noble metal nanoparticles
interact with the semiconductor, then, the semiconductor
reacts with the reactant) all can promote the performance of
photocatalytic CO, reduction, the mechanism still needs to be
determined in detail.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Promoting charge carrier separation is also an important
function for LDHs that is favorable for the second composite
component to increase light absorption and generation of
charge carriers. Here, the formation of intimate interfacial
contacts in 2D/2D nanocomposites and heterojunctions often
yields enhanced charge separation efficiencies. Based on PL,
EIS and photocurrent studies, these works further highlight the
role and beneficial effect of such a heterojunction. In addition,
some of the works also focused on using LDHs as cocatalysts
and active catalytic sites and their role in enhancing perfor-
mance and charge separation efficiency. Due to their composi-
tional and structural characteristics, LDHs can be considered a
tunable catalytic platform to address kinetically more complex
reactions such as CO, reduction. However, some important
challenges and insights need to be further discussed and
understood, as addressed in the following section:

(i) LDH-derived catalysts and their composite catalysts have
shown great potential in the field of photocatalytic CO,
reduction. However, further studies need to unravel the charge
transfer directions of the electrons and holes after charge
separation. There are still only a few works that have provided
detailed insights into the overall mechanism of photocatalytic
CO, reduction.

(ii) The synthesis of pristine LDHs and highly crystalline
LDH-based materials has always been difficult. The common
methods for preparing these materials are co-precipitation,
in situ growth, self-assembly, and hydrothermal and solvother-
mal methods, which unfortunately have difficulties in control-
ling the size distribution and layer thickness of the resulting
LDH flakes. Achieving highly active and efficient photocatalytic
effects requires an effort to reduce the crystal size and weaken
the thickness of the flakes. The exfoliation method has
attracted much attention because of its ability to obtain LDHs
with ultra-thin and separated layers, high surface area, and
extended light-harvesting capability. However, only a few stu-
dies have reported their use for photocatalytic CO, reduction
processes. Future developments on LDH stripping could open
new perspectives for other photocatalytic reactions.

(iii) Although there have been significant developments in
the catalytic mechanism, synthesis, design and characterisa-
tion of photocatalysts developed on the platform of LDHs, there
is still a long way to go before they can move from the
laboratory to the practical production and commercial level.

In the future, LDHs, an emerging material for photocatalytic
CO, reduction, will bring a unique opportunity and a great
challenge. This review provides meaningful guidance for the
rational design and development of LDH-based photocatalysts
with high activity, high stability, environmental friendliness
and low cost. There is no doubt that there will be a place for
LDH-based photocatalysts in the emerging field of photocata-
Iytic reduction of CO,.
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