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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-
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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
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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

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


https://orcid.org/0000-0001-6107-6672
https://orcid.org/0000-0003-1299-8106
http://crossmark.crossref.org/dialog/?doi=10.1039/d3ey00080j&domain=pdf&date_stamp=2023-05-12
https://rsc.li/eescatalysis
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ey00080j
https://pubs.rsc.org/en/journals/journal/EY
https://pubs.rsc.org/en/journals/journal/EY?issueid=EY001004

Open Access Article. Published on 28 dubna 2023. Downloaded on 02.12.2025 7:47:49.

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

(cc)

Review

(~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

View Article Online

Review

~ | Interlayered
H,0+COs*

M, AP

{
layered structure O

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
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(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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(a) Scheme of progressive etching of ZnNiFe-LDHs with alkali etching for different periods of time, (b and c) XRD patterns, and (d) EPR spectra
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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
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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.
