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Abstract: Layered double hydroxides (LDHs) have emerged as promising catalysts for various acid-base
catalytic reactions. Due to their unique structure and regulatable dual acid-base properties, they offer more
environmentally friendly and sustainable alternatives to traditional liquid acid and base catalysts. This study
introduces the structural composition, preparation methods, and acid-base catalytic properties of LDHs-based
catalysts. Recent application progress of LDHs and rehydrated LDHs, LDHs-based metal nanocatalysts, and
LDHs-based mixed metal oxide catalysts used as solid acid-base catalysts in acid-base green catalytic
conversion is reviewed. The challenges and prospects of LDHs-based catalysts as green and sustainable
catalysts are summarized and proposed.
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1. Introduction

Catalytic chemical processes are essential to many industries, from pharmaceuticals and
materials to energy production. However, the environmental impact and sustainability challenges
associated with these processes have become increasingly apparent. Conventional liquid acids and
bases, commonly used as catalysts, raise concerns because they are toxic, generate hazardous waste,
and consume large amounts of energy. Thus, the demand for sustainable and environmentally
friendly chemical processes has propelled the exploration of effective and green alternatives to
conventional liquid acids and bases in catalytic transformation[1—4]. To tackle these challenges, there
has been a significant amount of focus on the green catalytic transformation process. Green catalysis
aims to develop clean and sustainable chemical processes that replace or minimize the use of
hazardous liquid acids and bases with more eco-friendly alternatives. These alternatives ought to
have comparable or superior catalytic performance while reducing their adverse impact on the
environment. Green acid-base catalytic transformation is crucial in promoting chemical processes
that are sustainable and environmentally friendly. Green acid-base catalytic transformation
significantly enables the chemical industry to become more sustainable by focusing on sustainability,
minimizing environmental impact, enhancing energy efficiency, and utilizing renewable resources.
Green acid-base catalytic transformation offers a more sustainable, efficient process that addresses
environmental concerns[5-8].

As heterogeneous catalysts, solid acid-base catalysts offer a promising solution for eco-friendly
industrial catalysis. Compared to liquid catalysts, solid acid-base catalysts offer stronger stability,
easy separation from reaction mixtures, and recyclability. Solid acid-base catalysts, unlike
conventional homogeneous ones, provide localized acidic and base sites for catalytic reactions that
enhance reaction rates and selectivity, making them essential for eco-friendly processes. In addition,
using solid acid-base catalysts promotes sustainable and efficient chemical catalytic transformations,
leading to a greener chemical industry[9,10]. Among various solid acid-base catalysts, layered double
hydroxides (LDHs) have distinctive properties, adjustable acid-base properties, and elevated thermal
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stability, making them promising for solid acid-base catalysis. LDHs have a unique structure
consisting of positively charged metal hydroxide nanosheets, typically with divalent metal cations
like Mg?, Zn?, or Ni?*, with anions and water molecules between the sheets. Due to this structure,
LDHs exhibit dual acid-base properties, which enable LDHs to catalyze a wide range of acid-base
catalytic reactions such as esterification, transesterification, aldol condensation, and biomass
conversion. The catalytic performance, selectivity, and stability of LDHs can be enhanced by
adjusting their composition, structure, and interlayer anions to manipulate their acid-base properties,
which makes them a promising option for environmentally friendly acid-base catalytic
transformation[11,12].
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Scheme 1. Schematic illustration of LDHs as solid acid-base catalysts for green catalytic
transformations.

This article aims to review the application of LDHs and their derivatives as solid acid-base
catalysts in green catalytic transformation (Scheme 1). Introducing the structural composition,
preparation methods, and acid-base catalytic properties of LDHs-based catalysts aims to clarify their
unique properties and application potential for green catalytic transformation. This contribution
reviews the application of LDHs and their derivatives as solid acid-base catalysts in acid-base green
catalytic conversion, particularly the research progress of LDHs and rehydrated LDHs, LDHs-based
metal nanocatalysts, and LDHs-based mixed metal oxide catalysts. The challenges and prospects of
LDHs-based catalysts as green and sustainable catalysts are summarized and proposed.

2. Chemical composition, preparation, and acid-base properties of LDHs

2.1. Chemical composition

Layered double hydroxides (LDHs) are inorganic materials with positively charged layers of
brucite Mg(OH):2 and interlayer anions to balance the charge. The chemical composition of LDHs can
be described as [M(IT)1-xM(IID)x(OH)z] ** (A™)xn-mH20. M(II) and M(III) could be divalent and trivalent
metal cations, such as Cu?, Mg, Co*, Zn%, Al*, Fe¥*, and Mn%*. x represents the molar ratio of
M2/(M?* + M?), and its value greatly influences the composition and structure of hydrotalcite
materials. A~ could be organic or inorganic anions such as ClI, NO*, COs*, and CHsCOO-. m
represents the number of water molecules. The LDHs comprise a positively charged metal hydroxide
layer with intercalated anions and water molecules. The metal cations are octahedrally coordinated
by six hydroxide ions, which are tightly packed to form a positively charged metal hydroxide layer.
The metal hydroxide layer is typically balanced by the presence of exchangeable interlayer anions[13—
15]. Figure 1 shows the layered structure of MgAl (2:1) LDHs. In LDHs, -OH groups on lamellae
provide Brensted acid-base sites, and metal cations in the lattice create Lewis acid-base sites. LDHs'
catalytic activity is due to these acid-base sites, which enable them to perform well in green catalytic
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reactions, such as condensation, hydrogenation, and biomass conversion[16,17]. In addition, doping
LDHs with transition metal cations introduces additional Lewis acid-base sites that enhance their
acid-base and catalytic activities, thus improving their catalytic performance for redox reactions
during acid-base catalytic transformations[18].

Figure 1. Schematic diagram of the layered structure of MgAl (2:1) LDHs.

2.2. Preparation methods

Four commonly used methods for preparing LDHs are illustrated schematically in Figure 2.
Firstly, the coprecipitation method involves the simultaneous precipitation of aqueous solutions
containing metal salts under controlled pH conditions. Secondly, the ion exchange method replaces
the initial interlayer anions and intercalates the desired anions into the pre-synthesized LDHs.
Thirdly, the hydrothermal method synthesizes LDHs under high temperature and pressure
conditions in an aqueous medium. Lastly, the rehydration method is the structural reconstruction
after calcination.

The coprecipitation method is commonly used to synthesize LDHs due to its simplicity and easy
scalability. Conventional coprecipitation synthesis involves the simultaneous precipitation of metal
salt solutions with suitable divalent and trivalent metal cation proportions under saturated
conditions by adjusting the pH of the solutions[19]. When the hexahydrate metal complexes condense
in an aqueous solution, they form uniformly distributed metal cations and interlayer anions, resulting
in a hydromagnesite-like layer[20]. This method enables a more efficient and straightforward
synthesis of LDHs and their composites. The particle size, composition, and incorporation of
interlayer anions can be controlled by adjusting pH, reactant concentration, and reaction
temperature. Using the traditional coprecipitation method, Panda and colleagues synthesized
multiple MgAl LDHs by systematically varying the molar concentration of cations, aging time, and
pH. Mixing magnesium and aluminum nitrate solutions with sodium carbonate solution and
maintaining the pH at different values using sodium hydroxide resulted in MgAl LDHs with
different growth rates[21]. Seftel et al. used a coprecipitation method to prepare various ZnAl LDHs
with different Zn/Al ratios, and the photocatalytic activity was evaluated for the degradation of the
methyl-orange dye. The photocatalytic activity increases with the increase of the cationic ratio and
the calcination temperature[22].
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Figure 2. Schematic diagram of the four development and modification methods of LDHs.

The anion exchange method is also referred to as indirect synthesis. Typically, the precursor of
LDHs is immersed in a solution with the desired anion in an inert environment. The ion exchange
process takes place, leading to the formation of new LDHs that possess different interlayer anions.
The ion exchange procedure relies on the electrostatic force, as the hydroxide layer carries a positive
charge, and the interlayer area contains an abundance of anions[23]. This method provides precise
control over interlayer anion composition and offers an alternative synthetic route for difficult-to-
synthesize LDHSs due to large anion size. Zou et al. exchanged COs* with OH- in an alkaline solution
to produce modified NiCo-OH LDHs, which was used as nanoarrays electrode and showed
improved cycling stability and rate capacity[24]. Das et al. used an indirect intercalation method to
intercalate heteropoly acids (molybdophosphoric acid and tungstophosphoric acid) into Zn-Al
hydrotalcite-like compounds to increase the acid sites on the catalysts' surface. The intercalated
catalysts showed improved catalytic activity when used in the liquid phase esterification of acetic
acid and n-butanol[25].

The hydrothermal method involves mixing metal salt solution, alkali solution, and interlayer
anions in a stainless steel closed reactor. This mixture is then heated under self-generated pressure,
which promotes the nucleation and growth of LDH crystals. Urea is usually added in hydrothermal
processes to improve crystallinity and form stable ultra-thin structures[26]. This method necessitates
specialized equipment and a longer reaction time than other methods. However, this process enables
the creation of well-crystallized LDHs with controllable particle size and interlayer spacing and
enhanced catalytic activity. Ultrathin Ni-Al LDH nanosheets were prepared by simple hydrothermal
method using urea as an auxiliary agent. Ni-Al LDH nanosheets exhibited an ultrathin structure,
high surface area, and excellent electrochemical properties as supercapacitor electrodes[27]. Jiang et
al. fabricated NiCo LDHs loaded on carbon fiber under hydrothermal conditions using carbon fibers
as the substrate material and hexamethylenetetramine (HMT) as the hydrolyzing agent[28].

The reconstruction and rehydration method is also known as the memory effect method.
Typically, LDHs are calcined at 400-500°C to obtain the corresponding composite metal oxides. Then,
composite metal oxides are regenerated by mixing with water or other anionic solutions and
rehydrating under an inert atmosphere to restore the original structure of LDHs. The selection of
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calcination temperature is crucial, as high temperatures can affect the structural recovery of
LDHs|[29]. Dubnova et al. converted ZnAl LDHs into composite metal oxides by heat treatment at
400°C and then structurally reconstructed them in distilled water under an N2 atmosphere. The
reconstructed LDH catalysts exhibit high crystallinity and numerous base sites, resulting in
remarkable catalytic activity toward furfural aldol condensation reactions[30].

In comparison, the coprecipitation method is the most widely used and provides higher yields,
and the anion exchange method favors the synthesis of LDHs with specific and large-size anions. The
hydrothermal method produces higher-quality LDH crystals, while the rehydration method results
in lower-quality crystallization. Thus, the selection of a suitable synthesis method will vary based on
the catalyst's particular demands and the intended application of the catalyst.

2.3. Acid-base properties

Solid acid-base catalysts are widely used in many green acid-base catalytic reactions, and their
high acid-base activity is essential for achieving superior selectivity and conversion rates. Therefore,
itis necessary to approach rational design from the perspective of acid-base properties. LDHs exhibit
Lewis and Brensted acid-base properties due to their unique structures and compositions. LDHs and
their derived catalysts can be applied in various green catalytic reactions by adjusting the intensity
and concentration of their acid and base sites on the catalysts' surface.

Differences in acidity and alkalinity of LDHs arise from different parts of their structure. Lewis
acidity and alkalinity of LDHs are attributed to divalent metal cations located in their metal
hydroxide layers. These metal cations, including Mg?, Zn?, and Ni%*, have partially filled d orbitals
that can accept electron pairs. Lewis acid-base sites in LDHs facilitate acid-base catalyzed reactions
by interacting with electron-rich species, such as lone-pair electrons or m-bonding of reactant
molecules. Lewis acid-base sites enhance the catalytic activity of LDHs by facilitating bond cleavage,
isomerization, and other transformations. The selectivity of catalytic reactions can be influenced by
the Lewis acidity and basicity of LDHs, which provide specific binding sites and control reaction
pathways. For example, stronger Lewis acid-base sites can interact preferentially with certain
functional groups in reactants, leading to specific product formation. Therefore, the Lewis acidity
and alkalinity of LDHSs can be adjusted to enhance selectivity for the desired product. Maria et al.
discovered that the amount of acid-base sites in MgAl LDHs can be tailored by adjusting the Al
content. The decrease in Al** content and the corresponding increase of Mg?* led to the increase in the
base sites and the simultaneous decrease in acid sites[31].

The Brensted acidity and alkalinity of LDHs arise from the hydroxide ions (OH) in the metal
hydroxide layer and interlayer anions. The catalytic activity of LDHs in proton transfer reactions is
enhanced by Brensted acid-base sites, which are crucial for hydrolysis, esterification, and
dehydration. The Brensted acidity and alkalinity of LDHs can control reaction selectivity by affecting
the protonation of specific functional groups and by the reaction kinetics relying on acidity and
alkalinity.

Different reactants may show different affinity for Brensted acid-base sites, leading to selective
activation and subsequent transformation. Selectivity for specific products can be modulated by
tailoring Brensted acidity and alkalinity of LDHs. Carolina et al. replaced the carbonate anions in the
interlayer of ZnAl LDHs and MgAl LDHs by tungstate anion (WO:%) and molybdate anion (MoO4?)
as intercalation anions. The resulting modified LDH catalysts were used to catalyze the oxidation
reaction of cyclohexanes and exhibited higher catalytic performances than the initial LDHs. The
intercalation of WO and MoOs* enhanced the alkalinity of the original LDHs, resulting in a
substantial improvement in the selectivity of cyclohexanone and cyclohexanol production[32].

The coexistence of both Lewis and Bronsted acid-base sites in LDHs exhibits complementary
acid-base properties, enabling them to catalyze various green acid-base catalytic reactions with
different mechanisms. The Brensted acid-base properties of LDHs can also be adjusted by changing
the metal ion composition. MgAl LDHs were modified by introducing a rare earth element, Y, and
subsequently calcined to produce MgAl mixed oxides, which exhibited relatively well-developed
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small flake morphology with high surface area and pore volume, exposing more base sites on the
catalyst surface and improving the catalytic activity for the aldol condensation reaction[33].

3. Application of LDH-based catalysts in the green acid-base catalytic transformation

LDHs along with rehydrated LDHs, LDHs-based metal nanocatalysts, and LDHs-based mixed
metal oxide catalysts are considered promising catalysts due to their unique structures, excellent
stability, and tunable acid-base catalytic properties.

3.1. LDH catalysts

3.1.1. Original LDH catalysts

LDHs are a class of two-dimensional inorganic nanomaterials that are widely applied as
catalysts in various acid-base catalytic reactions. Phenol hydroxylation is an essential industrial
reaction. Using traditional homogeneous catalysts like Fe?* and Co?* usually requires harsh reaction
conditions, making separation and recovery difficult[34,35].

Therefore, as solid acid-base catalysts, LDHs are environmentally friendly and used under
moderate reaction conditions, showing significant advantages. Jiang et al. prepared a series of
CuZnFeAl-LDH catalysts by a coprecipitation method for phenol hydroxylation. The electron
transfer from oxygen vacancies to Cu?* on the LDHs surface generates Cu*, promoting the formation
of hydroxyl radicals and enhancing catalytic activity. CuZnFeAl-LDH with 15% copper content
(15/CuZnFeAl-LDH) exhibited the optimal conversion of phenol (66.9%) and selectivity of benzene
diol (71.3%), which is mainly attributed to the synergistic effect between Cu* and oxygen vacancies
promoted by acid-base ratio. Moreover, 15/CuZnFeAl-LDH presented stable recyclability under mild
conditions (60°C, 1.0 MPa) while also being eco-friendly and energy efficient[36].

In addition, LDHs can be used directly as solid acid-base catalysts for the catalytic conversion of
biomass resources, that is, transformation to high-value-added chemicals and biofuels from sugar,
lignocellulosic materials, and other biomass feedstocks. In recent years, there has been significant
interest in the electrocatalytic oxidation of aldehydes derived from biomass into valuable acids using
LDHs as catalysts. LDHs, with a thin nano lamellar structure, provide a large number of catalytic
active sites. Meanwhile, the metal valence state of the cations in LDHs varies by changing the electron
layer, which exhibits excellent acid-base catalytic performance. Liu and colleagues studied the
electrocatalytic oxidation of biomass-derived aldehydes using ultrathin NiV LDHs for efficient
catalysis[37]. They discovered that ultrathin NiV LDHs with a size of 2.6 nm can expose a larger
surface area with rich metal active sites, which facilitates the adsorption of aldehydes on the catalyst
surface and the generation of hydroxyl radicals, resulting in superior electrocatalytic performance.
The generated hydroxyl radicals can favorably promote the conversion of aldehyde to carboxyl
groups and generally apply to different biomass-derived benzylic aldehydes and furan aldehydes.

Zhang et al. synthesized trimetallic NiCoFe LDHs with a one-step controllable synthesis for both
an efficient oxygen evolution reaction (OER) and the highly selective oxidation of biomass-derived
5-hydroxymethylfurfural (HMF) into value-added 2,5-furan-dicarboxylic acid (FDCA), which is
shown in Figure 3[38]. In the OER study, the NiCoFe LDHs showed superior performance compared
to previously reported LDH catalysts. They exhibited the lowest necessary overpotential (288 mV), a
much smaller charge transfer resistance (1.0 Q), and a larger Cdl value of 2.62 mF cm, indicating
low charge transfer resistance and fast catalytic kinetics of oxygen evolution. It was discovered that
the introduction of Fe* led to increased active sites and enhanced OER activity of NiCoFe-LDHs
compared to NiCo-LDHs. NiCoFe LDHs exhibited excellent performance, with up to 95% HMF
conversion and 84.9% FDCA selectivity in 1 hour during the oxidation reaction of HMF. HMF
oxidation is more likely to occur at lower potentials due to the rich active metal sites on the thin layer
of NiCoFe LDHs. Additionally, the introduced Fe* leads to electronic synergistic effects with Ni?*
and Co?, enhancing the electrocatalytic oxidation of HMF. This study provides an effective method
for converting biomass-derived chemicals into value-added products without using noble metal-
containing catalysts.
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Figure 3. (a)Schematic illustration of NiCo-LDHs, NiFe-LDHs, and NiCoFe-LDHs materials and the
electrochemical system of HMFOR; Polarization curves of NiCo-, NiFe-, and NiCoFe-LDHs (b) and
corresponding Tafel plots (c) ; Nyquist plots (d) of impedances of the as-synthesized three materials
in the frequency range from 10 mHz to 100 kHz; Chronoamperometric test (e) at a potential of 1.54
VRHE for 10 h; Conversion of HMF (f) and selectivity of FDCA product (g) over the reaction time at
different temperature influences on the surface of NiCoFe-LDHs/CFP[38].Copyright © 2019,
Reprinted(adapted) with permission from American Chemical Society.

In addition, LDHs catalysts are widely used in thermal catalysis to convert biomass derivatives
into value-added products. Wang et al. investigated the catalytic transfer hydrogenation of furfural
to furfuryl alcohol by NiFe LDHs using 2-propanol as a hydrogen donor[39]. LDHs with a Ni/Fe
molar ratio of 3:1 demonstrated the best catalytic activity, which was attributable to the synergistic
effect of acidic and base sites. At 140°C for 5 h, it converted 97.0% of furfural and yielded 90.2%
furfuryl alcohol. First, 2-propanol was absorbed on NiFe LDHs and dissociated into alkoxide and
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protons by interacting with acid sites (attributing to Ni>* and Fe®") and base sites (attributing to OH).
Then, the acidic site may activate the carbonyl group of furfural and form a transitional state with six
links, leading to the production of free furfuryl alcohol and acetone through hydrogen transfer.
Moreover, this catalyst applies to catalytic hydrogenation reactions of various aldehydes and ketones.

In addition to catalyzing the conversion of biomass-derived aldehydes, LDHs are also widely
utilized as solid acid-base catalysts for transforming biomass-derived sugars. A series of MgAl LDHs
catalysts were synthesized by Ye et al. and applied to the conversion of glucose/food waste to methyl
lactate (MLA) without homogeneous alkalines[40]. MgAl LDHs with Mg/Al (5:1) showed the largest
interlayer distance and the highest density of basic site, resulting in superior catalytic activity. Due
to the in-situ reconstruction, the reused MgAl LDHs exhibited higher specific surface area and larger
interlayer space, gradually increasing catalytic activity during the recycling test.

The alkalinity of LDHs can be regulated by changing the ratio of metal ions and modifying the
interlayer anions. Therefore, LDHs can be designed for the cascade conversion of glucose. However,
LDHs catalysts are not commonly used to directly convert glucose to lactic acid because the acidic
environment can deactivate the catalyst. Most current research on LDHs catalysts has focused on
glucose isomerization for fructose production[41-43]. Yu et al. investigated the performance of LDHs
as solid-base catalysts for the thermochemical isomerization of biomass-derived glucose to
fructose[41]. The MgAl LDHs were synthesized via conventional urea hydrolysis and coprecipitation
methods, followed by aqueous miscible organic solvent treatment. It was found that the treated LDHs
exposed more active sites due to their high porosity, and the fructose yield increased with the
increasing crystallite size of LDHs. This study presents a methodology to establish the relationship
between the structure and catalytic performance of LDHs in thermochemistry. It proposes a practical
approach for the tunable structural design of LDHs as solid-base catalysts.This work provides a
methodology for establishing the structure-catalytic performance relationship of LDHs in
thermochemistry. It elucidates a practical idea for the tunable structural design of LDHs as solid base
catalysts.

3.1.2. Rehydrated LDH catalysts

The composite metal oxides obtained by calcination LDHs at a specific temperature possess a
sound structure and memory effect. The original structure of LDHs can be restored by doping the
corresponding anions (such as OH-) between the layers of the composite metal oxides. The
rehydrated LDHs with numerous Brensted acid-base sites allow for effective regulation of the density
and intensity of base sites, resulting in a notable enhancement of the catalytic performance of the
original LDHs catalysts in alkali-catalyzed reactions[44]. Due to the distinct structural defects
generated in the reconstruction process, Rehydrated LDHs can act as carriers by loading metal atoms
or clusters onto the cationic vacancies on the surface. The catalytic performance of rehydrated LDHs
can be enhanced by modifying their surface structure and creating strong metal-carrier connections
through the local electron-transfer effect[45,46]. The aldehyde-alcohol condensation reaction is a
classic and essential organic synthesis reaction that can produce numerous value-added chemicals
for industrial use. One example of such reactions is the condensation of isobutyraldehyde (IBD) and
formaldehyde (FA), an industrially significant alkali-catalyzed reaction. Rehydrated LDHs have been
widely discussed as solid-base catalysts for aldehyde-alcohol condensation reactions due to
environmental pollution and equipment corrosion caused by homogeneous alkali catalysts such as
NaOH and KOH]J47,48].

Bing et al. synthesized two rehydrated LDHs catalysts (re-CaxAl-LDH and re-MgxAl-LDH) and
used them for aldol condensation reactions of IBD and FA[49]. The relevant schematic is presented
in Figure 4. The re-CaxAl-LDH host layer was found to contain a distorted Ca(OH): octahedron and
has additional Ca—OH coordination, which provides weak Brensted base sites. On the contrary, re-
MgxAl-LDH consists of an octahedral structure formed by Mg(OH): and surface-adsorbed hydroxyl
group via non-covalent interaction, which provides medium Brensted base sites. The Ca/Al molar
ratio in the LDH precursor can be adjusted to increase the concentration of weak Brensted base sites
for re-CaxAl-LDH. The optimized re-Ca:Al-LDH showed excellent catalytic performance in
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producing hydroxypivaldehyde (HPA) through the condensation of IBD and FA, with a 61.5% HPA
yield. This result is significantly higher than that of re-MgxAl-LDH and other solid base catalysts and
is comparable to the catalytic results of liquid bases.
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Figure 4. (a)Schematic Illustration for the Structure of re-MgxAl-LDH and re-CaxAl-LDH;
(b)Schematic Reaction Mechanism for the Aldol Condensation of IBD and FA over re-CaAl-LDH
Catalyst; (¢)FTIR transmission spectra of (A) re-MgrAl-LDH, (B) re-MgsAl-LDH, and (C) re-MgiAl-
LDH recorded in 2170-2300 cm-! after CDCls chemiadsorption at 25 °C; (d) FTIR transmission spectra
of (A) re-Ca2Al-LDH, (B) re-CasAl-LDH, and (C) re-Cas:Al-LDH recorded in 2185-2300 cm™ after
CDClIs chemiadsorption at 25 °C; (e)IBD conversion, HPA selectivity, and HPA yield over pure
Ca(OH)y, re-MgxAl-LDH, and re-CaxAl-LDH catalysts, respectively; (f)Catalytic behavior of re-CasAl-
LDH for six consecutive cycles[49].Copyright © 2017, Reprinted(adapted) with permission from
American Chemical Society.

To further improve the fine structure of weak Brensted alkaline sites, Bing et al. prepared
rehydrated CaMnAI-LDH (re-CasMnxAl-LDH) as a solid base catalyst utilizing Mn as a promoter[50].
The catalytic performance of the aldol condensation reaction was enhanced by modulating the
activity of weak Bronsted base sites by altering the electronic structure of Ca-O-Al with Mn.
Compared to re-Ca:Al-LDH, re-CasMn.Al-LDH displayed highly exposed Ca? s-orbital and
strengthened coordination between Ca?" with 7-fold OH-, providing weakened Brensted base sites.
The optimized re-CasMn<Al-LDH displayed high catalytic performance in the IBD and FA
condensation, resulting in the formation of HPA with a yield of 70.3%.

Regarding the isomerization of biomass-derived sugars, the process typically requires catalysis
from base sites as well. Kwon et al. investigated the alkaline and catalytic properties of MgAl LDHs
prepared by calcination and rehydration as solid base catalysts for the isomerization of glucose to
fructose[51]. It was found that the hydroxyl groups were released from the interlayers of the LDHs
precursors under calcination at a specific temperature, giving composite metal oxides. The alkaline
properties of the catalysts rely on the calcination temperature. Weak base sites were generally
obtained when the LDHs precursors were calcinated at low temperatures. In contrast, strong base
sites were obtained when the LDHs precursors were calcinated at relatively high temperatures.
Remarkably, the rehydrated MgAl LDHs exhibit both weak and strong base sites, and their base
properties could be systematically tuned by heat treatment and rehydration. Therefore, the
rehydrated MgAl LDHs can effectively isomerize glucose to fructose because of their appropriate
base and structure properties.

Yabushita et al. studied the effective isomerization of glucose to fructose in ethanol solvent
catalyzed by rehydrated MgAl LDHs, giving up to 56% yield with a high selectivity of 80%[52]. The
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reaction process and mechanism are shown in Figure 5. The rehydrated MgAl LDHs were obtained
by calcination and subsequent reconstruction of the original layered structure via the memory effect.
The mechanistic study demonstrates that the base sites are responsible for the catalysis of glucose-to-
fructose isomerization. The rehydrated MgAl LDHs exhibit the highest catalytic performance due to
their high density of base sites. An active and selective catalyst for large-scale fructose production as
a renewable feedstock could be developed by precisely controlling the strength and density of base
sites.

Sodium acetate-d;
(a) OH OH OH OH E EIE:))O) (internal standard)
/\/'\‘)\/ = /\/'\‘/'\/ = Glucose-2-d,
OH OH OH OH>—:B g /\. B
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Figure 5. (a)Glucose-to-fructose isomerization via the LAB-AvE mechanism catalyzed by bases (:B)
and (b)2H NMR spectrum of reaction mixture synthesized from glucose-2-dl,along with the
spectrum for glucose-2-d1 dissolved in water (i.e., standard). (c)Isomerization of Glucose to Fructose,
along with Side Reactions Typically Observed in the Presence of Base Catalysts[52]. Copyright © 2019,
Reprinted(adapted) with permission from American Chemical Society.

3.2. LDHs-based metal nanocatalysts

It is well known that LDHs can be converted into highly-dispersed active metal nanoparticles
by in situ reduction in the H2 atmosphere and anchored to a mixed metal oxide matrix, giving
supported metal catalysts. The most attractive characteristic of this structure topotactic
transformation process is the facile tuning over metal-support interactions, such as electronic metal-
support interaction and metal/support acid-base interaction. The quantity and strength of the acid-
base structure of supports can be efficiently modified by precisely controlling the topotactic
transformation parameters of LDH precursors, such as reduction atmosphere, temperature, and
heating rate. Moreover, the reduction temperature has a significant impact on the size and catalytic
performance of metal nanoparticles. Increasing the reduction temperature leads to more metal
nanoparticles and larger particle sizes while also altering their catalytic performance[53].

Cui et al. reported the synthesis of Cu-based nanoparticle catalysts by calcining CuMgAl LDHs
precursors to obtain mixed metal oxides, followed by the reduction treatment process[54]. The
resulting Cu-based nanoparticle catalysts (Cu/MMO) exhibited high dispersibility of 6-9 nm Cu
nanoparticles and configurable acid-base sites on the support (MgO and AlOs). The Cu-based
nanoparticle catalysts were applied for low-temperature hydrogenation of dimethyl oxalate (DMO)
to ethylene glycol, and the optimal catalyst Cu/MMO-S3 resulted in an excellent catalytic
performance of 98.2% conversion and selectivity of 96.1%. The results indicated that the Lewis acid
sites (Al’*) and medium-strong base sites (Mg*-0O? pair) of supports act as active sites for the
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adsorption of polarized C=0/C-O group in the DMO molecule, while H> undergoes dissociation
adsorption on the Cu° site. The unique ternary synergistic catalysis of Cu and acid-base sites makes
a predominant contribution to the remarkable catalytic performance toward DMO hydrogenation to
ethylene glycol.

This LDHs-derived metal nanocatalyst is also widely used in hydrogenolysis and hydrogenation
reactions of biomass-derived aldehydes. As a building block, furfural (FF) offers a promising and rich
platform for lignocellulosic biofuels and value-added chemicals. It stands out as a bridge connecting
biomass resources and the chemical industry. It is well known that the C=O bond in furfural
molecules can interact with the base sites on the catalyst surface to promote the catalytic conversion
performance[55,56]. The LDHs-based metal nanocatalysts possess abundant acid sites, base sites, and
metal active sites on the surface, which provide high catalytic performance for furfural
hydrogenation. Yang et al. reported three non-precious intermetallic compounds (NisSni, NisSnz, and
NisSns) derived from LDHs precursors[57]. These compounds showed a highly uniform dispersion
of metal nanoparticles, and they exhibited surprisingly improved catalytic performance toward
furfural selective hydrogenation (C=O) to furfuryl alcohol. Notably, NisSnz nanocatalysts showed the
best catalytic performance with 100% conversion of FF and 99% selectivity of furfuryl alcohol at 100
°C under 2 MPa Ho. The research results verify that the electron transfer from Sn to Ni promoted the
activation adsorption of C=O bonds on Ni top site while inhibiting the adsorption of C=C bonds.

Zhu and colleagues synthesized nano-twin Cu particles with rich defects via topotactic
transformation of LDH precursors. These particles effectively enhanced the target activation of C-O
and C=0 bonds, facilitating the conversion of furfural to cyclopentanone[58]. Compared with regular
spherical Cu nanoparticles, nano-twin Cu particles showed higher conversion kinetics with close to
100% furfural conversion and up to 92% selectivity of cyclopentanone. Producing cyclopentanone
(CPO,) starts with the hydrogenation of C=O on metal sites, which results in furfuryl alcohol (FA). FA
then undergoes a rearrangement on acid sites, forming 4-hydroxy-2-cyclopentenone (HCP). The C-
OH in HCP is then selectively hydro-deoxygenated and hydrogenated to C=C on metal sites,
resulting in CPO. Therefore, the multi-stepped surface defects of nano-twin Cu particles provided
abundant acid sites and metal sites, which promoted the selective hydrogenation conversion of FF to
CPO.

5-hydroxymethylfurfural (HMF) is also a particularly promising biomass-based intermediate
due to its wide resource of fructose, glucose, and cellulose. Also, because of its versatile reactive
functional groups to convert into value-added chemicals by selective hydrogenation, notably 2,5-
dimethylfuran (DMF) and 2,5-bis(hydroxymethyl)furan (DHMF)[59,60]. Similar to the catalytic
hydrogenation of furfuryl, the LDHs-based metal catalysts can effectively catalyze the
hydrodeoxygenation of HMF.

Wang et al. constructed a highly efficient and selective Cu/ZnO-ALOs catalyst via in situ
reduction of a CuZnAIl-LDHs precursor[61]. They studied the impact of Cu%/Cu* species on the
formation of various intermediates and their synergistic promoting effect on HMF
hydrodeoxygenation. The formation of different intermediates depends on the Cu*/Cu® ratio.
Cu/ZnO-ALOs with a high Cu*/Cu® ratio showed higher DMF selectivity (90.1%) at 100% HMF
conversion than Cu/MgO-AlLQOs. During the conversion process, Cu’ was preferable to adsorb the
C=0 bond and the hydrogen molecule, while the Cu- site selectively absorbed and activated the C-O
bond in the hydroxymethyl group. With the synergy of dual active sites, the Cu/ZnO-AlOs catalyst
showed high activity and selectivity to DMF.

Wang et al. fabricated different Cu-based catalysts with multiple interfaces derived from LDHs
to control the reaction pathway and product selectivity in the hydrogenation of HMF[62]. It was
found that the Cu/Co ratio at the metal nanoparticle interface significantly affected the hydrogenation
of C=0 bonds in HMF. The reaction pathways for hydrogenation of HMF on different catalysts are
illustrated in Figure 6a. When Cu/MgAIlOx with no Co elements is used as a catalyst, a hydrogenation
reaction is only carried out on the C=O bond, mainly producing 2,5-bis (hydroxymethyl) furan
(DHMEF). Co@Cu/sCoAlOx catalyzes both C=O bond hydrogenation and C-OH bond hydrogenolysis,
mainly producing 2,5-dimethylfuran (DMF), whereas Co@Cu/sCoAlOx produces DMF together with

doi:10.20944/preprints202312.0068.v1
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the over-hydrogenated product (DMTHF). The possible mechanism of HMF hydrogenation is
illustrated in Figure 6b. The C=0 bond in HMF interacts with the Co metal site in Co@Cu/CoAlOx,
and the resulting intermediate is then hydrogenated by Cu nanoparticles to form a C-OH group.
Subsequently, the saturated C-OH groups undergo cleavage over the same sites, producing 5-
methylfurfuryl alcohol (MFA), ultimately yielding DMF. For Cu/MgAlOx, the C=O bond interacts
with the Cu metal site, leading to exclusive DHMF production.
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Figure 6. (a)Reaction Pathway for Hydrogenation of HMF on Different Catalysts; (b)Possible
Mechanism of HMF Hydrogenation on Co@Cu/CoAlOx and Cu/MgAIlOx Catalysts Inferred from
IR[62]. Copyright © 2019, Reprinted(adapted) with permission from American Chemical Society.

Zhe et al. developed well-distributed Co-based catalysts through the in situ Hz reduction of
LDHs and applied them for efficient selective hydrogenation of HMF to DMF[63]. The results showed
that the Co metal nanoparticles uniformly distributed on the metal oxide matrix and demonstrated
strong synergistic interaction with the metal oxides, therefore exhibiting superior reactivity under
mild conditions. The well-distributed Co-metal active sites on the composite metal oxide support
promoted hydrogenation in this reaction. The Co-based catalysts show high activity on the
hydrogenation of C-O and C=O, making them promising for biomass utilization.

3.3. LDHs-based mixed metal oxide catalysts

LDHs-derived mixed metal oxides are obtained from calcination at various temperatures of an
LDHs precursor, possessing high surface area, phase purity, basic surface properties, and structural
stability[64]. Moreover, LDH-derived mixed metal oxides containing various metal cations exhibit
their original acid-basic properties of the MgAl system and reduction-oxidation properties as
catalysts depending on the other metal species incorporated[65]. LDHs-based mixed metal oxides are
rich in Lewis acid-base sites, making them commonly used in acid-base catalysis due to their high
metal dispersion and porosity. It is possible to manipulate the crystal structure of mixed metal oxides
by adjusting the calcination conditions of the LDH precursors. This regulation affects the density and
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intensity of their acid-base sites and, ultimately, their catalytic properties[66,67]. LDH-based mixed
metal oxides can act as carriers for depositing metal nanoparticles onto laminates via calcination,
which produces metal-based catalysts derived from LDHs, exhibiting better catalytic properties[68].

Yan et al. synthesized acid-base mixed metal oxides (MgZrAl-MMO) via the calcination
transformation of MgZrAl-LDH precursors. The obtained MgZrAl-MMO catalysts are evaluated by
the ethanolysis of urea reaction to produce diethyl carbonate (DEC)[69]. It has been discovered that
both the weak acid sites and medium strength base sites contribute to the overall yield of DEC,
indicating an acid-base synergistic catalysis in this reaction. Specifically, the medium-strength Lewis
base sites (Zr+-0%, Mg?-O?) activate ethanol, while weak Lewis acid sites (mostly ZrO:) activate urea
and intermediate ethyl carbamate.

The Mg/Al mixed metal oxide catalysts were prepared by J. Kuljiraseth et al and used as acid-
base catalysts for the esterification of benzoic acid with 2-ethylhexanol. After being calcinated at
500°C, the Mg/Al mixed metal oxides retained their clay structure and possess both acid and base
sites. The total density of acid and base sites decreased with the increase of the Mg/Al ratio.
Furthermore, the strength of the acid and base sites varied depending on their phase compositions
and coordination number. The activity of calcined LDHs catalysts was tested for the esterification of
benzoic acid with 2-ethylhexanol to produce 2-ethylhexyl benzoate. The acid-base sites of the
catalysts enhanced significantly the conversion of benzoic acid[70].

Recently, there has been much interest in converting biomass-derived glycerol to value-added
oligo glycerol through catalytic etherification using acid and base sites of catalysts[71]. Elena et al.
examined the calcined MgAl and CaAl LDHs with different acid-base properties used as catalysts for
the one-pot etherification reaction of glycerol towards short-chain polyglycerols[72]. The results
reveal that MgAl mixed metal oxides possess robustly base sites, whereas CaAl mixed metal oxides
exhibit relatively high acidity. The acidity and basicity of the mixed metal oxide catalysts affect the
catalytic results. Catalysts with higher acidity showed higher conversion, whereas catalysts with
lower acidity resulted in lower conversion. Moreover, stronger base sites and lower acidity favored
short-chain polyglycerols, and higher calcination temperature favored a higher degree of
polymerization.

Pyrolysis is an efficient method of using low-value resources to create high-value products and
fuels. Acid-base synergistic catalysis is especially effective for pyrolysis production of desirable
chemicals[73]. In recent years, acid-base bifunctional catalysts derived from LDHs, have garnered
significant interest due to their distinct structures and acid-base properties. Pyrolysis reactions with
acid-base bifunctional catalysts produce high-value products while minimizing waste. The
researchers, Yang et al., prepared a series of MgAl mixed metal oxide catalysts with varying acidity
and alkalinity[74]. They achieved this by adjusting the Mg/Al ratio in the precursor of MgAl LDHs.
Then, they studied the catalytic ability to upgrade low-rank coal resource pyrolysis through an acid-
base synergistic effect. The results showed that as the Mg/Al ratio increased in the MgAl mixed metal
oxides, the base sites increased while the quantity of acid sites decreased. The acid sites in the MgAl
mixed metal oxides facilitated the cracking of heavy components and decreased the production of
heavy tar. The introduction of basicity sites in the MgAl mixed metal oxides enhanced the resistance
to carbon deposition. After upgrading, the COz yield and the content of light aromatic hydrocarbons
in tar increased, which can be attributed to the acid-base synergistic effect of the MgAl mixed metal
oxides.

LDHs-based mixed metal oxides have also been applied as acid-base bifunctional catalysts in
hydrogen production via auto-thermal reforming of biomass-derived acetic acid[75]. Ni-based
catalysts (Ni/ CaO-AlL:0Os) originating from CaAl LDHs were synthesized by the direct calcination of
CaAl LDHs, which are prepared by the coprecipitation method. Ni nanoparticles were anchored in
the framework of CaO- AL:Os support, resulting in a strong interaction between Ni metal active sites
and the acid-base sites on the support. The interaction among Ni, CaO, and Ca12Al14Os3 effectively
enhanced the catalytic performance of the reaction and was responsible for thermal stability,
resistance to oxidation of Ni° species, and inhibiting coke deposition.

4. Conclusions and perspectives
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LDHs and their derivatives are widely used as solid acid-base catalysts in green catalytic
transformations due to their unique structure and properties. LDH-based catalysts exhibit both Lewis
and Brensted acid-base sites, allowing for a wide range of acid-base catalytic reactions in biomass
conversion. The dual acid-base nature enables substrate activation and conversion, increasing
catalytic activity and selectivity. LDHs-based acid-base catalysts also possess adjustable acid-base
properties, which can be modified through ion doping, anion exchange, and structural alterations.
There are opportunities available to improve the catalytic performance of specific substrates and
achieve desired target products. LDH-based acid-base catalysts typically demonstrate high surface
area and porosity, providing adequate active sites for catalytic reactions and facilitating the efficient
diffusion of reactants and products. In addition, LDH-based acid-base catalysts exhibit thermal and
chemical stability, ensuring stable and sustained catalytic performance under the harsh reaction
conditions encountered during the catalytic conversion process. Table 1 summarizes some of the
LDH-based acid-base catalysts outlined in this paper, along with their corresponding green acid-base
catalytic process conditions.

Table 1. LDHs-based catalysts for green acid-base catalysis.

doi:10.20944/preprints202312.0068.v1

Reaction type Catalysts Reaction conditions* Yield (Y) or conversion (C) Ref.

Phenol hydroxylation CuZnFeAl LDHs T=60 C, P=1 MPa C=66.9% [36]

Electrocatalytic aldehyde NiV LDHs ED=200 mA cm? Y=77.6% [37]

oxidation NiCoFe LDHs ED=30 mA cm C=95% [38]

NiFe (3:1) LDHs T=140 'C,RT=5h Y=90.2% [39]

Furfural hydrogenation NiSn IMCs@ALQOs T=100 C, P=2 MPa Ha C=100% [57]

Cu%-Zn (Al)(Zr)O-10 T=160 C, P=2.5 MPa H> C=100% [58]

Hydrogenation of Cu/ZnAl MMO T=180 °C, P=1.2MPa H2 C=100% [61]

Cu/CoAlOx T=150 C, P=1.5 Mpa Hz, RT=5h C=100% [62]

pentahydroxymethylfurfural 7 7 A10)  T=130 'C, P07 MPa Ha Y=74.2% [63]

Conversion of glucose to MgAl (5:1) LDH T=150 C,RT=2h Y=47.6% [40]
methyl lactate

MgAl LDH T=120 ‘C, RT=5 min Y=25mol% [41]

Glucose isomerization re-MgAl LDH T=100 ‘C,RT=5h C>40% [51]

MgAl (3:1) LDH T=90 C, RT=2 h, in ethanol Y=56% [52]

Aldehyde-alcohol re-CaAl LDH T=70 ‘C, RT=6 h Y=61.5% [49]

condensation re-CaMnAl LDH T=70 C, RT=8 h Y=70.3% [50]

Dimethyl oxalate CuMgAI-MMO T=165 C 94.4% [54]
hydrogenation

Glycerol etherification CaAl-MMO T=235 C Y=59% [72]

Ethanol vapour reconstitution =~ Ni/CaO-ALOs T=650 C, RT=9 h C=100% [75]

Low-order coal pyrolysis MgxAl-LDOs T=450 C Y=63.0 wt% [74]

upgrading
Synthesis of diethylcarbonate = MgZrAl-MMO T=200 C,RT=5h Y=37.6% [69]
Benzoate conversion AMO-Mg:AlO T=110 C,RT=10h C=63% [70]

* Temperature-T, Pressure-P, Reaction Time-RT, Electron Density-ED.

Despite their effectiveness, LDH-based acid-base catalysts still encounter several challenges
during the transformation process. For the full potential of LDHs-based catalysts in acid-base green
conversion applications to be realized, further research and development are necessary.

The primary issue is catalyst deactivation. During the conversion of biomass-derived substrates,
tar and coke residues can accumulate on the catalysts' surface, causing deactivation. These residues
obstruct the active sites, preventing reactant contact with catalytic active sites and inhibiting catalytic
activity. Researchers are currently exploring strategies, such as regeneration and modification
treatments, to improve the fouling resistance of LDHs-based catalysts.
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It is essential to pay attention to the adaptability of specific substrates. Different substrates have
unique chemical compositions and structural complexities. The catalytic performance of LDHs-based
catalysts may vary depending on the specific substrate. Therefore, further optimization of the catalyst
composition and acid-base properties is necessary to accommodate the unique properties of different
substrates. It is crucial to optimize LDHs-based catalysts for specific substrates to achieve superior
selectivity and conversion. The optimization involves tailoring the LDHs-based catalysts to match
the unique characteristics of the substrates in terms of composition, morphology, and acid-base
properties. In addition, it is important to understand the interactions between LDHs-based catalysts
and substrates to design catalysts for specific green catalytic conversion reactions.

Maximizing the catalytic activity and selectivity of LDHs-based catalysts in acid-base green
catalytic conversion reactions requires optimizing reaction conditions, such as temperature, pressure,
and substrate-to-catalyst ratio. Changes in reaction conditions can significantly impact catalytic
performance, conversion efficiency, and product selectivity. Further studies are needed to determine
the optimal reaction parameters for different acid-base catalytic conversions using LDHs-based
catalysts, considering the specific characteristics of LDHs-based catalysts.

The precise control of composition, morphology, and acid-base properties of LDHs-based
catalysts presents another challenge. Further optimization and development of synthesis methods
are required to ensure reproducibility, scalability, and cost-effectiveness. Developing efficient
synthetic routes and understanding the structure-property relationship are crucial for the practical
application of LDHs-based catalysts in green catalytic conversion processes.

An in-depth understanding of the reaction mechanisms that occur during green acid-base
catalytic conversion over LDHs-based catalysts is essential for the rational design and optimization
of catalysts. Mechanistic studies can lead to the development of more efficient and selective LDH-
based catalysts by providing insights into active sites, reaction pathways, and intermediate species.
Elucidating the underlying mechanisms and guiding catalyst design strategies can be accomplished
using techniques such as in situ spectroscopy, kinetic modeling, and computational simulation.

Collaborative efforts among researchers in catalysis, materials science, and acid-base catalytic
conversion can overcome these challenges and limitations. LDHs-based solid acid-base catalysts can
be optimized and tailored for specific substrates and target products, enabling efficient and
sustainable chemical production from renewable resources.
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