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Abstract: Replacing the high thermodynamic potential oxygen evolution reaction with the fast and low energy
barrier electrocatalytic small molecule oxidation reaction (ESMOR), coupling of the hydrogen evolution reaction,
has shown the promising potential to reduce the energy consumption of electrolyzers. Layered double hydroxides
(LDHs), with their adjustable properties further improved by doping, heterojunction construction, and morphology
optimization, have emerged as highly promising catalysts for ESMOR. This review summarizes the recent
advancements in LDH-based catalysts for the ESMOR, including alcohols, aldehydes, hydrazine, urea, and sulfide
ions. This review also outlines the principles and advantages of coupling small molecule oxidation with water
splitting for producing high-value chemicals and degrading pollutants. The current challenges in catalyst design,
investigation of reaction mechanisms, and product separation are further highlighted. Finally, the review discusses
the challenges and future prospects of LDH-based catalysts for small molecule oxidation reactions, with the aim
of stimulating further research and advancement in electrocatalytic oxidation technologies.

Keywords: layered double hydroxides; electrocatalytic small molecules oxidation reaction; oxygen evolution
reaction; hydrogen evolution reaction; high-value chemicals; pollutant degradation

1. Introduction

Hydrogen is a potential alternative energy source to fossil fuels due to its high energy density (120 MJ/kg)
and green emissions [1,2]. However, as hydrogen does not exist in accessible quantities in nature, green hydrogen
is best produced from the water electrolysis technology powered by renewable electricity [3,4]. In this process, the
anodic oxygen evolution reaction (OER) involves a four-electron process, which is kinetically slow and has high
energy consumption [5,6]. The anodic electrocatalytic small molecule oxidation reaction or ESMOR in short, such
as alcohols, aldehydes, hydrazine, and urea have lower thermodynamic overpotentials and are widely considered
as the ideal alternatives to the OER [7,8]. However, the ESMOR still faces key challenges, including inefficient
catalyst performance and poor stability.

Two-dimensional materials are excellent candidates for developing efficient catalysts due to their larger
specific surface area, highly exposed coordination unsaturated sites, and unique electronic properties [9-11].
Layered Double Hydroxides (LDHSs) are a typical two-dimensional material consisting of cation-exchange layers
between two layers of hydroxide (Figure 1) [12,13]. The general formula of LDHs can be summarized as
[M12*ME*(OH) I (A™)wn MH20, composed of cation-exchange layers between two hydroxide layers. The
divalent metal ions M;_2* are typically Ni?*, Co?*, Mg?*, etc., and trivalent metal ions M3* are usually Fe®*, Al**,
Cr?*, etc. The anions A" are often OH~, COs?", NO3", and other inorganic and organic ions. Depending on the
interlayer anion, the interlayer spacing is different, forming a hexagonal network structure [14-16]. These metal
layers in LDHs are intercalated with hydroxide ions or other anions to maintain electrical neutrality [16]. In
addition, by introducing other metal atoms into the LDHs layers, it can be transformed into ternary LDHSs or multi-
metal LDHSs, which can generate more active sites and adjust the electronic structure, thereby further tuning the
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catalytic activity [17-20]. Even synergistic effects between multiple metal centers can control the catalytic reaction
through interactions or changes in the surrounding electronic structure [21-23]. In summary, the excellent
electronic structure, abundant active sites and high tunability of LDHs make them a promising 2D material for
electrocatalysis [24—26]. Moreover, researchers have also attempted to adjust the introduction of other elements
by altering synthesis methods and routes in order to purposefully achieve structural regulation of multi-metal
LDHs, with the goal of enhancing catalytic performance, which has consequently attracted increasing attention
[27-29].

This review overviews the fundamental principles and current research status of LDHs in electrocatalytic
small-molecule oxidation, including electrocatalytic oxidation of alcohols and aldehydes to synthesize value-
added chemicals, as well as and electrocatalytic degradation of pollutants such as hydrazine hydrate and urea. The
applicability of LDHs electrocatalysts for small-molecule anodic oxidation based on the current state of research,
which provides a valuable guideline for exploring efficient yet promising catalysts for LDH-related materials were
also summarized. In addition, we present perspectives on the applications of LDHs and their derivatives in
electrocatalytic water splitting, oxidation of organic compounds to produce value-added chemicals, and
degradation of pollutants.
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Figure 1. The crystal structure of LDHs.

2. Discovery and Development History of LDH

In 1842, Swedish scientists first discovered the natural LDH mineral—hydrotalcite, marking the starting
point of the scientific community’s formal recognition of LDHs materials. One hundred years late, Feitknecht and
others first synthesized LDHs materials artificially by reacting metal salt solutions with alkali metal hydroxides
and proposed the concept of the layered structure of LDHSs (Figure 2a). In 1969, Allmann and Taylor successfully
determined the single-crystal structure of LDHSs using single-crystal X-ray diffraction, experimentally confirming
the layered structure of LDHs for the first time. This discovery provided a crucial basis for the structural
characterization and performance studies of LDHs [13].

In the 1970s, as research on LDHs materials advanced, scientists gradually discovered the anion exchange
properties of LDHSs. This finding revealed the initial application potential of LDHs materials in fields such as
adsorption and catalysis. In the 1980s, researchers conducted in-depth studies on the products of annealed LDHs
and successfully applied them in redox catalytic processes, further expanding the application areas of LDHs
materials (Figure 2a) [30].
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Figure 2. (a) The scheme for the development of LDHs. (b) Comparison of voltages for OER, CER, HER and the
small-molecule oxidation reactions including hydrazine (HzOR), 5-hydroxymethylfurfural (HMFOR), and urea
(UOR). (c) The blueprint of hydrogen production coupled with the electrocatalytic small molecule oxidation. (b,c)
Reprinted with permission from [46]. Copyright 2024 Wiley-VCH GmbH.

In recent years, LDHs have demonstrated broad application prospects in various fields, including catalysis,
medicine, energy storage, and environmental management. For example, in the field of electrocatalysis, bimetallic
LDHs materials such as NiFe-LDH have garnered significant attention due to their excellent catalytic activity and
selectivity [31,32]. In the field of electrochemical energy storage, including batteries, supercapacitors, sensors and
secondary batteries, LDHs materials have also exhibited outstanding performance [33].

With the continuous deepening of understanding regarding the structure and properties of LDH materials,
along with ongoing innovations in synthesis techniques, the performance and application range of LDH materials
are expected to be further enhanced and expanded.

3. Fundamentals and Advantages for Electrocatalytic Small Molecular Oxidation

Electrocatalytic water splitting has become an important method for hydrogen production. However, the
entire water electrolysis process is significantly limited by the thermodynamics and kinetics of the OER.
Thermodynamically, the Gibbs free energy change for the anode OER at standard conditions (298 K, 101.325 kPa)
is AG = 237.1 kJ mol™!, which requires an electrical energy of 1.23 V [23]. In terms of kinetics, OER as a four-
electron transfer process leads to slow reaction rates, especially for industrial production where large current
densities are required. Therefore, actual electrolyzer requires a voltage significantly higher than 1.23 V [34].
Electrocatalytic water splitting for hydrogen production involves different reaction mechanisms at the cathode and
anode under acidic and alkaline conditions. The acidic hydrogen evolution reaction (HER) at the cathode is a two-
electron-proton process, as shown in Equation (1), while the anode oxygen evolution reaction (OER) involves a
four-electron-proton process, as shown in Equation (2) [35].

Water splitting in acidic electrolyte

2H* + 2e~ > H, (0V vs. RHE) 1)

2H,0 - 4H* + 0, + 4e~ (1.23 V vs. RHE) )

Under alkaline conditions, the cathodic HER involves the absorption of two electrons by two water molecules,
leading to their dissociation into hydrogen gas and two hydroxide ions, as shown in Equation (3) [36]. At the anode,
the OER involves the loss of four electrons by four hydroxide ions, resulting in the formation of two water
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molecules and one oxygen molecule, as shown in Equation (4) [37]. This reaction also involves a four-electron
transfer.
Water splitting in alkaline electrolyte

2H,0 + 2e~ - H, + 20H~ (0 V vs. RHE) ©)

4HO™ - 2H,0 + 0, + 4e~ (1.23 V vs. RHE) ()

Under both acidic and alkaline conditions, the anode OER is a four-electron process. Due to the slow kinetics
of the anode OER, it often becomes the main limiting factor for the efficiency of water electrolysis for hydrogen
production [38,39]. In contrast, OER limits the energy conversion efficiency during hydrogen production and also
affects the stability of the proton exchange membrane water electrolyzer. Currently widely used noble metal
catalysts such as Ru and Ir-based catalysts reduce their large-scale use due to their high price and insufficient crust
content. Therefore, in order to reduce the high energy consumption, it is an effective strategy to use small molecule
oxidation reactions, which are thermodynamically more applicable, to replace the OER process. In recent years,
hydrazine oxidation reaction (HzOR), urea oxidation reaction (UOR), and sulfur ion oxidation reaction (SOR)
have garnered widespread interest due to their lower theoretical oxidation potentials (Figure 2b) [40,41]. The
theoretical oxidation potentials for HzOR, UOR, and SOR are —0.33 V, 0.37 V, and —0.48 V, respectively, which
are significantly lower than that of OER [42—44]. It suggests that the HZOR, UOR, and SOR may be more efficient
than the OER and can be used for hydrogen production. The anodic reaction can be obtained from the following
equation:

NzHs + 40H™ — N + 4H,0 + 4e~ (~0.33 VV vs. RHE) (5)
CO(NH,); + 60H — N + CO;, + 5H20 + 6e™ (0.37 V vs. RHE) (6)
S* —2¢” — S (~0.48 VV vs RHE) ©)

Under alkaline conditions, the hydrazine oxidation reaction (HzOR) provides an energy-efficient method for
hydrogen production, while also providing additional benefits such as the degradation of N;Hs-contaminated
wastewater and the production of low-value by-products like water (H.O) and nitrogen gas (N.), without
generating CO2 greenhouse gases, as shown in Equation (5) [45]. Moreover, HzOR has a lower theoretical voltage
of —0.33 V, higher power density, and faster electrocatalytic kinetics. Additionally, UOR technology not only
converts urea-containing wastewater into gaseous products but can also generate energy through thoughtful design
[46]. Although UOR is a six-electron transfer process, as shown in Equation (6), it has a theoretical potential of
only 0.37 V, making it widely applicable in the field of electrochemistry [47,48]. The thermodynamic potential of
SOR (—0.48 V) is also significantly lower than that of OER. Moreover, H.S or S*>~ are common pollutants in
industrial exhaust gases and wastewater, posing risks to human health and the environment. Therefore, employing
anode SOR can oxidize S? or H2S into valuable elemental sulfur without the need for additional oxidants or
complex separation processes, as shown in Equation (7) (Figure 2c) [48].

4. Proposed Strategy on LDH for Electrocatalytic Small Molecular Oxidation

4.1. Electrocatalytic Oxidation of Small Molecular to Value-Added Chemicals

Electrocatalytic alcohol and aldehyde oxidation are not only a viable anodic reaction, but it can also be
coupled to hydrogen evolution reactions (HER) or other reductive fuel production reactions in electrochemical and
photoelectrochemical cells [49]. These reactions can effectively lower the cell potential and enable the conversion
of inexpensive industrial feedstocks or renewable biomass resources into valuable products [50,51]. Meanwhile,
simpler alcohols and aldehydes are converted into more valuable chemicals such as formic acid and dimethylfurans.
The formic acid is an important raw material for leather processing and is also widely used in the degradation of
plastic monomers, dyes, and food additives. Furthermore, the oxidation of 5-hydroxymethylfurfural (HMF) yields
2,5-furandicarboxylic acid (FDCA), which is widely regarded as the most suitable substitute for petroleum-derived
terephthalic acid. Therefore, the oxidation of alcohols and aldehydes to produce value-added products is a subject
of extensive research.

Methanol Oxidation Reaction to Formic Acid: For the LDH anode methanol oxidation system, methanol as
a small-chain alcohol with high hydrogen content, need the least number of electrons for complete oxidation.
Additionally, effective understanding the methanol oxidation (MOR) process can lead to more efficient production
of high-value products from biomass [52]. Methanol (at $350 per ton) has been long used as a feedstock to produce
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higher-value formic acid (at $1300 per ton), which are important chemicals in rubber and pharmaceutical industries
[53]. Many transition metal-based LDHs catalysts have exhibited activity for MOR and used as an alternative to
the OER in electrolyzers, enabling the production of value-added products such as formic acid. Song et al [54].
Synthesized defect-rich ultra-thin u-NiV-LDH, which optimizes the electronic structure of Ni sites (Figure 3a—c).
When applied to MOR, u-NiV-LDH exhibits a low potential of 1.41 V vs. RHE at 100 mA cm2, which is
significantly lower than that of bulk NiV-LDH at the same current density (Figure 3d). After reaction for five
cycles, the yields of Hz and formic acid are 98.2% and 88.1%, respectively (Figure 3e,f). Sun et al [55].
demonstrated efficient and stable MOR in alkaline media by anchoring Pt nanoparticles onto the surface of NiFe-
LDHs. In this system, the single-atom dispersed Fe** in the NiFe-LDH layers serves as anchoring sites for Pt
precursors, ensuring the high dispersion of Pt. The mass activity of Pt-based catalysts is usually used to evaluate
the catalytic performance of MOR, and it can be found that the mass activity of Pt (16%)/NisFe;-LDHs for MOR
is as high as 999 mA mge: !, which is 1.23 times higher than that of the commercial Pt/C (781 mA mge'). The
NiFe-LDHs substrate further enhances the resistance to poisoning and maintain stability after 200,000 s of cycling
tests. Therefore, methods such as doping, single-atom regulation, and constructing internal electric fields can
achieve good MOR activity. However, intermediates generated during methanol oxidation may cause catalyst
poisoning, affecting long-term stability.
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Figure 3. (a) Ni K-edge XANES spectra. (b) Ni K-edge EXFAS. (c) Defect structure of u-NiV-LDH. (d) LSV
curves. (e) Formic acid yield. (f) Cathodic H: yield. (a—f) Reprinted with permission from [54]. Copyright 2024
Wiley-VCH GmbH. (g) Reaction scheme for the overall MOR on NiM-LDHs (M = Mn, Fe). (h) Precatalytic MOR
process. (i) An unconventional bifunctional mechanism proposed for the overall MOR process. (g—i) Reprinted
with permission from [56]. Copyright 2023 Springer Nature.

Reaction Mechanism of Methanol Oxidation to Formic Acid: To investigate the mechanism underlying the
high MOR activity of LDH-based catalysts, a combined study using H/D Kkinetic isotope effect (KIE)
measurements and density functional theory (DFT) calculations was employed. Feng et al. [56] proposed a cyclic
pathway that consisted of reversible redox transitions of Ni'-(OH)./Ni"'-OOH during MOR processes. To be
consistent with experimental results and simplify the computational model, single-electron oxidation (Equation
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(8)) was used to generate Ni"'-OOH on the LDH model surface (Figure 3g), the oxidation product (i.e., NiM
hydroxyl oxide) is denoted as NiM(-H) (M = Mn, Fe). Subsequently, DFT calculations revealed a pathway starting
with methanol adsorption (Equation (9)) on the Ni site of the Ni''-OOH species, followed by a series of
dehydrogenation reactions (Equations (10) and (11)), ultimately forming formic acid (Equation (12)): [22,57]

NiM + OH™ — NiM(-H) + H.O + e~ (8)
NiM(-H) /* + CHsOH — NiM(-H) /*CHsOH (9)
NiM(-H) /*CH3OH + OH™ — NiM(-H) /*OCH, + H,O(l) + e (10)
NiM /*OCH; + OH~ — NiM(-H) /*CHO + H,0(l) + e~ (11)
NiM /*CHO + OH~ — NiM(-H) /*HCOOH + e~ (12)

The differences in catalytic performance between NiMn and NiFe-LDHs can be attributed to their distinct
Ni'-(OH)./Ni"'-OOH oxidation behaviors, which lead to either non-spontaneous or spontaneous MOR processes
(Figure 3h,i). Therefore, this study provides a clear understanding of the MOR mechanism of nickel-based LDHs
and can be extended to the electrooxidation of various primary and secondary alcohols. Song et al. demonstrated
that a NiFe-LDH/NiFe-ethylaminobenzene (NiFe-LDH/NiFe-HABX) exhibits excellent catalytic performance for
methanol oxidation to formic acid, with the faradaic efficiency for formic acid products approaching 100% [58].
Importantly, theoretical calculations indicate that electrons transfer from NiFe-HAB to NiFe-LDH at interface
tailors the electronic structure of NiFe-LDH, which not only passivates the OER during MOR but also facilitates
the adsorption for methanol for MOR [59,60].

However, although the electrocatalytic selective oxidation of alcohol molecules coupled with hydrogen
production can significantly enhance the overall efficiency of water splitting and yield high-value chemicals, the
molecular-level insights into the electrocatalytic MOR process are still lacking. Additionally, monitoring the
complex chemical transformations and the evolution of active sites during catalysis requires further exploration.

5-Hydroxymethylfurfural Oxidation Reaction to 2,5-furandicarboxylic Acid: 5-Hydroxymethylfurfural
(HMF) is a biomass-derived compound with significant application potential and holds broad prospects in the field
of biomass valorization [61]. HMF contains hydroxyl and aldehyde groups, which can be selectively oxidized to
2,5-furandicarboxylic acid (FDCA) or even further oxidized to the furan ring using appropriate catalysts [62]. For
example, when both the aldehyde and hydroxyl groups are oxidized simultaneously, FDCA is obtained. Oxidation
of the aldehyde group alone results in 5-hydroxymethylfurfural-2-carboxylic acid (HMFCA), while oxidation of
the hydroxyl group alone yields 2,5-furandicarboxaldehyde (DFF) [63]. FDCA has significant potential as a
sustainable substitute for terephthalic acid, with promising applications in pharmaceutical packaging, engineering
plastics, nylon production, coatings, and plasticizers. In recent years, non-precious metal-based catalysts have been
extensively applied in the field of HMF oxidation due to their good catalytic activity, and cost-effectiveness. Shao
et al. [64] reported an integrated efficient electrocatalyst for the oxidation of 5-hydroxymethylfurfural (HMF)
based on ultrathin CoAl-LDH nanosheet array (E-CoAl-LDH-NSA) with abundant oxygen vacancies (Figure 4a).
Benefiting from large electrochemical surface area and abundant oxygen vacancies, the ultrathin E-CoAl-LDH-
NSA shows excellent electrocatalytic activity for HMF oxidation, with a low onset potential of 1.30 V vs. RHE
(Figure 4b), and a high FE of over 95% in wide potential window of 1.42 to 1.57 V vs. RHE (Figure 4c). Recent
reports suggest that introducing single atoms on the surface of LDHs not only maximizes atomic utilization
efficiency but also obtain a large number of active sites. Li et al [65]. loaded single Ru atoms onto NiFe-LDH
(Ruos/NiFe) using a two-step electrodeposition method, which further enhanced the adsorption capability and
selective oxidation of HMF by the LDH catalysts. The Rugs/NiFe showed extremely low overpotential (243 mV
at 10 mA cm2) and excellent HMF conversion (99.43%), FDCA selectivity (99.24%) and yield (98.68%) in
HMFOR (Figure 4d,e). Although the oxidation activity of HMF has greatly improved in recent years, the catalytic
activity and stability of non-precious metal catalysts such as LDHs still require further enhancement.

Reaction Mechanism of 5-hydroxymethylfurfural Oxidation Reaction to 2,5-furandicarboxylic Acid:
Nicholas M. Bedford, et al., investigated the HMFOR mechanism based on introducing oxygen vacancies (Vo)
into NiFe-LDH nanosheets through Ce and La doping (Ce-NiFe-Vo) [20]. They found that the HMFOR has three
fundamental reaction steps (HMF — HMFCA — FFCA — FDCA), the second reaction step (i.e., *FFCA
chemisorption) is endothermic process, acting as the rate-limiting step for LDHs-based electrocatalysts.
Particularly, the change in reaction free energy for HMFCA — FFCA on Ce-NiFe-Vo (1.41 eV) is lower than
those on Ce-NiFe (1.54 eV), NiFe (1.71 eV) and La-NiFe (1.74 eV) (Figure 4f). Therefore, Vo in Ce-NiFe enhance

6 of 16



Sci. Energy Environ. 2024, 1, 10 https://doi.org/10.53941/see.2024.100010

M-O covalency, preferentially attracting OH™ to these sites and reducing competitive adsorption of OH™ and HMF
at the same active sites (Figure 4g). Sun et al. reported a bimetallic Ni-Cu electrocatalyst supported on nickel foam
(Ni-Cu/NF) to passivate the OER process while the oxidation of HMF is significantly enhanced. A current density
of 1000 mA cm2 can be achieved at 1.50 V vs. RHE [66]. In situ EIS and Raman spectroscopy revealed that
NiOOH is the active site for HMF oxidation [67,68]. Although the activity and selectivity for HMF oxidation have
been significantly improved, different transition metals have various effects on catalytic activity and HMFOR.
Further research into the structure-performance relationship of transition metal catalysts is still needed to enhance
both efficiency and selectivity.
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Figure 4. (a) Co 2p XPS spectra. (b) LSV curves. (c) FE of FDCA under different potentials. (a—c,e) Reprinted
with permission from [64]. Copyright 2021 Elsevier. (d) Two path ways for the oxidation of HMF to produce
FDCA. (d) Reprinted with permission from [65]. Copyright 2023 Elsevier. (¢) HPLC chromatogram spectra and
'H NMR spectra of the FDCA product. (f) LSV curves. (g) Scheme of structure-activity relationships as a function
of applied potential in Ce-NiFe. (f,g) Reprinted with permission from [20]. Copyright 2024 Wiley-VCH GmbH.

4.2. Electrocatalytic Molecular Oxidation for Pollutants Degradation

In addition to the application of LDH materials for small molecule oxidation to produce high-value chemicals
and in dual electrolyzer systems for hydrogen production with cathodic HER, LDH materials can also degrade
organic pollutants through LDH anodes. Reactions such as the electrocatalytic oxidation of hydrazine (N2H,), urea
(CO(NH,)2), and sulfide ions (S?) have thermodynamic potentials significantly lower than the 1.23 V vs. RHE
required for OER [69,70]. Combining urea and hydrazine wastewater electrocatalytic degradation with water
splitting shows significant potential for addressing environmental issues and producing high green energy for
applications such as direct urea and direct hydrazine fuel cells, despite the lower economic value of the reaction
products.

Electrocatalytic Hydrazine Oxidation, Degradation and Reaction Mechanism: Hydrazine is a toxic
compound commonly found in pharmaceutical and petrochemical wastewater. Inhalation of hydrazine can lead to
severe health issues, including blood abnormalities, permanent DNA damage, and organ damage [19]. When
hydrazine-containing wastewater is discharged into water bodies, it can harm aquatic life and deplete dissolved
oxygen, leading to deteriorated water quality. At the same time, hydrazine is an important chemical reagent, widely
used in organic synthesis and inorganic compounds production, rocket fuel. Recently, modified LDH materials
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have demonstrated significant potential for replacing OER in the HzOR. Wu et al. developed an in-situ growth of
nitrogen-doped NiZnCu layered double hydroxides (N-NiZnCu LDH/rGO) on nickel foam, show that at a current
density of 10 mA cm~2, the voltages of AOR, UOR, and HzOR are 0.49 V, 1.31 V, and 0.01 V with a high stability
(over 3000 CV cycles), which are much better than those of Pt/C [71]. This demonstrates that N-NiZnCu LDH/rGO
can replace precious metals in commercial hydrogen production through water splitting and is also suitable for
industrial wastewater treatment. Liu et al. prepared a Pd species-loaded NiFe-LDH, where the Pd NCs/NiFe
catalyst exhibited a current density of 4.3 A mg Pd! at 0.35 V vs. RHE (Figure 5a). This is one of the most
effective HzOR catalysts reported to date. The LSV curves reveal that the NiFe substrate shows no catalytic
activity for NoH., indicating that the active sites are the Pd species. At 0.35 V, the Pd SA/NiFe catalyst
demonstrates the highest current density of 4.3 A mg Pd ™! which is 36 times higher than Pd SA/NiFe and 7 times
higher than Pd NPs/NiFe [72]. It also exhibits the best reaction kinetics and an electrochemical impedance
approaching that of precious metals (Figure 5b,c). Therefore, strategies like element doping, lattice strain
engineering, and the creation of single-atom active sites can significantly accelerate the hydrazine oxidation
reaction. Furthermore, a hydrazine oxidation-assisted water-splitting electrolyzer offers an energy-efficient
alternative to traditional water-splitting systems (Figure 5d,e). However, the HzOR reaction generates a large
volume of N2 gas, which can lead to bubble adhesion and potentially damage the catalyst during operation.
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Figure 5. (a) LSV curves for N2H4 oxidation. (b) Tafel plots. (c) Bode plots. (a—c) Reprinted with permission from
[72]. Copyright 2022 American Chemical Society. (d) A self-powered hydrogen production system integrated by
driving the OHzS electrolyzer with DHzFC as power supply, and the corresponding discharge polarization curve
and power density plot (e). (d,e) Reprinted with permission from [73]. Copyright 2023 Wiley-VCH GmbH. (f) The
calculated Gibbs free energy. (f) Reprinted with permission from [74]. Copyright 2024 Wiley-VCH GmbH.

The theoretical potential for hydrazine oxidation can be as low as —0.33 V vs. RHE. Developing efficient and
cost-effective bifunctional electrocatalysts for both HzOR and HER is crucial for advancing electrolytic systems.
Recently, there has been further exploration into the reaction mechanisms of efficient hydrazine oxidation catalysts:
Song et al. prepared Pd NCs/NiFe catalysts, and the electrons transfer from Pd species to NiFe-LDH supports, and
the Pd NCs/NiFe exhibited the most positive valence state and the highest d band center due to the uplifting of
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empty 5d orbitals originating from the presence of strong intracluster interactions and formation of the Pd—Pd
bonds, which led to strong interaction with hydrazine [73]. Additionally, Zhang et al. designed Ru anchoring on
NiFe-LDH (Ru¢/NiFe-LDH) by forms the Ru-O-Ni/Fe bridge between Ru atoms and LDH support. They found
that the electrocatalytic oxidation of hydrazine follows six reaction steps: NoHs — *NoHs — *NoHz — *NoH, —
*N2H — *N; — No. The Ru—O—Ni/Fe bridge in Ruc/NiFe-LDH modifies the coordination environment and lowers
the d-band center [74]. This results in improved intermediate adsorption/desorption energies on the Ru surface,
leading to superior catalytic performance (Figure 5f). Although DFT calculations can now demonstrate the reaction
pathways and energy barriers of catalysts, identifying the true active sites and key intermediates in the HzOR
reaction. Future work should focus on developing advanced in situ characterization techniques and isotope labeling
to analyze key intermediates and actual catalytic species in real time.

Electrocatalytic Urea Oxidation, Degradation and Reaction Mechanism: Urea, abundant in industrial
wastewater as well as human and animal urine, usually lead to the contamination of rivers, lakes, and groundwater
sources [75,76]. Additionally, high levels of ammonia nitrogen and nitrates can cause poisoning and death in fish
and shellfish, posing risks to human health through the food chain [77]. Therefore, there is an urgent need to
develop highly selective and active urea oxidation reaction (UOR) catalysts. On one hand, the thermodynamic
potential for UOR is significantly lower than that for OER, making it a cost-effective and widely applicable organic
substrate in agriculture and pharmaceuticals [78]. On the other hand, urea electrochemical oxidation is beneficial
for treating urea-containing wastewater [79]. Moreover, LDHs-class catalysts also show strong long-term stability
during the UOR reaction process, which is conducive to the efficient operation of catalysts in the long term. Huang
et al. successfully prepared a composite material composed of a-FeOOH and NiFe-based LDH, and stable NiOOH
is obtained by the following electro-oxidation method. Due to the strong electron-capturing ability of a-FeOOH,
the charge redistribution around the Ni/Fe sites is effectively facilitated, thereby activating the Ni atoms in the
LDH [80]. Simultaneously, the optimization of the d-band center balances the absorption and desorption energies,
significantly lowering the Gibbs free energy barriers for both the OER and UOR. Consequently, this results in an
outstanding overpotential of 195 mV and a potential of 1.35 V at 10 mA cm™. Additionally, constructing
heterostructures is another effective strategy for achieving high-efficiency UOR. Wu et al. created ultrafine
homogenous Ni,P-Co2P heterostructures (Ni.P-Co,P/C) from a Ni-Co LDH on a single nanosheet. It requires only
an ultralow overpotential of 1.27 V to achieve a current density of 10 mA cm2, with a Tafel slope of just 28.71
mV dec™!. This performance is attributed to the interfacial synergy between the two components and the ultra-
hydrophilic/ultra-phobic surface properties [81]. Additionally, when Ni,P-CoP replaces the anode OER in the
Pt/C system for urea wastewater purification while producing hydrogen, the UOR/HER system requires only a cell
voltage of 1.41 V to drive a current density of 100 mA cm™2, which is 352 mV lower than that of conventional
water electrolysis systems. Strategies such as incorporating single atoms, creating oxygen vacancies, and
introducing defects are also employed to enhance UOR selectivity and activity. However, the activity and stability
of currently reported UOR catalysts still fall short. Transition metal Ni-based catalysts show significant potential,
but their stability is often compromised by issues such as CO poisoning and inevitable metal corrosion and
dissolution.

The UOR can simultaneously remove urea and enable energy-efficient hydrogen production (via urea-
assisted water splitting) or power generation (through direct urea fuel cells). This advantage arises because UOR
is thermodynamically more favorable than the anode OER, with a fuel cell potential of 0.37 V (Equation 13),
significantly lower than the conventional water splitting potential of 1.23 V (Equation (14)). Moreover, the
oxidation products of urea are CO, and N (Equation (15)) [82]. However, due to the complex six-electron transfer
process, UOR inherently experiences slow kinetics, necessitating high-performance catalysts to enhance the
reaction rate.

40H - H,O + O, + 4e~ (13)
CO(NHz)z + 60H — CO, + 5H,0 + No+ 6e~ (14)
6H,0 + 6e”— 3H, + 60H" (15)

To further elucidate the kinetics of the urea oxidation reaction (UOR), Huang et al. evaluated absorption
energy of urea in three coordination (bridge coordination, oxygen coordination, nitrogen coordination) was
assessed (Figure 6a—d). The best adsorption mode on NiOOH is oxygen-coordinated (—1.15 eV), while on
FeOOH/NIOOH is nitrogen coordinated urea (—1.25 eV) [83]. Therefore, FeEOOH/NiOOH possesses the most
negative adsorption energy, accelerating the urea to absorb on the catalyst. Theoretically, the formation of N,
occurs through the key molecular N-N coupling reaction during the stepwise dehydrogenation of urea. However,
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the weakening of the C=N bond can lead to its cleavage into cyanate (NCO~) and ¥*NHy, which can subsequently
be overoxidized to secondary NO, species (Figure 6a) [83]. Therefore, it is crucial to prevent the cleavage of the
C=N bond in urea to ensure its selective conversion to N». Peng et al [84]. also analyzed the catalytic mechanism
of UOR and HER using DFT calculation based on Fe-CoogsSe/FeCo LDH. They found that the local interaction
of interfacial Co-Se/O-Fe bonds modulates the electronic structure, improves the reactive kinetics and intrinsic
activity for HER and UOR (Figure 6e,f). Moreover, the research of Peng’s group implies that the importance steps
for UOR is CO(NH3); — CO(NH:).* — HNCO(NHz)*— NCO* + NH*, while lacks of experimental results to
verify these reaction processes. Future efforts should focus on expanding the application of urea oxidation,
particularly in industrial wastewater treatment and advanced sensor technologies, to demonstrate its potential in
addressing pressing environmental and energy challenges.
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Figure 6. (a) The UOR pathways for N2/COz or NOx/NCO™ production on connected symmetric Ni-O-Ni sites.
(b) J-V curve. (c) LSV curves. (d) The on-line MS of Hz and N2/O2 collected from cathode and anode chambers.
(a—d) Reprinted with permission from [83]. Copyright 2024 Springer Nature. (€) Calculated hydrogen adsorption
energy. (f) Free energy diagrams of the simplified UOR. (e,f) Reprinted with permission from [84]. Copyright 2023
Wiley-VCH GmbH.

4.3. Electrocatalytic Oxidation of the Other Small Molecular

Other thermodynamically favorable small molecules, such as ethanol, benzyl alcohol, chitosan, toluene,
amines, glucose, and sulfide ions, have also been explored for electrocatalytic oxidation as alternatives to OER for
energy-efficient hydrogen production. The thermodynamically advantageous ethanol oxidation reaction (EOR)
instead of the anodic OER is considered to be a promising method for achieving both energy-efficient hydrogen
production and high-value chemical production (e.g., acetic acid). Huang et al [85]. designed single-atom In-doped
sub-nanometer Pt nanowires (SA In-Pt NWs) as high-performance electrocatalysts for HER and EOR across a full
pH range. They achieve 10 mA cm2 with a low overpotential of just 0.62 V and exhibit a high Faradaic efficiency
of 93%, enabling the conversion of ethanol to valuable acetic acid in the anode of a fuel cell. Qiu et al [86]. was
the first to prepare nickel-cobalt hydroxide nanosheets (A-Ni-Co-H/NF) supported on nickel foam. The A-Ni-Co-
H/NF feature a large active surface area and low charge transfer resistance, enabling the electrocatalytic production
and separation of pure benzoic acid, and industrial-scale current densities in excess of 400 mA cm~2 were achieved
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without OER, with Ph-COOH yields approaching 100%. Shi et al [87]. successfully developed an amorphous high-
entropy catalyst for the sulfur oxidation reaction (SOR). At a low potential of 0.25 V, it delivers a current density
of 100 mA c¢cm2 and maintains stable electrolysis for 100 h at a high current density of 1000 mA cm™2. This
performance is attributed to the tuning of the chemical environment around the active sites by metal cations of
varying softness and hardness, which synergistically enhances the adsorption and desorption processes of sulfide
ions during SOR. Although various small molecule oxidation technologies have made significant strides recently,
there remains substantial potential for improving electrocatalytic activity. There is still a need for well-designed,
efficient, and stable catalysts.

6. Summary and Outlook

In recent years, there has been growing interest in using electrocatalytic small molecule oxidation to
synthesize high-value chemicals or degrade pollutants as an alternative to the kinetically sluggish OER reaction.
This review summarizes recent advances in LDH-based catalysts for the electrocatalytic oxidation of various small
molecules, including alcohol, aldehyde, hydrazine, urea, and sulfide. It covers strategies such as doping,
heterojunction construction, and morphology optimization to enhance catalytic performance. This coupling
mechanism not only enables the production of high-value chemicals and pollutant degradation at the anode but
also allows hydrogen production from mixed electrolytic water at significantly reduced voltages. We try to unearth
the most important factors that affect the catalytic performance of electrocatalytic small molecule oxidations,
nevertheless, significant effort is still needed to fundamentally understand the reaction mechanism and to further
enhance the reaction kinetics (Table 1). However, we believe that LDHs materials show great potential for energy
conversion and catalysis, and their unique layered structure and ion-exchange ability make them excellent
candidates for high-performance electrocatalysts. Research should focus on the development of new synthesis
methods and modification strategies to improve the stability, durability and cost-effectiveness of LDHs-based
catalysts. Several key challenges remain to be addressed for the industrialization of LDH-based catalysts for
electrocatalytic small molecule oxidation. (1) Some electrocatalysts exhibits high performance for individual
reactions but only at low current densities. (2) The mechanism of anodic small molecule oxidation is still
controversial. (3) Effective separation of many high-value chemicals remains challenging.

Table 1. List of parameters affecting the activities of electrocatalytic typical small molecule oxidation.

Coordination d-Band

Samples Reaction  Active Sites Number Center Nanostructure Ref.
u-NiV-LDH MOR Ni 5.1 -1.27 nanosheets [48]
Pt/NiFe-LDH MOR Pt — — nanosheets [49]
NiMn-LDH MOR Mn — —2.75 nanoparticle [50]

NiFe-LDH/NiFe-HAB MOR Fe — — nanosheets [52]
E-CoAl-LDH-NSA HMFOR Co 3.7 ~—1.8 nanoplatelets [58]
Ru/NiFe-LDH HMFOR Ru 3.8 — nanosheets [59]
Ce-NiFe-LDH HMFOR Ce 2.05 — nanoparticle [20]
(Ni-Cu/NF) HMFOR Ni, Cu — — nanosheets [60]

Pd NCs/NiFe HzOR Pt 3 -1.76 nanoparticle [66]
Rui- NiCoP HzOR Ru 6 -1.10 nanoparticle [67]

Ruc- NiCoP HzOR Ru — -1.74 nanoparticle [68]
LDH/a-FeOOH UOR Ni 6 -1.77 nanosheets [74]
Ni2P—Co2P/C UOR Co — -1.12 nanosheets [75]
Ni-O-Ti UOR Ni 5 — nanoparticle [77]
Fe-Coo.s55e/FeCo LDH UOR Co — —1.48 nanosheets [78]

(1) Reaction Mechanism: Currently, the mechanisms of various small molecule oxidation reactions are still
debated. Future research should employ advanced in-situ characterization techniques, such as in-situ diffuse
reflectance Fourier-transform infrared spectroscopy, in-situ electron spin resonance spectroscopy, in-situ X-ray
photoelectron spectroscopy, in situ transmission electron microscopy, and in-situ Raman spectroscopy. These
methods can track changes in composition, structure, and electronic properties to explore the true reaction
pathways and active sites. Additionally, DFT calculations should be used to demonstrate the energy barriers of
each reaction step and identify the rate-determining step.

(2) Catalyst Design: Rational design of catalysts has always been a prerequisite for achieving high activity
and stability in reactions. Controlling the nanostructure and coordination environment of catalysts is crucial for
influencing reaction performance. Techniques such as crystal facet engineering, surface customization, defect
engineering, structural modulation, and heterojunction design can achieve precise control over these aspects.
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However, the design of small molecule oxidation catalysts still lacks specificity. A deeper understanding of the
reaction mechanisms for each small molecule oxidation is needed to achieve targeted designs that optimize
catalytic activity. Additionally, most small molecule oxidation electrocatalysts currently provide low current
densities (<300 mA cm2) in laboratory settings. To meet the demands of industrial-scale production, future
research should focus on developing electrocatalysts that can deliver higher current densities (>1000 mA cm™2)
and exhibit enhanced stability.

(3) Product Separation: Separating and purifying valuable products from the anode is a crucial step in
industrial production. For different small molecules, suitable separation methods should be chosen, such as high-
performance liquid chromatography, supercritical fluid chromatography, and membrane separation techniques.
Additionally, it is important to reduce the costs of subsequent separation and purification while improving
durability for long-term operation. The cost of the electrocatalysts should also be considered, including expenses
related to raw materials, preparation processes, transportation, and environmental impact. Future work should
focus on using abundant earth elements, simple preparation strategies, locally sourced materials, and
environmentally friendly practices.
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