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ABSTRACT 

 

Full Name : Omer Ahmed Ali Taialla 

Thesis Title : Morphology- Controlled Synthesis of Zinc Layered Double Hydroxide 

for Electrocatalytic CO2 Reduction  

Major Field : Analytical chemistry  

Date of Degree : December /2023 

 

The anthropogenic carbon dioxide emissions has significantly and detrimentally affected 

our ecosystems. Electrochemical reduction (ECR) of CO2 is one of the emerging 

alternatives to mitigate atmospheric CO2 concentration and achieve a carbon-neutral state, 

primarily due to its capability to utilize renewable sources efficiently. However, the CO2-

ECR currently suffers from low efficiency and inadequate selectivity. Therefore, there is a 

pressing need for an efficient electrocatalyst that can enhance desired product selectivity 

and improve the process's efficiency. This work examined the elucidation of Zn-layered 

double hydroxides incorporated chlorine (ZnLDH-Cl) electrocatalytic CO2-ECR activity. 

ZnLDH-Cl catalysts were synthesized, and CO2 RR was performed using a CO2-saturated 

KHCO3 electrolyte to evaluate the electrocatalytic ability of ZnLDH-Cl catalysts. ZnLDHs 

intercalated with different species (Ca2+, Na+, and +NH) were synthesized using metal 

chloride through hydrolysis process. The synthesized ZnLDH-Cl catalysts exhibited 

electrocatalytic CO2-ECR activity for CO formation. The highest faradaic efficiency was 

achieved with ZnLDH-Cl/Ca demonstrating 99.7% at -0.96 V vs RHE with current density 

of 16.16 mA cm-2 at a remarkably low overpotential of 0.436V. In addition, the catalyst 

maintains high stability  in an aqueous medium and in terms of activity reaching up to 24. 

h.  
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 ملخص الرسالة

 عمر احمد علي تاي الله :الاسم الكامل

التخليق المتحكم فيه لهيدروكسيدات الزنك المزدوجة الطبقات من أجل الاختزال  :عنوان الرسالة

 الكهروكيميائي الفائق لتقليل غاز ثاني أكسيد الكربون  

 

 كيمياء تحليلية  التخصص:

 2023/ديسمبر  :تاريخ الدرجة العلمية

في  إن   الا  انبعاثالزيادة  البيئية.  نظمنا  على  وضار  كبير  بشكل  أثرت  قد  البشري  الكربون  أكسيد  ختزال ثاني 

لثاني أكسيد الكربون هو واحد من البدائل الناشئة لتخفيف تركيز ثاني أكسيد الكربون في الغلاف الجوي    الكهروكيميائي

استخدام مصادر الطاقة المتجددة بكفاءة.    رة هذه الطريقة على وذلك بشكل رئيسي بسبب قد  وتحقيق حالة محايدة للكربون

لذلك، هناك حاجة ملحة إلى عامل حفاز كهربائي فعال .  من كفاءة منخفضة وانتقائية غير كافية  يعاني حاليًاومع ذلك،  

ة لطبق  المرغوبة وتحسين كفاءة العملية. في هذه الدراسة، تم دراسة النشاط الكهروكاتاليتي  نواتجيمكنه تعزيز اختيارية ال

  باستخدامفي الاختزال الالكتروكيميائي لغاز ثاني أوكسيد الكربون    ودراستها  زنك المزدوجة المائية المدرجة بالكلور

على    محفزاتللتقييم القدرة الكهروكاتاليتية لككهروليت    الكربونكربونات البوتاسيوم المشبعة يغاز ثاني أوكسيد    يثنائ

اختزال ثاني أوكسيد الكربون الي مركبات اخري ذات فائدة أعلي وتأثير إيجابي على البيئة. تم تخليق المحفزات بثلاثة 

أنواع مختلفة من الهيدروكسيدات لدراسة تأثيرها أيضا على شكل المحفز الخارجي واضافه كاتيونات مختلفة لزيادة  

يد الكربون. أظهرت العوامل المحفزة المحضرة كفاءات مختلفة في اختزال  كفائه العامل الحفاز في اختزال ثاني أوكس

ثاني اوكسيد الكربون واعلي كفائه سجلت للعامل الحفاز المحضر عن طريق استخدام هيدروكسيد الكالسيوم حيث نجح 

  ملحوظ بشكل    جهد منخفض  ق مع فر%  99.7في اختزال ثاني أوكسيد الكربون الي اول أكسيد الكربون بنسبه تصل الي  

    ة.ساع 24استقراريه تصل الي  مع للعكسفولت مقابل قطب الهيدروجين القابل  0.966جهد كهربائي يعادل  عند
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1 1. CHAPTER  

INTRODUCTION 

2 The global economy and societies rely primarily on fossil fuels like natural gas, coal, 

and petroleum for the generation of the major forms of energy needed in industrial 

activities and processes [1,2]. This reliance has led to a significant increase in 

atmospheric carbon dioxide (CO2) concentration worldwide due to emissions [3]. 

Furthermore, it has contributed significantly to the acidification of water bodies, rising 

global temperatures, adverse weather conditions, and the devastating loss of important 

natural species [4–6]. These consequences have raised significant concerns due to the 

continuous increase in greenhouse gases (GHGs) produced by these processes. CO2 is 

the major greenhouse gas that is promoting climate change due to anthropogenic 

human activities, among other sources, such as deforestation, cement production, and 

biomass burning [7]. Currently, the Earth's atmosphere holds about 412 ppm of CO2, 

and it is increasing steadily. There has been an 11% increase since 2000 when the 

concentration was 370 ppm and a 47.5% increase since the beginning of the industrial 

period. The atmospheric CO2 concentration was predicted by the International Panel 

on Climate Change (IPCC) to reach 950 ppm by 2100, inducing a 1.9ºC average 

atmospheric temperature elevation [8,9]. To maintain the stability of our atmosphere 

and near region, it is of the utmost importance that this threat receives maximum 

mitigative attention like never before. Since fossil fuels will continue to play a 

significant role in the global supply of energy for an extended period, one way to reduce 

anthropogenic CO2 emissions is to capture the greenhouse gas where it is produced. 

Although many adsorptive materials have been developed to accomplish this goal, the 
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vast majority of them have insufficient adsorption capacities and require high 

temperatures, as well as insufficient resources to permanently store the massive 

amounts of CO2 released daily to annually [10–12]. Exploring and harnessing CO2-

capture and utilization (CCU) techniques provides a commercial avenue to convert 

CO2 to value-added products to commensurate carbon management costs. Novel 

alternative techniques are currently being explored include thermochemical [13,14], 

electrochemical [15,16], plasma-based technology [17,18], biochemical [19], catalytic 

hydrogenation [20,21], and photochemical [22,23] Figure 1. Though these methods 

help in CO2 conversion and consumption, they also have some limitations, such as 

restricted feedstocks (particularly for biochemical processes), low 

efficiency/selectivity, environmental impact of waste generated by their processes, 

catalyst instability or easy deactivation, high energy requirement (due to the inertia of 

CO2), corrosion and degradation of materials (particularly for thermochemical 

processes), and so on. 

3  
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4  

5 Figure 1: Various technologies of CO2-capture and application (CCU) that offers an 

economic opportunity to transform CO2 into value-added products. 
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6 Electrochemical technique offers a competitive advantage among others [24,25], such 

as the use of green and sustainable energy sources for the reduction of CO2 to valuable 

products [26,27]; simplicity and ease of scaling up electrocatalysis systems, and mild 

and easily tunable reaction conditions. It also generates a wide range of industrial 

chemicals and useful fuels such as hydrocarbons (CH4, C2H6), syngas (CO & H2) 

formate, alcohols (CH3OH, C2H5OH) in pure forms or as a mixture of products. 

Electrochemical CO2 reduction (CO2-ECR) techniques have achieved fascinating and 

intriguing accomplishments with numerous potential breakthroughs. However, it is 

pertinent to pay attention to some fundamental challenges of this technique which 

include high overpotential and limited solubility of carbon dioxide in the aqueous 

solution [28,29] formation of mixtures of product, thus necessitating expensive 

separation procedures [29,30]; catalytic deactivation of the electrodes by impurities, 

intermediates or wastes [28–30] The development of catalysts possessing high 

activities and selectivity [31,32]; and the competing hydrogen evolution reaction 

(HER) suppression are also included in them [33]. However, researchers have made 

significant progress in addressing some of the issues raised by developing 

electrocatalysts with exceptional characteristics. The numerous kinds of 

electrocatalytic materials studied so far, including, metal chalcogenides [34,35], metals 

nanomaterials [36,37], metal alloys [33], MXenes [38], metal-organic frameworks 

MOFs, carbon-based compounds [39], and metallic oxides [40–42]. 

7 CO2-ECR has achieved fascinating accomplishments with numerous potential 

breakthroughs. However, it is pertinent to pay attention to some fundamental 

challenges of this technique which include but are not limited to: a) high overpotential 
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and low CO2 solubility in the aqueous solution [43,44]; b) formation of mixtures of 

product, thus necessitating expensive separation procedures [44,45,29] c) catalytic 

deactivation of the electrodes by impurities, intermediates, or wastes [45],; d) 

development of catalysts possessing high activities and selectivity [31,32]; and e) the 

competing HER suppression [46]. However, researchers have made significant 

progress in addressing some of the issues raised by developing electrocatalysts with 

exceptional characteristics. The numerous kinds of electrocatalytic materials studied 

so far including, metal chalcogenides [34,47] metals nanomaterials [48,37]metal 

alloys[46], Mxenes [49], MOFs, carbon-based compounds [50], metallic oxides 

[51],[52],[53]. 

8  Metal oxides have emerged as promising electrocatalysts for the reduction of CO2 to 

value-added chemicals and fuels. In this process, CO2 is reduced to more useful 

molecules like carbon monoxide, formic acid (HCOOH), and methane (CH4) using an 

electrochemical approach Figure 2. Metal oxides can act as efficient electrocatalysts 

due to their excellent electronic conductivity, stability under harsh conditions, and 

ability to tune their electronic properties by modifying their surface structure. So far, 

researchers have made significant contributions to morphological tailoring through 

careful preparation control of metal oxide structures [54], atomic-scale structuration 

[55], designing of electrolytes [56], and linking of crystallites [57]. The inorganic 

material-based heterogeneous electrocatalysts have demonstrated exceptional 

resilience during electrocatalytic tests. However, they undergo moderate to mild 

reconstruction in specific situations under the reaction conditions [58], This makes it 
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difficult to discuss the catalytic cycle operations without elucidating the operando 

technique.  

9 

Figure 2: The development of (carbon monoxide, Formic acid, Methane, and 

Methanol) byproducts over metal and metal oxide electrocatalysts. Copyright with 

permission from [59]. 

10  

11 Nonmetal heteroatoms (Non-MHA) are expected to have more ability to alter the electronic 

structure of metal oxide catalysts than metal heteroatoms due to their significantly higher 

electronegativities (e.g., H, S, N, and halogens) [59]. Several post-treatment techniques, 

such as nitrogen plasma, are used to dope nonmetal components into metal oxide catalysts 

[60]. Also, wet-chemistry approaches, and post-annealing [61], have been established. 

However, the extra nonmetal doping method complicates the synthesis, limiting 

commercial-scale industrial manufacturing. Additionally, only superficial doping is 

feasible, where dopants are more prone to leach under cathodic potentials, lowering 

catalytic stability and diminishing the modifying effect. Catalysts with nonmetal doping, 

on the other hand, are more able to alter structure and composition under cathodic 

potentials during CO2-ECR. As a result, to identify the true active sites and reaction 
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mechanism, it is critical to analyze the structure and chemical composition change during 

CO2-ECR, which has sadly been overlooked by most prior nonmetal doping studies [62]. 

12 CO2-ECR has solved specific problems and prepared the way for near-future sustainable 

technologies throughout the last two decades. Nonetheless, many challenges must be 

overcome to improve current density, minimize overpotential, and manage the stability and 

selectivity of carbon dioxide reduction over metallic/metal oxide electrocatalysts. 

1.1  Fundamental of Electrochemical Reduction of CO2-ECR 

Reducing carbon dioxide into useful fuels and chemicals by CO2-ECR is considered a 

promising and efficient approach. This process involves the use of an electrochemical cell 

and an applied voltage to convert CO2 into various products at the cathode. Recently, this 

technology has gained more attention as a promising approach to reducing greenhouse gas 

emissions and addressing climate change [63–65]. The CO2-ECR process is complex, but 

in essence, it involves the transfer of multiple electrons from an external electrical source 

to the cathode, which is usually a metallic electrode or a catalyst-coated electrode, in an 

aqueous medium. Proton transfer processes are also involved in converting CO2 into value-

added chemicals [66,67]. The thermodynamic reactions occurring during the CO2-ECR 

process, and the corresponding redox potentials of the resulting products (both gases and 

liquids) are dependent on the reaction conditions and the catalyst used [67]. The catalyst’s 

performance and selectivity in the CO2-ECR process can be influenced by various crucial 

factors, including the electrolyte’s pH, the type of electrode material, and the specific 

catalyst employed [68]. Also, the potential difference between the cathode and anode in 

the electrochemical cell is the major driving force behind the CO2-ECR process [69]. The 

mass transfer of CO2 to the electrode-electrolyte interface, which is required for aqueous-
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phase CO2 conversion, is also largely impacted by the CO2 supply. Various factors such as 

electrolyte concentration, the form of electrodes, electrolyte pH, nature of the catalyst, 

membrane type, and CO2 flow rate can affect this phenomenon, and thus have a significant 

impact on the CO2-ECR activity [70]. The low mass transfer ratio of CO2 is a major 

challenge in CO2-ECR, as CO2 is a gas and tends to have low concentrations on the surface 

of the electrode or electrocatalyst. This issue is further aggravated by the limited solubility 

of CO2 in many electrolytes [70,71]. Several approaches have been employed in the recent 

past to improve mass transfer to overcome these challenges, including the use of 

electrochemical reactors, electrodes, electrocatalysts, and electrolytes. These approaches 

could potentially reduce reaction barriers to such an extent that reaction rates can be 

achieved at a sufficient level for CO2-ECR [71,72]. Yue et al. [73] recently demonstrated 

an approach to enhance mass transfer and improve CO2-ECR by introducing a hydrophobic 

surface, which lowers the water adsorption ability of the electrode. The transfer of 

dissolved CO2 from the liquid electrolyte to the cathode-electrolyte interface is a key 

process in most CO2-ECR electrochemical cells. This transfer is dependent on the gradual 

change in CO2 concentration at the interface (as shown in Figure 3), The rate of transfer is 

influenced by several elements, such as the interfacial interaction area, total mass transfer 

parameters, and the total concentration driving force [68,74]. The quantity of gradients in 

the system depends on the solubility of carbon dioxide in the electrolyte, as well as the 

specified operational temperature and pressure of the electrolyzer cell. However, predicting 

these gradients in CO2-ECR is a complex task because acid-base reactions such as CO2 

consumption by OH- in the electrolyte can cause nonlinear deviations from Fick's law 
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behavior, resulting in reduced concentrations of CO2 that are available to react at the 

surface of the electrode [68,75,76].  

 

Figure 3: Illustrations of (a) the carbon dioxide concentration curve along gas, liquid, and 

solid interfaces. (b) The EDL with selectively adsorbed anions at the inner Helmholtz layer 

(IHL) & solvated cations at the outer Helmholtz layer (OHL), (c) Concentration gradient 

of CO2 and pH close to the diffusion layer as j rises in a system with carbon dioxide 

supplied from the main electrolyte. taken from, with permission [68]. 

 

 The impact of acid/base reactions in the electrolyte during CO2-ECR on 

concentration gradients can be mitigated by using buffering electrolytes like potassium 

carbonate (KHCO3) to regulate the pH at the cathode [75]. To maximize the interfacial 

contact area, the size of the gas bubbles introduced to the electrolyte can be reduced or a 

3D-structured electrode, such as a gas diffusion electrode (GDE), can be utilized [77–80]. 

Furthermore, GDE has been reported to be highly effective in providing a stable and 
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expanded three-phase boundary at the gas-liquid-solid interface, reducing the diffusion path 

of gas and enhancing mass transfer. As a result, it has been widely employed in CO2 

electrocatalysis due to its porous and electrically conductive composite coatings [81]. The 

mass transfer coefficients of CO2 and CO2-ECR products typically rise with temperature, 

pressure, and the velocities of gas and liquid in the electrolyzer but are also influenced by 

viscosity, the solubility characteristics of the electrolyte, and density. At the electrode-

electrolyte interface, various phenomena such as charge transfer, phase transformation, and 

mass transport occur during CO2-ECR. The electrical double layer (EDL), which describes 

the area of charge separation that arises at the interface between the electrode and 

electrolyte, is a fundamental concept in electrochemistry [82]. Having a thorough 

understanding of the events taking place within the EDL is essential for accurately modeling 

and predicting the reaction environment in electrochemical systems [83,84]. Besides that, 

the creation of the EDL is deemed critical in controlling both the kinetics of the CO2-ECR 

reaction and the transportation of CO2 molecules to the surface of the catalyst [85,86]. The 

EDL comprises two layers: the inner Helmholtz layer, which contains ions that bind tightly 

to the electrode surface, and the outer diffuse layer, which contains ions that are weakly 

adsorbed and are more mobile [83,87,88]. Several factors, such as the kind of electrode 

material, the concentration and type of electrolyte, and the applied potential, can influence 

the thickness of the EDL and the arrangement of ions within it [89]. The impact of these 

factors extends to the adsorption of CO2 and other species onto the electrode surface, as 

well as the rate of charge transfer reactions that take place during the electrocatalytic 

process [90]. Apart from experimental investigations, a range of computational methods 

have been utilized to simulate the EDL and explore its influence on CO2 electrocatalysis, 
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such as molecular dynamics (MD) simulations [91], density functional theory calculations 

[92], and continuum electrostatics models [93]. These models aid researchers in 

comprehending how the EDL behaves under varying conditions and forecasting how 

alterations in the system may affect reaction kinetics. For instance, Bohra et al. [86] they 

demonstrated the importance of the EDL and electrostatic attraction in determining the 

reaction conditions of CO2 electrocatalysts. They observed a connection between the 

concentration of solvated cations and the increasing applied potential at the outer Helmholtz 

plane (OHP), while the pH in the initial 5 nm from the OHP was reduced due to the electric 

field in the EDL, resulting in an accumulation of protons and a corresponding reduction in 

OH- ions. Similar attempts have been made by Le et al. [94] to summarize the recent 

developments in method development for modeling electrochemical interfaces. This work 

included various techniques for characterizing the electrolytes at the interfaces and diverse 

schemes for charging up the electrode surfaces, with particular attention given to the impact 

of pH and solutes like cations on electrocatalysis. In another development, Gupta et al. [76] 

employed partial differential equations (PDEs) to show that under typical experimental 

conditions, the local concentrations at the electrode surface differ considerably from the 

bulk concentrations. 

The CO2-ECR faces a significant hurdle in its commercialization due to its low 

energy efficiency, mainly caused by the CO2-ECR high overpotential [95,96]. It typically 

defines overpotential as the gap between the reduction potential and the thermodynamic 

equilibrium potential at which the redox reaction occurs [97,98]. Overpotential is a well-

known indicator of the demand for more energy than is strictly required by 

thermodynamics to initiate a reaction, which has an immediate impact on voltage efficiency 
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[99]. The sluggish kinetics required to form a CO2
− intermediate is frequently cited as the 

source of overpotential in the CO2-ECR [100,101]. This step, which has a standard 

potential of −1.9 V versus standard hydrogen electrode (SHE), is the primary cause of the 

high overpotentials [99]. It has been found that one of the main functions of catalysts is to 

stabilize the intermediate, which can result in an improvement in the potential. Faraday 

efficiency is typically associated with energy losses. Even though all the current in CO2-

ECR is used to produce products, the current that results in undesired reactions or products 

is usually counted as energy loss. The generation of H2 is one primary unwanted product, 

which is produced due to the HER in the aqueous electrolyte [102]. From a commercial 

perspective, the primary market for CO2-ECR is fuel and commodity chemicals, which are 

currently dominated by oil-derived products. However, some CO2-ECR products, like CH4, 

may not be economically viable due to their competition with petrochemicals. 

Consequently, the formation of such products must be avoided, as the cost of electricity 

used to generate them may not be recovered [99]. 

 

1.2. Reaction Thermodynamics and Kinetics Insights of CO2-ECR 

Recognizing the activity and selectivity of electrocatalysts relies on the reaction 

thermodynamics and kinetics [103]. Therefore, it is key to scrutinize the thermodynamic 

and kinetic details of different CO2-ECR catalysts. To be considered effective, a catalyst 

must diminish the activation energy barrier for reducing CO2 compared to proton reduction, 

facilitate targeted CO2-ECR at minimal overpotential to enhance the energy efficiency, and 

furnish ample reaction sites for optimal reaction rates [104]. This can be reached by 

adjusting the energy of electrons with a biased potential to initiate the reaction. The 
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Computational hydrogen electrode (CHE) model is typically utilized to obtain the 

relatively straightforward thermodynamics of electrocatalytic reactions [105]. The 

immediate reduction of CO2 entails a one-electron transfer process, forming the CO2 anion 

radical (CO2
⋅–). Nevertheless, the formal redox potential of -1.97 V versus SHE in an 

aprotic solvent (N, N′-dimethylformamide) and -1.90 V in water of pH 7, making this 

process extremely unfavorable. To mitigate the high energetic costs associated with the 

formation of CO2
⋅–, catalytic strategies have been developed that utilize proton-assisted 

multiple-electron transfer to reduce CO2. Reliant on the number of electrons and protons 

transferred, CO2 can be reduced to produce 16 diverse products, such as CO, oxalic acid 

(H2C2O4) (C2O4
2−, basic medium), formic acid (HCOOH) (HCOO−, basic medium), 

formaldehyde, methanol, methane, ethylene, ethanol, ethane, and n-propanol [104,106]. 

The impact of various conditions on the CO2–ECR reaction can be incorporated into the 

reaction scheme. Such conditions include the electrocatalyst properties (such as structure, 

dimensions or size, composition, oxidation state, and crystalline structure), electrolytes 

(concentration, anion, cation, and pH), pressure, applied potential, and temperature. 

According to the thermodynamic relationship ΔG = −nFE0, where n is the number 

of electrons exchanged during the redox process while F is the Faraday constant, 

the reduction process with more significant positive E0 is preferable. Based on E0, the CO2 

reduction process to alcohol products or hydrocarbon might be more thermodynamically 

advantageous than CO, HCOOH, HCHO, and H2 generation. Even though CH3OH has a 

greater Gibbs free energy and poorer stability compared to CO2 as shown in Figure 4. 

Converting the highly unreactive CO2 molecule into an energy-rich substance such as 

CH3OH needs an external energy source, such as heat, irradiation/photons, or electrons 
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[63]. But this is not the case because of the presence of a thermodynamic barrier and the 

kinetic dependency of carbon dioxide reduction on the number of available protons in 

the solution. This suggests that the ideal catalyst should possess catalytic sites that are near 

proton donation sites, enabling efficient electron transfer. The formation of  

 

13 Figure 4: Chemical compounds with Gibbs free energies derived from the CO2–ECR. 

Adapted with permission from [64]. 

 

C–C bonds to produce C2 and higher hydrocarbons is kinetically limited compared to the 

hydrogenation of adsorbed C1 intermediates, which affects the rate and selectivity of the 

reaction [107]. Several factors make it challenging to optimize electrocatalytic kinetics for 

CO2–ECR, including the low solubility of CO2 in water, low electrolyte pH and 

conductivity, and the requirement for an electrode structure that increases the number of 

reaction sites [108]. Some of these challenges have been addressed by recent developments 

in gas-phase systems, anion membranes [109], and hierarchical 3D electrode design 
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[110,111] Conversely, when a more negative potential is given to the aqueous electrolyte 

solution, the hydrogen evolution reaction (HER) begins to compete with the carbon dioxide 

electrochemical reduction (CO2-ECR). The diminished faradaic efficiency can be 

attributed to the competition between CO2–ECR and the HER, as both reactions take place 

within the same potential range [112]. The half-cell reduction potentials of CO2 to the main 

products (listed below) are within +/- 0.2 V of HER. 

 

CO2+ 2H+ + 2e-  →   HCOOH                                 (1) 

CO2 + 2H+ + 2e-  →      CO + H2O                   (2) 

CO2 + 6H+ + 6e-   →     CH3OH + H2O                   (3) 

CO2 + 8H+ + 8e-  →    CH4 + 2H2O                         (4) 

2CO2 + 12H+ +12e-  →   C2H4 + 4H2O                   (5) 

2CO2 + 12H+ + 12e-   →    C2H5OH + 3H2O          (6) 

 

1.3 Reaction Mechanisms of CO2-ECR  

To design CO2-ECR catalysts that are highly efficient, it is essential to have a precise 

comprehension of reaction mechanisms. However, the generation of diverse products 

during CO2-ECR makes its reaction mechanisms complex. Comprehending the reaction 

mechanism is crucial to designing and synthesizing of efficient electrocatalysts, as 

highlighted through both theoretical and experimental approaches [113]. In CO2-ECR, the 

catalyst's capacity to preserve diverse reaction intermediates on its surface during the 

electrochemical process is largely responsible for the selectivity of the product. Numerous 

model catalysts have been examined to explore the likely reaction routes for generating 
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various products through CO2-ECR [114–117] The CO2-ECR products are usually 

determined by the amount of electron transfer. Pre-absorbed CO2 is a critical element in 

the specific reaction pathways for CO2-ECR. According to the qualitative molecular orbital 

theory, the molecule CO2 has Lewis's basic character on its oxygen atoms and Lewis’s acid 

character on its carbon atom, making it an amphoteric molecule. Despite the weak 

nucleophilic nature of the oxygen atom in CO2, the electrophilic nature of the carbon atom 

is dominant because it has a somewhat negative electron affinity of around 0.6 eV and a 

first ionization potential of 13.8 eV. It has been observed that the two main ways of 

activating CO2 molecules are coordination and insertion into metal centers, respectively 

[118,119]. In metal-aided activation, carbon-metal and oxygen-metal interactions bind CO2 

to the metal core. The characteristics and quantity of metal sites determine the variations 

in these interactions. When there is only one metal site, four distinct ways in which CO2 

might interact with the metal center. However, a variety of interaction types increases with 

additional metal sites, as demonstrated in Figure 5. The nature of the metal itself, according 

to earlier research, determines the type of interaction between CO2 and the metal core. 

Typically, metals with abundant electrons tend to prefer metal-carbon interactions, 

transferring electrons to the electrophilic carbon center's lowest unoccupied molecular 

orbital, consequently, leading to a bent structure of CO2. In contrast, electron-deficient 

metal centers enable multiple forms of metal-oxygen interactions. On the other hand, the 

electron-rich oxygen atoms can at the same time interact with single- or double-metal 

centers using a monodentate or bidentate mode. In certain cases, the metal sites exhibit 

amphiphilic properties by interacting with both the LUMO of the carbon atom and the 

HOMO of the oxygen orbitals in CO2; this simultaneous interaction leads to a bent 
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structure. These types of metal centers can donate and receive electrons to/from d-orbitals 

that are empty or filled, respectively. 

 

14 Figure 5: A possible number of modes of CO2-metal interactions due to additional 

metals. 

  

However, the activation of CO2 through acid-base (metal-free) mechanisms can be 

achieved by utilizing a catalyst containing Lewis’s acid-base sites.  Meanwhile, the 

polarized nature of the CO2 molecule arises from the higher electronegativity of oxygen 

atoms. As a result, the carbon atoms exhibit electrophilic behavior while the oxygen atoms 

act as nucleophilic centers. 

Therefore, facilitates these atoms’ ability to engage with the catalyst sites of the Lewis 

acid-base, resulting in the formation of CO3
2- and HCO3- entities. Furthermore, in the 

presence of highly acidic centers, linear adsorption is preferred, whereas more basic centers 

lead to a bent structure. This bent structure facilitates the generation of activated CO2- 

moieties due to electron transfer from the basic center  [120]. These factors have an impact 
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on CO2-ECR, where the electrophilic nature of the carbon atom prevails over the relatively 

weak nucleophilicity of the oxygen atoms. Most CO2-ECR is reported to occur 

predominantly through two pathways: pathway I involves the binding of CO2 to the 

catalyst’s metal core. In contrast, the second consists in inserting CO2 into a metal-hydride 

bond, as shown in Figure 6. The first step in CO2 activation in route (I) includes an electron-

rich metal (nucleophilic) core attacking the electrophilic carbon center of CO2. The HOMO 

of the CO2 molecule is largely located on the more electronegative in nature oxygen atom, 

while the LUMO is a carbon-oxygen sigma antibonding orbital predominantly centered on 

the carbon atom. The LUMO is made up of a set of degenerate in-plane and out-of-plane 

C-O pi antibonding orbitals. Filling these sigma anti-bonding and pi anti-bonding orbitals 

with electrons obtained from the catalyst, primarily from metal-based orbitals, is required 

for CO2 reduction. To achieve successful activation, the metal centers occupied by dz2 and 

dxz/yz orbitals must meet certain electrical structural requirements. There are numerous 

examples of complexes with a tetragonal ligand field and a d8 electron configuration, such 

as Fe0, CoI, and NiII species. Nevertheless, catalytic activity can also be obtained by a 

complex with a half-filled dz2 orbital, as demonstrated by species like Fe (I) and Co (II). 

The complexes of second and third transition metals might exhibit comparable behavior 

[118]. Kortliver et al. illustrated the likely reaction mechanism in molecular catalysts and 

transition metals for CO2-ECR to various chemicals in Figure 7 [121]. Cyclic voltammetry 

(CV) responses can be used to determine the CO2 binding with the metal complexes and 

the binding constants. The rapid binding of CO2 to metal during reduction induces a shift 

to the Faradaic response. In some cases, there may be no obvious change in the CV 

response in the presence of CO2, which could be due to a lack of interaction between CO2 
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and the reduced metal within the duration of the CV scan or in situations of minute binding 

to produce a significant effect [63]. 

Figure 6: Possible CO2-ECR routes to formic acid where: M = Metal, L = Ligand (ligand 

charge is not considered here), x = Stoichiometry of connected ligands, and n = Formal 

oxidation state of the metal. Adapted with permission from [122]. 
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Figure 7:  Different reaction pathways for CO2-ECR to different products via molecular 

catalysts, involving transition metals. Adapted with permission from [122]. 
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1.4 Research Objectives  

The main objective of this research is to investigate the electrochemical reduction of 

CO2 into value-added products using Zinc-layered double hydroxide chloride 

ZnxOx(OH)2Cl2  as  catalysts. The specific goals of the research are to: 

• Synthesis of ZnxOx(OH)2Cl2  with different hydroxide sources (amphoteric, e.g. 

Ammonia solution) and alkaline group (I) and (II) hydroxide, e.g. NaOH, Ca(OH)2. 

• Characterization of the as-synthesize MxOx(OH)2Cl2  catalyst. 

• Electrochemical CO2 evaluation. 

• Electrochemical CO2 characterization. 
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 2. CHAPTER  

LITERATURE REVIEW 

Zinc-layered double hydroxides (Zn-LDHs) have recently enrolled as a focal point of 

scientific research, predominantly because of their unique attributes and extensive 

application potential [122]. These properties place them firmly within a special class of 

materials that has garnered increasing research attention [123]. Given the diverse 

applicability of Zn-LDHs, it is hardly surprising to find their influence permeating various 

scientific domains. These include, but are not limited to, areas like catalysis[124], 

medicinal drug delivery [125], environmental purification [126], and the formulation of 

nanocomposite materials [127]. The inherent flexibility in the layered structure of Zn-

LDHs, combined with the modifiable chemical composition, creates promising avenues for 

material adaptation tailored to precise applications. Throughout this comprehensive 

review, special attention is dedicated to the diverse synthesis routes of Zn-LDHs. A 

detailed investigation into the characterization techniques offers insights into the methods 

preferred by researchers to study these materials in depth. Furthermore, a deep dive into 

the core principles that dictate the performance of Zn-LDHs promises to enhance our 

understanding of their operational efficiency. 

 

2.1  The General Structure of Layered Double Hydroxide Materials (LDHs). 

The fundamental architecture of layered double hydroxide materials (LDHs) is a 

critical starting point in comprehensively understanding this class of compounds [128]. 

LDHs are characterized by their layered structure, a feature of paramount importance that 

underscores their unique properties and diverse applications [129]. This elemental structure 
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consists of positively charged brucite-like layers comprising metal cations, which are 

interleaved with anionic species, typically in the form of hydroxide ions and exchangeable 

interlayer anions, as shown in Figure 8. The arrangement of these layers manifests in a 

repeated, planar fashion, forming a sandwich-like structure [130]. The propensity for LDHs 

to accommodate a wide variety of exchangeable interlayer anions is a distinguishing 

feature that has substantial implications for their functionality and applications [131]. The 

anionic species within the interlayer region are held in place by electrostatic interactions 

with the positively charged layers. This intercalation of anions contributes to the material’s 

versatility and adaptability for various purposes.  

 LDHs occupy a unique niche within the realm of hydroxide ion conductors, a classification 

that isn't frequently encountered. Their prominence in this category stems from the 

profusion of hydroxyl groups intricately associated through covalent bonds within their 

two-dimensional host layer structure [132]. In addition to this, LDHs exhibit a meticulously 

structured channel [128]. This channel design displays a selective filtration mechanism, 

enabling the differentiation and separation of ions based on size [133]. Moreover, LDHs 

showcase an impressive hydrogen bond network [134]. This network is specially tailored 

for the efficient transport of hydroxide ions, further enhancing the material's 

conduciveness. Such a combination of attributes - the covalently bound hydroxyl groups, 

the selectivity of ion separation, and the robust hydrogen bond framework - not only 

underlines the versatility of LDHs but also magnifies their potential for a plethora of 

applications where ion conductivity and selectivity are paramount [129]. 
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15 Figure 8: general structure of layered double hydroxide materials (LDHs). 

 

Understanding the general structure of LDHs lays the foundation for exploring the 

synthesis, characterization, and myriad applications of these materials. Researchers often 

employ this knowledge as a starting point for the systematic design and engineering of 

LDHs, tailoring their properties to suit specific needs within diverse scientific and 

industrial contexts. 
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2.2  Preparation of LDHs 

LDHs, owing to their diverse characteristics and applications, have attracted 

considerable attention in the realm of material science. The properties and morphological 

characteristics of LDHs largely depend upon the synthesis technique employed [135]. 

There are various techniques to synthesize these materials such as  

2.2.1 Traditional Coprecipitation Method 

The most widely adopted technique for preparing LDHs is the traditional 

coprecipitation method coupled with a subsequent hydrothermal treatment [136]. This 

method provides a consistent route for LDH synthesis, and its significance lies in the 

control it offers over the process parameters. Reactant concentration is the precise factor 

that researchers can control and tune to achieve the desired properties of the resulting LDHs 

[137]. Temperature Control: The temperature during synthesis plays a crucial function in 

determining the particle size and crystallization degree of LDHs [135]. By maintaining an 

optimum temperature, LDHs of desired morphological attributes can be achieved. Aging 

Time: Aging time, another influential parameter, when modified, can result in LDHs with 

varied particle sizes and crystallization degrees [138]. Through meticulous control over 

this factor, one can fabricate LDHs tailored for specific applications. 

2.2.2 Alternative Synthesis Techniques 

While the coprecipitation method remains dominant, various other techniques have 

been introduced to cater to the evolving demands for LDHs with specific properties such 

as  In situ Growth: This method facilitates the growth of LDHs directly on a substrate, 

offering more control over the morphology of the resultant material [128]. Also, 

Electrosynthesis: Electrosynthesis allows the formation of LDHs by leveraging an external 
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electric field. This method provides an innovative avenue to modulate the properties of 

LDHs [139]. In addition,  Calcination–Reconstruction: As the name suggests, this 

technique involves a two-step process where LDHs are first calcined and then 

reconstructed  [140]. This process yields LDHs with specific morphological and structural 

attributes, as shown in Figure 9. 
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16 Figure 9: The LDH manufacturing processes include (a) in situ growth, (b) 

electrosynthesis, and (c) calcination-reconstruction (reprinted with approval from 

[140]). 
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2.3 LDH-Based Multifunctional Materials Fabrication 

To produce multifunctional materials based on LDHs, guest species possessing 

diverse capabilities have been introduced into the interlayer galleries of LDHs. 

Additionally, LDHs with adjustable structure or morphology have been deliberately 

engineered [141]. The fabrication processes that are often utilized include the following. 

 

2.3.1 Layer by layer Assembly (LbL) 

The LbL technique capitalizes on the electrostatic interactions between the guest 

species and the LDH host. The fundamental Layer-by-Layer (LbL) technique is predicated 

on the sequential immersion of a substrate into a suspension containing LDH nanosheets 

with a positive charge, followed by a solution containing guest anions with a negative 

charge. A suggested approach for the co-assembling neutral molecules or positively 

charged ions as guest species involves the utilization of a polyanion carrier [142]. 

Additionally, using an external field, such as an electric or a magnetic field, might facilitate 

the production of ultrathin films (UTFs) that possess desirable characteristics like high 

guest loading, preferred orientation, and anisotropic features [143,144]. Therefore, the 

integration of guest anions with an LDH host enables the realization of a robust device with 

versatile functionality. Moreover, when positively charged LDH nanosheets plus 

negatively charged guest anions are present in a water-based environment, exfoliation-

reassembly processes can be used to create LDHs that incorporate guests. This leads to the 

formation of nanohybrids exhibiting layered or core-shell, porous structures. 

2.3.2 Intercalation Assembly 
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Intercalation assembly is a favorable option for the synthesis of multifunctional 

materials based on powered or colloidal LDH, as stated in references [145] and [146]. The 

coprecipitation approach, followed by heat treatment, enables the attainment of direct 

intercalation. Co-intercalation is employed when there is a need to intercalate numerous 

guest species or if the guests are unable to directly fit into the LDH gallery [147,148]. In 

cases where the guest species exhibit instability in aqueous solutions containing divalent 

or trivalent metal cations, the utilization of ion-exchange techniques becomes feasible for 

the production of LDH-guest composites [149]. 

 

2.4 Application of LDHs 

LDHs and composites based on LDHs have been extensively employed in many 

fields, such as photo-functional materials, catalysts, electrochemistry, and bio-related fields 

Figure 10. This is primarily attributed to their ability to have a customizable composition, 

a layered structure, and a contained microenvironment. This study aims to provide a 

comprehensive overview of the contemporary uses of LDHs and LDH-based materials. 

Additionally, we will explore the host-guest interactions and structure-function correlations 

associated with these materials [150,151,152,153]. 
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17 Figure 10: The utilization of Layered Double Hydroxides (LDHs) and materials 

derived from LDHs. reprinted with authorization from [151],[152],[153]. 

 

2.4.1 Photo-Functional Properties 

LDHs have been widely used as photo-functional materials because of their layered 

structure, customizable composition, and impressive thermal and chemical resistance 

[154]. Luminescent LDHs exhibiting emission within the wavelength range of 350–550 

nm may be synthesized by the presence of surface imperfections that effectively capture 

the excited electrons and holes, hence facilitating an augmented recombination process 

[155,156]. 

The process of incorporating and arranging fluorescent visitors into the interlayer galleries 

of LDHs is a commonly employed technique in many photo-functional applications. LDHs 

have been shown to accommodate a range of guest species, including organic fluorescent 

polymers [156], metal complexes [157], tiny anions [158], quantum dots [159], and 
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polyoxometalates [160,161]. Several approaches have been utilized to accommodate the 

diverse range of potential guest species. The various methods include LbL construction, 

co-assembly, direct intercalation (co-precipitation), ion exchange, & co-intercalation [162]. 

Therefore, by considering the interplay between the layers of LDH and the guest species, 

it is possible to adjust the arrangement and distribution of the guests that are intercalated 

between the layers [163]. By manipulating the chemical composition and the charge 

density of layers, it becomes possible to control the number of guest species, creating 

various characteristics. In addition, it is anticipated that the restricted habitat within the 

interlayer galleries of LDHs would impart unique performance and uses to the guest 

species. 
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2.4.2 Interaction of Host-Guest Between Guest Species and LDH Layers 

The incorporation and insertion of photoactive guest species within the interlayer 

galleries of LDHs can impart improved fluorescence properties to the resultant LDH-based 

photo-functional materials. This enhancement is attributed to the interactions between the 

host LDHs and guest species, as well as the confinement effect exerted by the LDH 

structure. Through the process of co-intercalation, several guest species have been 

successfully included, including sulforhodamine B (SRB) [164]  and zinc phthalocyanines 

(ZnPc) [165], fluorescein (FLU) [166], ammonium 1-anilinonaphthalene-8-sulfonate 

(ANS) [167], and benzocarbazole anions (BCZC) [168], have been successfully 

intercalated using surfactants as facilitators. One of the distinguishing features of these 

intercalation processes is the ability to manipulate the host layer composition and the ratio 

of intercalation. This fine-tuning enables the precise adjustment of the distribution and 

arrangement of the guest species within the structures. A direct consequence of this 

manipulation is the alteration of emission wavelengths and intensities, thus offering 

potential avenues for targeted luminescent applications.  

Li et al. have delved deeper into this realm by co-intercalating bis (8-hydroxyquinolate-5-

sulfonate) aluminum anion (AQS2—) with dodecyl sulfonate (DDS) [169]. Their research 

has highlighted the potential of modifying fluorescence properties by varying the 

intercalation content and the host layer's composition. One significant finding from their 

work is the observed structural changes in the intercalated AQS. This change is not merely 

superficial, but rather, it is intrinsically tied to the host-guest interaction within the layered 

system. Furthermore, the luminescence transition observed in their study can be 

specifically linked to the isomerization of AQS, particularly from its meridional form to 
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the facial structure, as visually represented in Figure 1a. This transition further underscores 

the intricate relationship between the structural orientation of the intercalated species and 

their consequent luminescent outputs. 

 

2.4.3 Application in Displaying and Sensing. 

LDHs serve as a compelling basis for designing photo-functional materials. When 

the composition of guest species is carefully modulated within these structures, LDHs can 

be tailored to achieve a wide array of photo-functional materials. One of the notable 

benefits of introducing LDHs is the marked enhancement they impart to the fluorescence 

efficiency and longevity of the guest species contained within. Recent advancements have 

witnessed the emergence of innovative LDH composites. These composites, characterized 

by their bespoke arrangement within the LDH matrix, have applications in various 

domains. For instance, they have been integrated into display technologies [170,171], 

employed in polarized emission systems [140], and utilized for sensing purposes, as 

depicted in Figure 11. Further diversifying LDH-based luminescent materials; researchers 

have successfully achieved multicolor luminescence. This feat was accomplished by 

efficiently harnessing a broad spectrum of light-emitting entities, ranging from organic 

dyes and polymers to more complex structures [172]. Additionally, these LDH structures 

have also been instrumental in the realm of environmental and biochemical sensing. 

Materials designed for detecting heavy metal ions [173], biomolecular structures [174], 

and environmental contaminants [175] have been developed. Beyond these applications, 

LDHs have further been tailored to produce multifunctional materials. Such materials have 
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been designed to exhibit a response to variations in key environmental parameters such as 

pH levels [176], temperature [177], external pressure [178], and incident light [179]. 

 

18 Figure 11:  LDH-based photoactive materials for (a) screens, (b) polarized 

fluorescence, (c) piezochromic materials, (d) temperature monitoring, and (e) two-

photon emission ( adapted with permission from [179, 177,178]. 

 

2.4.4 Bio-Applications of LDHs 

LDHs have recently emerged as a focal point in the realm of medical research, 

particularly in the context of their applications for developing innovative bio-inorganic 

nanohybrids. The unique two-dimensional structure of LDHs, combined with their 

intercalation capabilities, enables the creation of these novel nanohybrids [180]. LDHs 

possess a remarkable anionic exchange capability, which is a prominent characteristic of 

these materials, which facilitates the immobilization of a broad spectrum of biomolecules, 

ranging from pharmaceutical drugs and genes to vital nutrients, within their interlayer 
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galleries [125].  The fabrication of these intercalated nanohybrids is achieved through a 

diverse range of synthetic methods. Techniques such as exfoliation-reassembly, 

calcination-reconstruction, ion exchange, and co-precipitation have been employed with 

notable success. One of the primary applications of these synthesized nanohybrids is in the 

realm of bio-LDH delivery hybrid systems. These systems stand out for their ability to not 

only store but also transport and release bioactive species in a controlled manner [181]. 

The attributes of LDHs extend beyond their structural and intercalation characteristics. As 

materials, LDHs present many advantages, especially in drug and gene delivery, as well as 

broader biomedicine applications. Among their many benefits, such as Biocompatibility, 

LDHs are distinguished by their minimal cytotoxicity, making them optimal candidates for 

nanocarriers in drug delivery. Studies have revealed that LDHs display negligible 

cytotoxicity towards regular cells, with no observable cytotoxic effects at concentrations 

reaching up to 1 mg/mL [182]. Dispersion and Stability: When guest molecules are 

intercalated into the interlamellar galleries of LDHs, there's a marked enhancement in their 

dispersion and stability. Ease of Integration: The ability of LDHs to either intercalate or 

absorb various target materials – be it drugs, genes, proteins, nucleic acids, peptides, 

antibodies, or aptamers – negates the need for intricate ligand exchange reactions and 

additional surface modifications. Controlled Release: LDHs can be harnessed for the 

controlled release of intercalated drugs or genes, a property that's often pivotal for ensuring 

therapeutic effectiveness [183]. 
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2.4.5 Applications in Catalysis 

A. LDHs As a Catalyst 

LDHs possess hydroxyl groups on their layers, leading to a significant number of 

basic sites within these compounds. This abundant basicity is a primary reason LDHs are 

highly effective as heterogeneous solid base catalysts [184]. Additionally, the inherent 

flexibility of the LDH structure allows for the anchoring of catalytically active transition 

metals within their host layers. Such integration enhances the catalytic activity and 

selectivity of the LDHs [185]. A diverse range of transition metals, including but not 

limited to iron (Fe), cobalt (Co), nickel (Ni), manganese (Mn), chromium (Cr), cerium 

(Ce), titanium (Ti), and copper (Cu), can be effectively incorporated within the LDH's host 

layer. The integration of these metals significantly amplifies the catalytic performance of 

LDHs across various processes, notably in electrocatalysis, photocatalysis, and photo-

electrocatalysis [186]. 

Recent research endeavors have provided insights into the catalytic capabilities of LDHs. 

For example, Hu et al. examined the oxygen evolution reaction (OER) efficiency of NiFe 

and NiCo LDHs, comparing their performance before and after exfoliation. Their findings 

revealed that single-layer LDH nanosheets, post-exfoliation, showcased a marked 

improvement in catalytic activity relative to their unexfoliated counterparts. This enhanced 

performance was attributed to an increase in both the active site density and overall 

conductivity of the LDHs [187]. Comparable observations were made in the case of CoMn-

LDHs [188]. 
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B. LDHs as Precursor for Synthesis of Metal and Metal Oxide Catalysts 

LDHs that include elements with catalytic activity, such as iron, cobalt, nickel, or 

palladium, have emerged as valuable precursors in metal or metal oxide catalyst 

fabrication. This process involves a calcination-reconstruction sequence, leading to the 

topological transformation of LDHs. Wei and his colleagues first introduced the concept of 

topological transformation in the context of LDHs, representing a significant advancement 

in the field [189]. Through this method, they successfully achieved the synthesis of high-

density and well-dispersed metal nanoparticles, specifically Fe, Co, and Ni, while ensuring 

the preservation of their thermal stability. Notably, this transformation process offers an 

effective means of preventing the undesirable aggregation of these metal nanoparticles. For 

instance, in one notable study, He and his research team achieved the synthesis of nickel 

nanoparticles by employing an in situ reduction strategy utilizing a NiAl-LDH precursor 

[190]. The use of LDHs in this context proved to be instrumental in mitigating the 

aggregation of Ni nanoparticles. It induced a robust anchoring effect, thus facilitating the 

even distribution of the Ni nanoparticles. This research highlights the pivotal role of LDHs 

as precursors for the controlled synthesis of metal and metal oxide catalysts, offering 

enhanced stability and dispersion of catalytically active elements, such as Fe, Co, Ni, and 

Pd. Such advances in catalyst synthesis have broad implications for various catalytic 

applications. 
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C. LDHs Intercalated Hybrids as Catalysts 

LDHs present a unique framework for the intercalation of catalytically active 

species within their interlayer galleries The LDH structure provides intrinsic confinement, 

enabling precise control throughout the arrangement and distribution of the active species. 

Such control often culminates in augmented reaction rates and noteworthy catalytic 

stability. Moreover, with the modification of the density of charges and the compositional 

features of the primary layer, it is possible to enhance the control over both the geometric 

and electrical properties of the incorporated active sites. A diverse range of molecules and 

particles may be inserted into the LDH structure, including organic acids/bases, inorganic 

anions/nanoparticles, metal complexes, biomolecules, as well as noble metal nanoparticles 

[191,192,193]. This versatility leads to the creation of materials that showcase superior 

catalytic activity. As an illustrative example, a study by Hwang et al. delineated the 

formation of structured materials using a LbL assembly approach. They employed a ZnCr-

LDH coupled with layered titanium oxide. The resultant heterolayer materials not only 

demonstrated impressive catalytic activity for O2 generation when exposed to visible light 

but also maintained commendable chemical stability. Such studies underscore the 

significance of LDHs as a versatile platform for designing high-performance catalytic 

materials[194,195]. 
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D.  LDHs Intercalated Hybrids as Catalysts 

To enhance the recyclability of catalysts, LDHs have been identified as effective 

stabilizers of active sites. Employing LDHs can lead to a high degree of dispersion in the 

immobilized catalyst particles [196]. Notably, metals such as gold (Au), palladium (Pd), 

and platinum (Pt) can be anchored onto LDH structures. This anchoring creates a 

synergistic interaction which, in turn, significantly amplifies the catalytic activity and 

selectivity, as represented in Figure 4d [197,198]. This advancement underscores the 

potential of LDHs in enhancing the performance and sustainability of catalysts in various 

applications. 

 

E.  LDHs in Electrochemistry 

An enormous uptick in research into electrochemical energy storage and conversion 

methods has occurred throughout the last several years, driven by the imperative to seek 

sustainable alternatives to conventional energy resources [199]. To be more specific, 

progress in energy storage, such as supercapacitors, has necessitated the fulfillment of 

specific performance criteria, including high power density, an extended cycle life, and 

rapid dynamic response rates, to enable their broad utility [200,201]. LDH-based 

nanohybrids have emerged as promising materials for electrochemical applications, 

offering several distinct advantages. Firstly, the tunable composition of the LDH host layer 

enables the incorporation of electrically active transition metals like cobalt, manganese, 

iron, and nickel, thereby enhancing the electrochemical properties of these materials [202]. 

Secondly, various strategies can be harnessed to engineer LDH structures with extensive 

surface areas, well-suited mesopores, or ordered arrays, facilitating efficient electron 
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transport and, consequently, improving power density [203]. Thirdly, combining LDHs 

with various electrically active substances results in hybrid materials exhibiting long-term 

stability and expeditious redox reactions, thereby fulfilling crucial requirements for energy 

storage and conversion applications [204]. These features underscore the promise of LDH-

based nanohybrids in the advancement of electrochemical systems with the potential for 

sustainable energy solutions. 

 

F. The Composition and Structure of LDH-Based Electro Materials.  

Recent advancements in the design and fabrication of electrically active materials 

have emphasized the development of diverse structural configurations, ranging from core-

shell structures to layered arrays (as depicted in Figure 12). One particularly compelling 

illustration is the construction of a core-shell structure wherein poly (3,4-

ethylenedioxythiophene) (PEDOT) is electrodeposited on an LDH nanoplatelet core, as 

showcased in Figure 5a [205]. The LDH core is responsible for a pronounced energy 

storage capacity within this configuration, while the enveloping PEDOT shell facilitates 

rapid electron transport. 

In another innovative approach, NiAl-LDH microspheres with varying internal 

architectures, transitioning from core-shell to hollow structures, have been produced 

through LbL deposition complemented by an in-situ growth process (as highlighted in Fig. 

5b) [206]. The hollow variant of these NiAl-LDH microspheres, with its ample surface area 

and mesoporous distribution, demonstrated a capacitance notably superior to its core-shell 

and yolk-shell counterparts. A similar conceptual approach was implemented using a 

carbon hollow sphere as the internal shell, while using NiAl-LDH for the outer layer, 
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yielding a material with an expansive specific surface area and a consistent mesoporous 

structure [207]. Moreover, the inherent porous nature of LDHs offers enhanced 

electroactivity [208]. Compositing these porous LDHs with conductive graphene 

nanosheets results in materials that exhibit significantly bolstered capacitance and 

exceptional rate performance capabilities, as illustrated in Fig. 5c [209]. Additionally, Fig. 

5d presents a groundbreaking hierarchical nanoarray that involves vertically aligned 

NiCoFe-LDHs positioned on a Co-based nanowire array [210]. Such a material 

configuration indicates a high anodic current density coupled with robust electrochemical 

durability. Collectively, these advancements underscore the immense potential and 

versatility of LDH-based materials in electrochemical applications. 
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19 Figure 12: Electrically active materials with various architectures, including (a) core-

shell structures, (b) hollow microspheres, (c) structures with multiple layers, and (d) 

arrays (reproduced with permission from [209, 206, 205]. 

 

Many studies have looked at the potential electrical activity of various LDHs with variable 

host layer compositions, as documented in the scientific literature [211,212,213,215]. In 

addition to these studies, researchers have sought to enhance the electrical performance of 

LDHs by incorporating carbon-based substances, conductive polymers, proteins, and metal 

oxides, among other auxiliary materials [140]. Among the materials examined for their 
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potential as electrically active components, carbon materials have garnered significant 

attention due to their inherent high electrical conductivity and cost-effectiveness [216]. For 

example, Zhao et al. conducted research to synthesize hierarchical nanostructures 

consisting of LDHs grafted onto a carbon material backbone via in situ growth methods 

[217]. These hybrid structures exhibited outstanding electrical activity and a noteworthy 

capacitance. Furthermore, graphene oxide and graphene have been employed with LDHs 

to create composite materials characterized by elevated catalytic activity and charge 

conductivity [218,140]. Beyond individual material investigations, novel applications have 

emerged from the synergy between LDHs and other substances. For example, Song et al. 

reported the fabrication of a high-rate asymmetric supercapacitor by amalgamating 

partially exfoliated graphite, CoNi-LDH, and polypyrrole (PPy) [219]. This innovative 

approach demonstrated superior electron/ion transportation capabilities and achieved a 

remarkable specific capacitance. The amalgamation of LDHs with diverse host layer 

compositions and supplementary materials has yielded a spectrum of electrically active 

materials, each offering unique properties and applications in the realm of energy storage 

and conversion. These research endeavors contribute to the expanding field of materials 

science and hold promise for future advancements in electrochemical technology. 
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3 CHAPTER  

EXPERMENTAL SECTION 

 

3.1 Chemicals and Materials  

Zinc chloride (ZnCl2), deionized water (DI) filtered with TU 3+ Ultra-pure water 

system, sodium hydroxide (NaOH), Ammonium hydroxide (NH4OH), Calcium hydroxide 

(Ca(OH)2), The product was acquired from Sigma–Aldrich. Unless explicitly stated 

differently, all precursors were used in their original form as received. 

 

3.2 Synthesis of Catalysts  

Synthesis of Zn3O(OH)2Cl2/Ca (ZnLDH-Cl/Ca): ZnLDH-Cl/Ca catalysts were 

synthesized based on the reported method, facial hydrolysis method Figure 13. In brief, 3g 

of ZnCl2 was dissolved in 90 ml of deionized water (DI) under continuous stirring in an Ar 

environment (Ar was bubbled into the solution throughout the synthesis process). 1 M 

Ca(OH)2 solution was added into the solution dropwise. The pH of the solution was 

adjusted to 6.7. After stirring for 6 h at room temperature, the white precipitate was washed 

with DI several times and with ethanol two times. Finally, the dried powder was annealed 

at 180 ºC for 1 h.  

Synthesis of Zn3O(OH)2Cl2/Na (ZnLDH-Cl/Na) & Zn3O(OH)2Cl2/NH 

(ZnLDH-Cl/NH): The ZnLDH-Cl/Na and ZnLDH-Cl/NH were synthesized by the same 

procedure mentioned above but with a change of the source of hydroxide within the 

reaction vessel. One molar sodium hydroxide solution was used to synthesize ZnLDH-

Cl/Na electrocatalyst. While one molar solution of ammonium hydroxide was used to 

prepare ZnLDH-Cl/NH.  
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20 Figure 13: Schematic illustration of synthesis routes of the catalysts ZnLDH-

Cl/Ca, ZnLDH-Cl/Na and ZnLDH-Cl/NH. 

 

3.3 Electrochemical Measurements  

The electrochemical investigations were carried out using a VersaSTAT3 apparatus 

(AMETEK, USA) equipped with a three-electrode system. The reference and counter 

electrodes comprised of Ag/AgCl in saturated KCl (ALS, Japan) and Pt wire (ALS, Japan), 

respectively. The working electrodes employed in the experiments were prepared with 

dimensions of 1 × 1 cm2. The CO2-ECR was executed within an H-cell (EC-frontier, 

Japan), employing a membrane separator (Nafion, N117) in a 0.5 M KHCO3 electrolyte. 

To ensure the saturation of CO2 in the electrolyte, high-purity CO2 gas was introduced to 

the catholyte for a minimum duration of 30 minutes. The electrolyte maintained a pH of 

approximately 7.4. In this investigation, potential units were converted to the reverse 

hydrogen electrode (RHE) using the equation:  
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ERHE  = EAg/AgCl + E∘
Ag/AgCl + (0.059×pH) 

Furthermore, a polarization curve was generated through linear sweep voltammetry (LSV) 

at a scan rate of 5 mV/s. The Reaction Rate (RR) was determined through 

chronoamperometry at various applied potentials within the range of -0.566 to -0.966 V 

(vs RHE). Throughout the reaction, the CO2-ECR mixture was continuously purged with 

CO2 gas at a flow rate of 5 mL min–1 to maintain a controlled environment. 

 

3.4 Products Analysis  

The identification and quantification of gas products CO and H2 were carried out 

using an online Clarus 580 GC (Perkin Elmer) instrument. The GC is equipped with 

Hayesep and Molecular sieve columns, thermal conductivity (TCD) and flame ionization 

(FID) detectors. These columns and detectors are used to separate and identify the various 

components of the gas samples. The analysis was conducted under helium (He) and argon 

(Ar) carrier gases. Calibration of the Clarus 580 GC (Perkin Elmer) instrument was 

routinely performed using a standard gas mixture (GL Sciences, Japan) at 1 atmosphere. 

For sample analysis, injections were performed at intervals of 20 min through an automatic 

sampler. To ensure the removal of atmospheric contaminants from the tube line, the initial 

injection was initiated 500 seconds after running the CO2-ECR process. All recorded 

measurements of the gas products were subjected to calculations to determine faradaic 

efficiencies [220]. This analytical methodology, utilizing state-of-the-art instrumentation 

and precise calibration techniques, was employed to accurately assess the efficiency of the 

electrochemical processes involved in the CO2-ECR and quantify the yields of the specific 

gas products. 

After 1 hour of continuous electrolysis, the electrolyte solution was collected and analyzed 

for the presence of alcohols and carboxylic acids. Additionally, the liquid products were 

analyzed using 1H nuclear magnetic resonance spectroscopy (1H NMR). To prepare for the 

1H NMR analysis, solutions were made that consisted of 86% electrolyte and 14% 

deuterium oxide (D2O), along with internal standards of phenol and dimethylsulfoxide. 
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These solutions will be measured using a water suppression technique on a Bruker 400 

MHz NMR spectrometer. 

The efficiency of the products (both gas and liquid) will be evaluated using a specific 

equation known as the Faradaic efficiency equation (equation 2). The equation considers 

the number of electrons transferred during electrolysis (n), the number of moles of products 

formed(Z), Faraday's constant(F), and the amount of charge passed during the electrolysis 

in coulombs(Q). 

𝑓 =  
𝑍 𝑛 𝐹

𝑄
 × 100     (2) 

 

3.5 Characterization of As-Prepared Catalysts 

The comprehensive characterization of catalytic materials aimed to elucidate their 

physical, chemical, and structural attributes. This detailed examination offers valuable 

insights into the diverse structural and chemical behaviors of the catalysts, fostering a 

deeper comprehension of the relationship between their structure, properties, and 

performance. 

The phases and crystal structure of as-prepared catalysts were evaluated using X-ray 

diffraction (XRD), Rigaku Ultima IV diffractometer, operated at 40 kV and 40 mA with 

Cu–Kα radiation (λ = 0.154 nm) between the scan rang of 3º to 80º. For identifying and 

analyzing functional groups present in a sample, Fourier-Transform Infrared 

Spectroscopy (FTIR) was used in the scanning range from 500 to 4000 cm-1. The 

morphology of as-synthesized catalysts was examined using Field Emission Scanning 

Electron Microscopy (FE-SEM). High-resolution Transmission Electron Microscopy 

(HRTEM), utilizing a Titan 80-300 microscope by FEI, was employed to observe both 

the morphology image and crystal structure information through the selected area 
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diffraction (SAED) patterns. The surface element composition was analyzed through a 

High-resolution X-ray Photoelectron Spectroscopy (XPS) instrument, utilizing 

monochromated aluminum Al Kα (1486.4 eV) anode radiation at 72 W and 15 kV. 

Binding energies were calibrated using the Au 4f peak at 84.0 eV as a reference point. 
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4 CHAPTER  

RESULTS, DISCUSSION AND CONCLUSION  

4.1 X-ray diffraction Pattern (XRD) Analysis  

The crystal structure of the ZnLDH-Cl/Ca, ZnLDH-Cl/Na and ZnLDH-Cl/NH were 

analyzed by XRD in the range of 2θ from 3º to 80º, as shown in Figure 14. The diffraction 

peaks of ZnLDH-Cl/Ca and ZnLDH-Cl/Na are precisely matched with the zinc oxide 

pattern (JCPDS No. 80-0075), the characteristic peaks of zinc layered double hydroxide 

(LDH) (JCPDS No. 35-1575), the characteristic peaks of zinc chloride (JCPDS No. 39-

0787) and some low-intensity peaks corresponding to zinc oxychloride (JCPDS No. 45-

0819). The XRD analysis has elucidated the formation of zinc-layered double hydroxide 

(ZnLDH). The resulting XRD pattern is characterized by several distinctive peaks at 

specific 2θ angles, specifically at 10.86, 32.64, 32.74, and 37.66, indicating a robust 

crystalline structure. A notably intense peak at 2θ = 15.44 corresponds to the presence of 

the zinc chloride phase, underscoring the composition's crystalline nature. Additionally, a 

less intense peak manifests at 2θ = 28.46 and 44.56, revealing the existence of zinc 

oxychloride within the compound. Moreover, the 2θ range of 30 to 40 showcases more 

pronounced peaks, which can be attributed to the zinc oxide phase, further affirming the 

compound's chemical composition. Notably, the XRD patterns produced by the two distinct 

synthesis routes involving Ca(OH)2 and NaOH, exhibit remarkable similarity in their 

profiles. However, a discernible distinction arises in the degree of crystallinity. In 

particular, the XRD pattern of ZnLDH-Cl/Ca exhibits a well-defined layered double 

hydroxide structure when compared to the other two catalysts. Conversely, the XRD 

pattern of ZnLDH-Cl/NH reveals a lower degree of crystallinity, characterized by a limited 

number of peaks indicative of the zinc-layered double hydroxide phases. 
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21 Figure 14: X-ray diffraction pattern of as synthesized catalyst ZnLDH-Cl/Ca, 

ZnLDH-Cl/Na and ZnLDH-Cl/NH. 

 

4.2 Fourier Transform Infra-Red Spectroscopy 

FTIR spectra for the three prepared catalysts are illustrated in Figure 15. From this 

figure, it is clearly seen that both ZnLDH-Cl/Ca and ZnLDH-Cl/Na are showing broad 

vibration bands for O-H and/or interlayered water molecules stretching vibration at 

3565.33 cm-1 and 3561.24 cm-1 respectively  [221], Where ZnLDH-Cl/NH showed a weak 

vibration band of high energy of 3560.51 cm-1 assigned to N-H stretching vibration, the 

weak vibration of N-H band can be explained by low abundance of N-H in prepared 

catalysts as indicated by EDS results. ZnLDH-Cl/Ca and ZnLDH-Cl/Na are showing 
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common vibration band at about 1616-1619 cm-1 for hydroxyl O-H group and/or 

interlayered H2O bending vibration [222]. Another common vibration band with high 

frequency observed at 2925.31 cm-1 and 2925.33 cm-1 shared by ZnLDH-Cl/Ca and 

ZnLDH-Cl/Na attributed to carbonate stretching vibration. Two vibration bands have been 

observed in all three catalysts with low frequencies below 1000 cm-1  to about 700 cm-1  

such as 700, 878, 458.7, 697.48, 876.50, 703.40 and 879.72 cm-1  referred to Zn-OH and 

O-Zn-O stretching vibrations along with additional bands below 500 cm-1 includes 458.7, 

475.59 and 461.83 cm-1 for ZnLDH-Cl/Ca, ZnLDH-Cl/Na and ZnLDH-Cl/NH respectively 

[223]. 
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22 Figure 15: FTIR for ZnLDH-Cl/Ca, ZnLDH-Cl/Na and ZnLDH-Cl/NH. 

 

 

4.3 Scanning Electron Microscopy and EDS Analysis 

The three prepared catalysts' surface morphology has been studied using a scanning 

electron microscope. Figure 16 shows obtained micrographs of the surface scanning; a 

clear variation of catalysts surface morphology observed upon treatment with three 

different sources of hydroxide. Nano flakes with a thickness of about 79 nm are 

observed with ZnLDH-Cl/Ca catalyst Figure 16 a-c.  The growth of these plates appears 

very homogenous and organized with almost similar size to the plates and abundant 
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sharp edges. EDS mapping Figure 17, for this catalyst, showed even distribution of 

atoms among selected areas with dominant presence of Zn over oxygen, chloride and 

calcium. The second catalyst, which was prepared using sodium hydroxide base, 

showed poor growth of regular particles. Mostly appear as rods in microscale with clear 

variation in size, dimensionality and loss of sharp edges Figure 16 d-f. EDS analysis 

Figure 18 for this catalyst confirms the presence of sodium in the final structure with 

the lowest weight percentage compared to Zinc, oxygen and chloride. Figure 16 g-i 

showing the surface morphology for third catalyst ZnLDH-Cl/NH3. Loss of regular 

growth is clearly observed by using NH3 base resulting in the formation of microscale 

catalyst particles. EDS analysis Figure 19 indicated an appreciable amount of zinc 

observed in this catalyst, regarded as the highest among all three prepared catalysts 

with the low weight percentage of nitrogen. Uneven distribution of atoms has also been 

observed from EDS mapping for this catalyst. Discrepancy in the observed structural 

morphology behavior for the three prepared catalysts can be attributed to the type and 

strength of the used base, as it can control how harsh or mild reaction conditions which 

are reflected directly in particle growth [224]. 
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23 Figure 16: FE-SEM for ZnLDH-Cl/Ca (a-c), ZnLDH-Cl/Na (d-f) and ZnLDH-Cl/NH 

(g-i) electrocatalysts. 
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24 Figure 17: SEM image with EDS mapping of ZnLDH-Cl/Ca catalyst 

 

25 Figure 18:  SEM image with EDS mapping of ZnLDH-Cl/Na catalyst 
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26 Figure 19: SEM image with EDS mapping of ZnLDH-Cl/NH catalyst 

 

4.4 Transmitted Electron Microscopy TEM Analysis 

Micromorphology of the three prepared catalysts has been investigated by 

employing TEM. The resulting micromorphology from Zn-LDH-Cl/Ca showed a typical 

trigonal structure with high crystallinity Figure 20 a-c. Selected area diffraction SAD 

showed a crystalline structure and, it can be indexed to trigonal planes 100 and 101 for 

ZnO lattice with interplanar spacing of 0.282 nm, 0.232 nm, for indexed planes, 

respectively and 003 phase with interplanar spacing of 0.26 nm assigned for zinc layered 

double hydroxide. The trigonal layer appeared dark in Figure 20a, indicating multilayers 

stuck on each other. This considers one of the characteristics of LDHs materials, which 

explains the lattice mismatch in Figure 20b. Asymmetrical layered structure observed with 

ZnLDH-Cl/Na appearing with a bright color indicated of less layer thickness compared 

with ZnLDH-Cl/Ca and small crystallin particles refer to zinc oxide resulted of annulated 

the sample at 180 ºC Figure 20d. This crystalline particle exhibited a higher interplanar 
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spacing of 0.301 nm and 0.241 nm for 100 and 101 crystallographic planes respectively, 

as shown in Figure 20e. Also, the  micrograph for ZnLDH-Cl/NH reflected high Zn 

concentration zones unevenly distributed over the catalyst Figure 20g while SAD showed 

0.314 nm and 0.186 nm for ZnO100 and ZnO102 [225]. 

 

27 Figure 20: TEM for ZnLDH-Cl/Ca (a-c), ZnLDH-Cl/Na (d-f) and ZnLDH-Cl/NH (g-

i) catalyst 

 

4.5 X-ray Photoelectron Spectroscopy XPS Analysis 

The surface chemical state of as prepared ZnLDH-Cl/Ca catalyst has been 

investigated using XPS, as showned in Figure 21. a set of two peaks was observed at 

1044.09 eV and 1021.10 eV in which were assigned to Zn 2P as Zn 2P1/2 and Zn 2P3/2 
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respectively Figure 21d. These ascribed peaks indicate that the valence state for Zn in the 

prepared catalyst is +2  [226,227]. The weight percent analysis Table 1 shows that the zinc 

existed as Zn 2P3/2   with weight % of 51.26 which represents the highest value among the 

other elements. The C 1s spectra were an measured as internal standard to correct any shift 

in peak position, and it showed two deconvoluted peaks positioned at 289.28 eV and 284.8 

eV, corresponding to C=O and C-C respectively  [226], as indicated in Figure 21f. for O 

1s  as shown in Figure 21c, three peaks were observed for three types of oxygen at 531.48, 

530.83 and 529.92 eV, and it can be assigned for Zn-OH, -OH and ZnO respectively 

[228,229]. A unique doublet peak with separation of about 3.5 eV appeared, and it 

corresponds to Ca 2p with values of 350.33 eV and 346.78 eV ascribed to Ca 2P as Ca 

2P1/2 and Ca 2P3/2 respectively, which can be attribited to Ca in +2 valence state Figure 21a 

[230]. In addition, weight% analysis demonstrated that the Ca existed in Ca 2P3/2  form 

with weight% of 11.32 Table 1. Another doublet peak was obtained at 201.63 eV and 

200.03 eV for organic chlorine Cl 2P as Cl 2P1/2 and Cl 2P3/2, respectively Figure 21b. The 

weight% analysis showed that the chlorine is expected as  Cl 2P3/2  with weight% of 7.3, 

and the survey analysis was demonstrated in Figure 21e. 
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28 Figure 21: XPS analysis for ZnLDH-Cl/Ca electrocatalyst 

 

 

Table 1:  XPS Analysis Data for ZnLDH-Cl/Ca Electrocatalyst  

Name  Peak BE FWHM eV Area (P) CPS.eV Weight % Q 

Ca2p1 A 350.31 1.86 43346.02 0 0 

Zn2p1 A 1044.1 1.93 389268.26 0 0 

Cl2p1 A 202.11 1.77 20494.9 0 0 

C1s B 289.25 2.85 16838.44 2.89 1 

C1s A 284.79 2.79 40495.87 6.94 1 

Cl2p3 A 200.31 1.87 50494.9 7.3 1 

Ca2p3 A 346.76 1.86 84423.94 11.32 1 

O1s A 531.48 2.44 147727.65 12.29 1 

O1s B 530.83 2.28 87627.65 5.80 1 

O1s C 529.92 2.19 57927.65 2.20 1 

Zn2p3 A 1021.09 1.93 751526.07 51.26 1 
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4.6 Electrochemical Assessments  

As outlined in the literature, the electrochemical performance of the catalysts under 

study was carried out in a three-electrode configuration system, commonly called an 

H-cell system [231,232]. The working electrode in this system consisted of the as-

prepared ZnLDH-Cl/X (X = Ca, Na, and NH) electrode. In contrast, the Pt wire and 

Ag/AgCl electrode (3.0 M KCl, Autolab) served as the counter electrode and reference 

electrode, respectively. The electrolyte used in this study was a 0.5 M KHCO3 solution. 

It is pertinent to note that the catholyte was continuously purged with CO2 at a rate of 

50 mL/min before the electrolysis process to ensure the electrolyte was saturated with 

CO2 and to reduce the pH to 7.4 In addition, it continuously purged with CO2 at a rate 

of 5 mL/min during the electrolysis process to maintain the CO2 in the reaction 

medium.  

LSV was conducted to examine the catalytic materials' conductivity and confirm the 

onset of CO2 reduction. The results Figure 22 reveal that the ZnLDH-Cl/Ca catalyst 

demonstrates notably higher current densities of 16.16 mA cm-2 when tested in a CO2-

saturated electrolyte compared to the ZnLDH-Cl/Na and ZnLDH-Cl/NH catalysts 

which exhibited 8.5 mA cm-2 and 7.73 mA cm-2 respectively reviling the highest CO2-

ECR over ZnLDH-Cl/Ca electrocatalyst. Furthermore, when the same tests were 

conducted in an Ar-saturated electrolyte, it became evident that the ZnLDH-Cl/Ca 

electrodes exhibit remarkable activity for CO2 reduction, exhibiting significantly 

higher current density than the ZnLDH-Cl/Na and ZnLDH-Cl/NH catalysts. These 

current densities represent a significant improvement compared to the performance of 

bulk Zn catalysts, which typically yield current densities of less than 3 mA cm−2 at -



61 

 

1.0 V versus RHE [233,234]. This enhanced performance can be attributed to the 

presence of calcium metal ions within the 2D layer in ZnLDH-Cl/Ca which also 

contributes to the current density. Due to it is electrical conductivity as established in 

literature [235]. 

 

Figure 22: Linear sweep voltammetry scan for as prepared catalyst in (a) CO2-saturated 

electrolyte, (b) ZnLDH-Cl/Ca in Ar-saturated electrolyte, (c) ZnLDH-Cl/NH in Ar-

saturated electrolyte, (d) ZnLDH-Cl/Na in Ar-saturated electrolyte. 

 

 

(a) (b)

(c) (d)
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To gain a more comprehensive understanding of the CO2 reduction reaction (CO2-ECR) 

activity and product distribution, potentiostatic CO2 electrolysis experiments were 

conducted within the potential range of -1.2 V to -1.6 V versus Ag/AgCl reference 

electrode, employing the ZnLDH-Cl/Ca, ZnLDH-Cl/Na, and ZnLDH-Cl/NH as working 

electrodes. The primary outcome resulting from the CO2 electrolysis employing the 

ZnLDH-Cl/Ca electrode is carbon monoxide, with the concurrent detection of a small 

quantity of hydrogen observed at high overpotentials when utilizing ZnLDH-Cl/Na and 

ZnLDH-Cl/NH electrodes (Figure 23). This observation signifies the incidental generation 

of hydrogen as a byproduct during the reduction of water. The catalyst synthesized through 

the calcium hydroxide route demonstrated the highest CO faradaic efficiency (FECO) of 

99.7 at an applied potential of 0.966 V vs RHE. In contrast, the catalyst prepared using 

sodium hydroxide exhibited a lower FECO of 75.06 at the same applied potential. 

Furthermore, the catalyst synthesized via ammonium hydroxide displayed the lowest FECO 

of 56.54, as illustrated in Figure 23a. These results underscore the influence of the nature 

of the hydroxide source and the type of cations incorporated within the layers on the 

faradaic efficiency of carbon monoxide production.  Also, this activity can be attributed to 

the variation in morphology. As the literature states, morphology significantly influences 

activity selectivity and faradaic efficiency [6]. In addition, the presence of calcium ions 

within the layers plays a significant role in maximizing the efficiency and activity of 

layered double hydroxide materials [236] as exhibited by ZnLDH-Cl/Ca electrocatalyst. 
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Figure 23: The faradaic efficiency of as prepared catalysts (a) FE of CO product, (b) FE of 

H2 product, (c) Tafel plot of as synthesized catalysts, (d) the EIS result of as prepared 

catalysts. 

 

The ZnLDH-Cl/Ca electrocatalyst displayed a high crystalline nature and a trigonal 2D 

layered morphology and demonstrated exceptional performance in CO2 electrochemical 

reduction, particularly in excellent faradaic efficiency. The well-defined crystalline 

structure implies a precise arrangement of atoms on the catalyst surface, creating a wealth 

of active sites conducive to efficient CO2 adsorption and subsequent conversion. The 

trigonal 2D layered morphology further enhances the catalyst’s electrochemical activity. 

(a) 

(d) 

(b) 

(c) 
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This specific structural configuration provides an extended surface area and exposes more 

active sites, optimizing the catalyst's interaction with CO2 molecules. The layered structure 

allows for enhanced mass transport and facilitates the diffusion of reactants to active sites, 

minimizing undesired side reactions and promoting the desired electrochemical reduction 

of CO2. Furthermore, the good synergy between the Ca+2 and Zn+2 led to excellent 

improvement of faradaic efficiency towards CO formation. In addition, the favourable CO 

desorption on the calcium-based catalyst is confirmed by Wang et al. [237], which reveals 

that the leading active site responsible for CO2-ECR is the Ca2p/3 within the catalyst 

structure. The activity of ZnLDH-Cl/Na can be attributed to the zinc oxide phase within 

the catalyst structure since the maximum faradaic efficiency within the range of the zinc 

oxide electrocatalyst [238,239,240], which indicates that the sodium does not play any role 

in terms of performance. Also, the low performance compared to the ZnLDH-Cl/Ca 

catalyst can be explained by the lack of active sites resulting from the agglomeration of 

rods, which leads to the formation of a layer-like structure where the rods align in two 

dimensions, causing a reduction in surface area and the partial removal of active sites at 

the edges. ZnLDH-Cl/NH catalysts displayed poor crystalline nature, indistinct 

morphology, and low faradaic efficiency in CO2 electrochemical reduction, often facing 

challenges in facilitating efficient and selective conversion of CO2 to desired products. The 

lack of a well-defined crystalline structure can result in a disordered arrangement of atoms 

on the catalyst surface, leading to fewer active sites and compromised catalytic 

performance. Additionally, the absence of a distinguished morphology may indicate 

irregularities in the catalyst surface, hindering optimal CO2 adsorption and interaction with 

reactive sites. The poor faradaic efficiency in CO2 electrochemical reduction suggests that 
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a significant portion of the electrical current is being diverted towards undesired side 

reactions HER or inefficient pathways, rather than being utilized for the targeted 

conversion of CO2 to valuable products. This inefficiency could be attributed to a lack of 

well-defined active sites, inadequate charge transfer kinetics, or defects in the catalyst 

structure. 

The electrochemical impedance spectroscopy (EIS) method was utilized to investigate the 

charge transfer characteristics of the catalysts synthesized in this research. Figure 23d 

presents Nyquist plots of ZnLDH-Cl/Ca, ZnLDH-Cl/Na, and ZnLDH-Cl/NH in 0.5 M 

KHCO3 solutions. This study made use of a similar circuit that ran in parallel with a 

solution resistance (R1), a phase element (CPE1), and a charge transfer resistance (R2). 

Notably, the EIS results revealed that ZnLDH-Cl/NH exhibited a remarkably high charge 

transfer resistance (R2) of 154 Ω, limiting its activity towards CO2-ECR. Conversely, the 

R2 values of ZnLDH-Cl/Na were significantly reduced to 126.4 Ω. The introduction of 

calcium hydroxide as a source of hydroxide to synthesize ZnLDH-Cl/Ca further diminished 

this value to 71.3 Ω. This reduction implies a lower charge transfer resistance, thereby 

favouring the CO2-ECR process on ZnLDH-Cl/Ca due to the favourable desorption of CO 

on Ca2+ sites within the structure of the ZnLDH-Cl/Ca electrocatalyst. Figure 23c, 

Illustrates Tafel plots depicting overpotential against the logarithm of partial current 

density for CO [241]. Notably, linear plots within a notably low overpotential range 

characterize the electrocatalytic behaviour of the ZnLDH-Cl/Ca catalyst. The observed 

slope of 51.2 mV/dec aligns with a mechanism indicative of a rate-determining initial 

electron transfer to CO2, forming of a surface-adsorbed CO2
*- intermediate. This 

mechanism is commonly associated with metal electrocatalysts [242], highlighting the 
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significance of the chosen electrocatalyst in facilitating this specific reaction. Similarly, the 

ZnLDH-Cl/Na electrocatalyst demonstrates linear Tafel plots at a low overpotential range, 

with a 58.5 mV/dec slope. This behaviour suggests a comparable rate-determining step 

involving the initial electron transfer to CO2, consistent with the mechanisms observed in 

metal electrocatalysts. In contrast, the ZnLDH-Cl/NH electrocatalyst exhibits steep slopes 

of 167.6 mV/dec at higher overpotential ranges. This observation implies that the 

electrocatalytic activity of ZnLDH-Cl/NH may be influenced by the combined effects of 

gas diffusion and ionic mass transport [243]. The substantial change in slope at high 

overpotentials suggests a shift in the rate-determining step, potentially indicative of altered 

mechanisms controlling the electrochemical processes. Figure 24b provided insights into 

the stability assessment of the prepared catalyst at 0.966 V vs RHE over 24 hours. The 

results indicated that the ZnLDH-Cl/Ca electrocatalyst exhibited notable stability, 

maintaining its performance for up to 24 hours at a consistent current density of 

approximately 15.80 mA cm-2. During stability tests, a discernible increase in current 

density was observed for the ZnLDH-Cl/Na electrocatalyst, reaching up to about 8.0 mA 

cm-2. This observation suggests that the selected catalyst not only preserves its 

electrocatalytic activity but may also undergo beneficial modifications over prolonged 

electrochemical operation. However, the ZnLDH-Cl/NH electrocatalyst demonstrated 

stability up to 20.8 hours with a current density of 8.5 mA cm-2, accompanied by a 

degradation in its performance. This decline may be attributed to surface passivation, 

undesired side reactions, or limitations in the active sites responsible for the CO2-ECR. For 

ZnLDH-Cl/Ca electrocatalyst, the faradaic efficiency was evaluated throughout the 

stability test Figure 24b, and the finding showed that the electrocatalyst demonstrated high 



67 

 

performance and maintained an excellent production rate for CO for up to 24 hours with 

an approximately constant current density of around 15.8 mA cm-2.  

The investigation of the electrochemical active surface area (ECSA) of the electrodes was 

conducted through the application of the double-layer capacitance (Cdl) method [244]. CV 

were systematically recorded in non-Faradaic regions at varying scan rates (10, 20, 40, 60, 

80, and 100 mV sec−1) using CO2-saturated 0.5 M KHCO3 as the electrolyte solution. The 

obtained data revealed a direct proportionality between the number of scans and 

voltammograms, indicative of a corresponding relationship between Cdl and ECSA, as 

illustrated in Figure 24c for the ZnLDH-Cl/Ca electrode. 
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Figure 24: (a) Stability test of as-prepared catalysts, (b) Faradaic efficiency of ZnLDH-

Cl/Ca with current density throughout the stability test, (c) Cyclic voltammetry scan for 

the ZnLDH-Cl/Ca electrocatalyst. 

 

 

 

 

 

(a) (b)

(c)
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4.7 Conclusion  

The ZnLDH-Cl catalysts were successfully synthesized through hydrolysis 

procedures conducted under specific conditions, employing a CO2-saturated KHCO3 

electrolyte. This synthetic approach was undertaken to assess the electrocatalytic efficacy 

of ZnLDH-Cl electrocatalysts in the electrochemical reduction of CO2. The synthesis 

involved the utilization of three distinct sources of hydroxide, namely, Ca(OH)2, NaOH, 

and NH4OH, to produce zinc-layered double hydroxide-based catalysts denoted as 

ZnLDH-Cl/Ca, ZnLDH-Cl/Na, and ZnLDH-Cl/NH, respectively. Various characterization 

techniques were employed to analyze the synthesized catalysts comprehensively. XRD 

methods facilitated the determination of crystal structures, while microscopic imaging 

techniques, including SEM and TEM, provided insights into the morphological features. 

EDS offered elemental composition data, while XPS for surface analysis and Fourier-FTIR 

were employed for the identification of the functional group. Additionally, 

chromatographic techniques, encompassing gas chromatography and liquid 

chromatography, were integrated with diverse detectors such as flame ionization detector 

(FID), thermal conductivity detector (TCD) to qualitative and quantitative determination 

of the final products. Among the catalysts investigated ZnLDH-Cl/Ca demonstrated 

exceptional efficacy and high selectivity in CO formation. At an applied potential of 0.966 

V vs. RHE, ZnLDH-Cl/Ca exhibited a remarkable faradaic efficiency (FE) of 99.7% and a 

total current density of 5 mA cm-2. In contrast, ZnLDH-Cl/Na and ZnLDH-Cl/NH catalysts 

displayed FECO of 75.6 and 56.54, respectively, under identical experimental conditions. 

Furthermore, regarding stability, the ZnLDH-Cl/Ca catalyst sustained high stability for up 

to 24 hours, maintaining an approximately constant current density throughout the 
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assessment. This study underscores the promising electrocatalytic performance and 

stability of ZnLDH-Cl/Ca in the context of CO2 reduction. In addition, this research could 

open the way for the long-term development of CO2 conversion electrocatalysts that can 

be both effective and potentially cost-effective on an industrial scale. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



71 

 

References 

[1] C. C. Nnadiekwe, I. Abdulazeez, M. Haroon, Q. Peng, A. Jalilov, and A. Al-Saadi, 

“Impact of Polypyrrole Functionalization on the Anodic Performance of Boron 

Nitride Nanosheets: Insights From First-Principles Calculations,” Front. Chem., 

vol. 9, Apr. 2021, doi: 10.3389/fchem.2021.670833. 

[2] M. Umar et al., “A First-Principles Study on the Multilayer Graphene Nanosheets 

Anode Performance for Boron-Ion Battery,” Nanomaterials, vol. 12, no. 8, p. 

1280, 2022. 

[3] I. Hussain, H. Alasiri, W. U. Khan, and K. Alhooshani, “Advanced electrocatalytic 

technologies for conversion of carbon dioxide into methanol by electrochemical 

reduction: Recent progress and future perspectives,” Coord. Chem. Rev., vol. 482, 

p. 215081, 2023. 

[4] E. S. Sanz-Pérez, C. R. Murdock, S. A. Didas, and C. W. Jones, “Direct Capture of 

CO2 from Ambient Air,” Chem. Rev., vol. 116, no. 19, pp. 11840–11876, Oct. 

2016, doi: 10.1021/acs.chemrev.6b00173. 

[5] Q. Wang, J. Luo, Z. Zhong, and A. Borgna, “CO2 capture by solid adsorbents and 

their applications: current status and new trends,” Energy Environ. Sci., vol. 4, no. 

1, pp. 42–55, 2011. 

[6] U. Mustapha et al., “The role of morphology on the electrochemical CO2 reduction 

performance of transition metal-based catalysts,” J. Energy Chem., 2023. 

[7] D. M. Etheridge, L. P. Steele, R. L. Langenfelds, R. J. Francey, J. Barnola, and V. 



72 

 

I. Morgan, “Natural and anthropogenic changes in atmospheric CO2 over the last 

1000 years from air in Antarctic ice and firn,” J. Geophys. Res. Atmos., vol. 101, 

no. D2, pp. 4115–4128, 1996. 

[8] L. Zhang, Z. Zhao, and J. Gong, “Nanostructured materials for heterogeneous 

electrocatalytic CO2 reduction and their related reaction mechanisms,” Angew. 

Chemie Int. Ed., vol. 56, no. 38, pp. 11326–11353, 2017. 

[9] M. Mikkelsen, M. Jørgensen, and F. C. Krebs, “The teraton challenge. A review of 

fixation and transformation of carbon dioxide,” Energy Environ. Sci., vol. 3, no. 1, 

pp. 43–81, 2010. 

[10] M. Wang et al., “Energy Environ,” Sci, vol. 5, no. 1, pp. 5163–5185, 2012. 

[11] A. Mustafa, B. G. Lougou, Y. Shuai, Z. Wang, and H. Tan, “Current technology 

development for CO2 utilization into solar fuels and chemicals: A review,” J. 

Energy Chem., vol. 49, pp. 96–123, 2020. 

[12] F. D. Meylan, V. Moreau, and S. Erkman, “CO2 utilization in the perspective of 

industrial ecology, an overview,” J. CO2 Util., vol. 12, pp. 101–108, 2015. 

[13] K. S. Rawat, A. Mahata, and B. Pathak, “Thermochemical and electrochemical 

CO2 reduction on octahedral Cu nanocluster: Role of solvent towards product 

selectivity,” J. Catal., vol. 349, pp. 118–127, 2017. 

[14] B. G. Lougou et al., “Thermochemical CO2 reduction over NiFe2O4@ alumina 

filled reactor heated by high-flux solar simulator,” Energy, vol. 197, p. 117267, 

2020. 



73 

 

[15] J. Albo, M. Alvarez-Guerra, P. Castaño, and A. Irabien, “Towards the 

electrochemical conversion of carbon dioxide into methanol,” Green Chem., vol. 

17, no. 4, pp. 2304–2324, 2015. 

[16] S. Verma, B. Kim, H. “Molly” Jhong, S. Ma, and P. J. A. Kenis, “A gross‐margin 

model for defining technoeconomic benchmarks in the electroreduction of CO2,” 

ChemSusChem, vol. 9, no. 15, pp. 1972–1979, 2016. 

[17] R. Aerts, W. Somers, and A. Bogaerts, “Carbon dioxide splitting in a dielectric 

barrier discharge plasma: a combined experimental and computational study,” 

ChemSusChem, vol. 8, no. 4, pp. 702–716, 2015. 

[18] J. F. de la Fuente, S. H. Moreno, A. I. Stankiewicz, and G. D. Stefanidis, 

“Reduction of CO2 with hydrogen in a non-equilibrium microwave plasma 

reactor,” Int. J. Hydrogen Energy, vol. 41, no. 46, pp. 21067–21077, 2016. 

[19] Y. Shen, “Carbon dioxide bio-fixation and wastewater treatment via algae 

photochemical synthesis for biofuels production,” RSC Adv., vol. 4, no. 91, pp. 

49672–49722, 2014. 

[20] M. A. A. Aziz, A. A. Jalila, S. Triwahyonoc, and A. Ahmada, “Green Chemistry 

RSCPublishing.” 

[21] W. Wang, S. Wang, X. Ma, and J. Gong, “Recent advances in catalytic 

hydrogenation of carbon dioxide,” Chem. Soc. Rev., vol. 40, no. 7, pp. 3703–3727, 

2011. 

[22] S. Das and W. M. A. W. Daud, “A review on advances in photocatalysts towards 



74 

 

CO2 conversion,” Rsc Adv., vol. 4, no. 40, pp. 20856–20893, 2014. 

[23] Y. Izumi, “Recent advances in the photocatalytic conversion of carbon dioxide to 

fuels with water and/or hydrogen using solar energy and beyond,” Coord. Chem. 

Rev., vol. 257, no. 1, pp. 171–186, 2013. 

[24] Z. Zhang et al., “CO2 Reduction ReactionMechanismso fW ell-Defined Metal-N 4 

Sites in Electrocatalytic CO2 Reduction,” doi: 10.1002/ange.201808593. 

[25] X. Duan et al., “Metal‐free carbon materials for CO2 electrochemical reduction,” 

Adv. Mater., vol. 29, no. 41, p. 1701784, 2017. 

[26] J. Kim, W. Choi, J. W. Park, C. Kim, M. Kim, and H. Song, “Branched Copper 

Oxide Nanoparticles Induce Highly Selective Ethylene Production by 

Electrochemical Carbon Dioxide Reduction,” J. Am. Chem. Soc., vol. 141, no. 17, 

pp. 6986–6994, 2019, doi: 10.1021/jacs.9b00911. 

[27] A. A. Adelodun, K.-H. Kim, J. C. Ngila, and J. Szulejko, “A review on the effect 

of amination pretreatment for the selective separation of CO2,” Appl. Energy, vol. 

158, pp. 631–642, 2015, doi: https://doi.org/10.1016/j.apenergy.2015.08.107. 

[28] B. Kumar, M. Llorente, J. Froehlich, T. Dang, A. Sathrum, and C. P. Kubiak, 

“Photochemical and Photoelectrochemical Reduction of CO2,” Annu. Rev. Phys. 

Chem., vol. 63, no. 1, pp. 541–569, May 2012, doi: 10.1146/annurev-physchem-

032511-143759. 

[29] E. V Kondratenko, G. Mul, J. Baltrusaitis, G. O. Larrazábal, and J. Pérez-Ramírez, 

“Status and perspectives of CO2 conversion into fuels and chemicals by catalytic, 



75 

 

photocatalytic and electrocatalytic processes,” Energy Environ. Sci., vol. 6, no. 11, 

pp. 3112–3135, 2013, doi: 10.1039/C3EE41272E. 

[30] B. Hu, C. Guild, and S. L. Suib, “Thermal, electrochemical, and photochemical 

conversion of CO2 to fuels and value-added products,” J. CO2 Util., vol. 1, pp. 18–

27, Jun. 2013, doi: 10.1016/j.jcou.2013.03.004. 

[31] Y. Zhou, G. Gao, Y. Li, W. Chu, and L.-W. Wang, “Transition-metal single atoms 

in nitrogen-doped graphenes as efficient active centers for water splitting: a 

theoretical study,” Phys. Chem. Chem. Phys., vol. 21, no. 6, pp. 3024–3032, 2019. 

[32] W. Ni et al., “Electroreduction of carbon dioxide driven by the intrinsic defects in 

the carbon plane of a single Fe–N4 site,” Adv. Mater., vol. 33, no. 1, p. 2003238, 

2021. 

[33] Y. Yang, S. Ajmal, X. Zheng, and L. Zhang, “Efficient nanomaterials for 

harvesting clean fuels from electrochemical and photoelectrochemical CO2 

reduction,” Sustain. Energy Fuels, vol. 2, no. 3, pp. 510–537, 2018, doi: 

10.1039/C7SE00371D. 

[34] T. Osaki, T. Horiuchi, K. Suzuki, and T. Mori, “Catalyst performance of MoS2 

and WS2 for the CO2-reforming of CH4 suppression of carbon deposition,” Appl. 

Catal. A Gen., vol. 155, no. 2, pp. 229–238, 1997. 

[35] P. Abbasi et al., “Tailoring the Edge Structure of Molybdenum Disulfide toward 

Electrocatalytic Reduction of Carbon Dioxide,” ACS Nano, vol. 11, no. 1, pp. 453–

460, Jan. 2017, doi: 10.1021/acsnano.6b06392. 



76 

 

[36] Z. Li et al., “Metal-support interactions in designing noble metal-based catalysts 

for electrochemical CO2 reduction: Recent advances and future perspectives,” 

Nano Res., vol. 14, no. 11, pp. 3795–3809, Nov. 2021, doi: 10.1007/s12274-021-

3363-6. 

[37] S. Chatterjee et al., “Free standing nanoporous palladium alloys as CO poisoning 

tolerant electrocatalysts for the electrochemical reduction of CO2 to formate,” Acs 

Catal., vol. 9, no. 6, pp. 5290–5301, 2019. 

[38] M. Tahir, A. Ali Khan, S. Tasleem, R. Mansoor, and W. K. Fan, “Titanium 

Carbide (Ti3 C2 ) MXene as a Promising Co-catalyst for Photocatalytic CO2 

Conversion to Energy-Efficient Fuels: A Review,” Energy & Fuels, vol. 35, no. 

13, pp. 10374–10404, Jul. 2021, doi: 10.1021/acs.energyfuels.1c00958. 

[39] G.-L. Chai and Z.-X. Guo, “Highly effective sites and selectivity of nitrogen-

doped graphene/CNT catalysts for CO2 electrochemical reduction,” Chem. Sci., 

vol. 7, no. 2, pp. 1268–1275, 2016, doi: 10.1039/C5SC03695J. 

[40] M. Suominen and T. Kallio, “What We Currently Know about Carbon‐Supported 

Metal and Metal Oxide Nanomaterials in Electrochemical CO2 Reduction,” 

ChemElectroChem, vol. 8, no. 13, pp. 2397–2406, Jul. 2021, doi: 

10.1002/celc.202100345. 

[41] Y. Zhao et al., “Spontaneously Sn-Doped Bi/BiO x Core–Shell Nanowires Toward 

High-Performance CO2 Electroreduction to Liquid Fuel,” Nano Lett., vol. 21, no. 

16, pp. 6907–6913, Aug. 2021, doi: 10.1021/acs.nanolett.1c02053. 



77 

 

[42] H. Shi, Y. Cheng, and P. Kang, “Metal Oxide/Nitrogen-Doped Carbon Catalysts 

Enables Highly Efficient CO2 Electroreduction,” Trans. Tianjin Univ., vol. 27, no. 

3, pp. 269–277, Jun. 2021, doi: 10.1007/s12209-021-00287-7. 

[43] M. Llorente, J. Froehlich, T. Dang, and A. Sathrum, “723 Kubiak, CP 

Photochemical and Photoelectrochemical Reduction of 724 CO2,” Annu. Rev. 

Phys. Chem, vol. 63, p. 541, 2012. 

[44] E. V Kondratenko, “Mul G. Baltrusaitis J. Larrazábal GO Pérez-Ramírez J,” 

Energy Environ. Sci, vol. 6, pp. 3112–3135, 2013. 

[45] B. Hu, C. Guild, and S. L. Suib, “Thermal, electrochemical, and photochemical 

conversion of CO2 to fuels and value-added products,” J. CO2 Util., vol. 1, pp. 18–

27, 2013. 

[46] J. Dean, Y. Yang, N. Austin, G. Veser, and G. Mpourmpakis, “Design of Copper‐

Based Bimetallic Nanoparticles for Carbon Dioxide Adsorption and Activation,” 

ChemSusChem, vol. 11, no. 7, pp. 1169–1178, 2018. 

[47] P. Abbasi et al., “Tailoring the edge structure of molybdenum disulfide toward 

electrocatalytic reduction of carbon dioxide,” ACS Nano, vol. 11, no. 1, pp. 453–

460, 2017. 

[48] Z. Li et al., “Metal-support interactions in designing noble metal-based catalysts 

for electrochemical CO2 reduction: Recent advances and future perspectives,” 

Nano Res., pp. 1–15, 2021. 

[49] M. Tahir, A. Ali Khan, S. Tasleem, R. Mansoor, and W. K. Fan, “Titanium carbide 



78 

 

(Ti3C2) MXene as a promising co-catalyst for photocatalytic CO2 conversion to 

energy-efficient fuels: a review,” Energy & Fuels, vol. 35, no. 13, pp. 10374–

10404, 2021. 

[50] G.-L. Chai and Z.-X. Guo, “Highly effective sites and selectivity of nitrogen-

doped graphene/CNT catalysts for CO2 electrochemical reduction,” Chem. Sci., 

vol. 7, no. 2, pp. 1268–1275, 2016. 

[51] M. Suominen and T. Kallio, “What We Currently Know about Carbon‐Supported 

Metal and Metal Oxide Nanomaterials in Electrochemical CO2 Reduction,” 

ChemElectroChem, vol. 8, no. 13, pp. 2397–2406, 2021. 

[52] Y. Zhao et al., “Spontaneously Sn-Doped Bi/BiO x Core–Shell Nanowires Toward 

High-Performance CO2 Electroreduction to Liquid Fuel,” Nano Lett., vol. 21, no. 

16, pp. 6907–6913, 2021. 

[53] H. Shi, Y. Cheng, and P. Kang, “Metal oxide/nitrogen-doped carbon catalysts 

enables highly efficient CO2 electroreduction,” Trans. Tianjin Univ., vol. 27, no. 3, 

pp. 269–277, 2021. 

[54] B. Zhang, Y. Jiang, M. Gao, T. Ma, W. Sun, and H. Pan, “Recent progress on 

hybrid electrocatalysts for efficient electrochemical CO2 reduction,” Nano Energy, 

vol. 80, p. 105504, 2021. 

[55] W. Gao et al., “Fully integrated wearable sensor arrays for multiplexed in situ 

perspiration analysis,” Nature, vol. 529, no. 7587, pp. 509–514, 2016. 

[56] D. Gao et al., “Activity and selectivity control in CO2 electroreduction to 



79 

 

multicarbon products over CuOx catalysts via electrolyte design,” Acs Catal., vol. 

8, no. 11, pp. 10012–10020, 2018. 

[57] W. Zhang et al., “Electrochemical reduction of carbon dioxide to methanol on 

hierarchical Pd/SnO2 nanosheets with abundant Pd–O–Sn interfaces,” Angew. 

Chemie Int. Ed., vol. 57, no. 30, pp. 9475–9479, 2018. 

[58] J. A. Bau et al., “On the reconstruction of NiMo electrocatalysts by operando 

spectroscopy,” J. Mater. Chem. A, vol. 7, no. 25, pp. 15031–15035, 2019. 

[59] M. Chen et al., “Dynamic Restructuring of Cu‐Doped SnS2 Nanoflowers for 

Highly Selective Electrochemical CO2 Reduction to Formate,” Angew. Chemie, 

vol. 133, no. 50, pp. 26437–26441, 2021. 

[60] H. Cheng et al., “Surface nitrogen-injection engineering for high formation rate of 

CO2 reduction to formate,” Nano Lett., vol. 20, no. 8, pp. 6097–6103, 2020. 

[61] T. Chen et al., “Surface oxygen injection in tin disulfide nanosheets for efficient 

CO2 electroreduction to formate and syngas,” Nano-Micro Lett., vol. 13, pp. 1–11, 

2021. 

[62] T. Wang et al., “Halogen-Incorporated Sn Catalysts for Selective Electrochemical 

CO2 Reduction to Formate,” Angew. Chemie - Int. Ed., vol. 62, no. 10, 2023, doi: 

10.1002/anie.202211174. 

[63] F. N. Al-Rowaili, A. Jamal, M. S. Ba Shammakh, and A. Rana, “A Review on 

Recent Advances for Electrochemical Reduction of Carbon Dioxide to Methanol 

Using Metal–Organic Framework (MOF) and Non-MOF Catalysts: Challenges 



80 

 

and Future Prospects,” ACS Sustain. Chem. Eng., vol. 6, no. 12, pp. 15895–15914, 

Dec. 2018, doi: 10.1021/acssuschemeng.8b03843. 

[64] J. Qiao, Y. Liu, and J. Zhang, Eds., Electrochemical Reduction of Carbon Dioxide. 

CRC Press, 2016. 

[65] T. Biswal, K. P. Shadangi, P. K. Sarangi, and R. K. Srivastava, “Conversion of 

carbon dioxide to methanol: A comprehensive review,” Chemosphere, vol. 298, p. 

134299, Jul. 2022, doi: 10.1016/j.chemosphere.2022.134299. 

[66] T. Najam et al., “Metal‐Organic Frameworks Derived Electrocatalysts for Oxygen 

and Carbon Dioxide Reduction Reaction,” Chem. Rec., vol. 22, no. 7, Jul. 2022, 

doi: 10.1002/tcr.202100329. 

[67] H. Xie, T. Wang, J. Liang, Q. Li, and S. Sun, “Cu-based nanocatalysts for 

electrochemical reduction of CO2,” Nano Today, vol. 21, pp. 41–54, 2018. 

[68] S. Garg et al., “Advances and challenges in electrochemical CO2 reduction 

processes: an engineering and design perspective looking beyond new catalyst 

materials,” J. Mater. Chem. A, vol. 8, no. 4, pp. 1511–1544, 2020, doi: 

10.1039/C9TA13298H. 

[69] D. Ewis et al., “Electrochemical reduction of CO2 into formate/formic acid: A 

review of cell design and operation,” Sep. Purif. Technol., vol. 316, p. 123811, Jul. 

2023, doi: 10.1016/j.seppur.2023.123811. 

[70] S. Lu et al., “Mass transfer effect to electrochemical reduction of CO2: Electrode, 

electrocatalyst and electrolyte,” J. Energy Storage, vol. 52, p. 104764, Aug. 2022, 



81 

 

doi: 10.1016/j.est.2022.104764. 

[71] E. J. Maginn, “What to Do with CO2,” J. Phys. Chem. Lett., vol. 1, no. 24, pp. 

3478–3479, Dec. 2010, doi: 10.1021/jz101582c. 

[72] V. L. Kornienko, G. A. Kolyagin, and O. P. Taran, “Electrocatalytic Reduction of 

Carbon Dioxide to Formic Acid on Sn- and Bi-Based Gas-Diffusion Electrodes in 

Aqueous Media (a Review),” Russ. J. Electrochem., vol. 58, no. 8, pp. 647–657, 

Aug. 2022, doi: 10.1134/S1023193522080079. 

[73] P. Yue et al., “Triple-phase electrocatalysis for the enhanced CO2 reduction to 

HCOOH on a hydrophobic surface,” Chem. Eng. J., vol. 405, p. 126975, Feb. 

2021, doi: 10.1016/j.cej.2020.126975. 

[74] T. Burdyny and W. A. Smith, “CO2 reduction on gas-diffusion electrodes and why 

catalytic performance must be assessed at commercially-relevant conditions,” 

Energy Environ. Sci., vol. 12, no. 5, pp. 1442–1453, 2019, doi: 

10.1039/C8EE03134G. 

[75] H. Hashiba et al., “Effects of Electrolyte Buffer Capacity on Surface Reactant 

Species and the Reaction Rate of CO2 in Electrochemical CO2 Reduction,” J. 

Phys. Chem. C, vol. 122, no. 7, pp. 3719–3726, Feb. 2018, doi: 

10.1021/acs.jpcc.7b11316. 

[76] N. Gupta, M. Gattrell, and B. MacDougall, “Calculation for the cathode surface 

concentrations in the electrochemical reduction of CO2 in KHCO3 solutions,” J. 

Appl. Electrochem., vol. 36, no. 2, pp. 161–172, Jan. 2006, doi: 10.1007/s10800-



82 

 

005-9058-y. 

[77] P. Lobaccaro, M. R. Singh, E. L. Clark, Y. Kwon, A. T. Bell, and J. W. Ager, 

“Effects of temperature and gas–liquid mass transfer on the operation of small 

electrochemical cells for the quantitative evaluation of CO2 reduction 

electrocatalysts,” Phys. Chem. Chem. Phys., vol. 18, no. 38, pp. 26777–26785, 

2016, doi: 10.1039/C6CP05287H. 

[78] L.-C. Weng, A. T. Bell, and A. Z. Weber, “Modeling gas-diffusion electrodes for 

CO2 reduction,” Phys. Chem. Chem. Phys., vol. 20, no. 25, pp. 16973–16984, 

2018, doi: 10.1039/C8CP01319E. 

[79] D. Wakerley et al., “Bio-inspired hydrophobicity promotes CO2 reduction on a Cu 

surface,” Nat. Mater., vol. 18, no. 11, pp. 1222–1227, Nov. 2019, doi: 

10.1038/s41563-019-0445-x. 

[80] C. Ampelli, F. Tavella, D. Giusi, A. M. Ronsisvalle, S. Perathoner, and G. Centi, 

“A Review of the Electrode and Cell Design for CO2 Reduction,” Available SSRN 

4359503. 

[81] N. Sonoyama, M. Kirii, and T. Sakata, “Electrochemical reduction of CO2 at 

metal-porphyrin supported gas diffusion electrodes under high pressure CO2,” 

Electrochem. commun., vol. 1, no. 6, pp. 213–216, Jun. 1999, doi: 10.1016/S1388-

2481(99)00041-7. 

[82] Z. Chen et al., “Two-dimensional materials for electrochemical CO2 reduction: 

materials, in situ / operando characterizations, and perspective,” Nanoscale, vol. 



83 

 

13, no. 47, pp. 19712–19739, 2021, doi: 10.1039/D1NR06196H. 

[83] J. Wu, “Understanding the Electric Double-Layer Structure, Capacitance, and 

Charging Dynamics,” Chem. Rev., vol. 122, no. 12, pp. 10821–10859, Jun. 2022, 

doi: 10.1021/acs.chemrev.2c00097. 

[84] S. Fleischmann et al., “Continuous transition from double-layer to Faradaic charge 

storage in confined electrolytes,” Nat. Energy, vol. 7, no. 3, pp. 222–228, Mar. 

2022, doi: 10.1038/s41560-022-00993-z. 

[85] T. Luo et al., “Electric Double Layer Structure in Electrocatalytic Carbon Dioxide 

Reduction,” Adv. Energy Sustain. Res., vol. 4, no. 3, p. 2200148, Mar. 2023, doi: 

10.1002/aesr.202200148. 

[86] D. Bohra, J. H. Chaudhry, T. Burdyny, E. A. Pidko, and W. A. Smith, “Modeling 

the electrical double layer to understand the reaction environment in a CO2 

electrocatalytic system,” Energy Environ. Sci., vol. 12, no. 11, pp. 3380–3389, 

2019, doi: 10.1039/C9EE02485A. 

[87] G. Jeanmairet, B. Rotenberg, and M. Salanne, “Microscopic Simulations of 

Electrochemical Double-Layer Capacitors,” Chem. Rev., vol. 122, no. 12, pp. 

10860–10898, Jun. 2022, doi: 10.1021/acs.chemrev.1c00925. 

[88] M. Medykowska, M. Wiśniewska, Katarzyna-Szewczuk-Karpisz, and R. Panek, 

“Study on electrical double layer nanostructure on zeolitic materials’ surface in the 

presence of impurities of different nature,” Appl. Nanosci., Jan. 2023, doi: 

10.1007/s13204-022-02747-5. 



84 

 

[89] T. Kumeda and K. Sakaushi, “Electrical double layer design for proton-coupled 

electron transfer electrode processes: Recent advances in well-defined Electrode–

Electrolyte interface,” Curr. Opin. Electrochem., vol. 36, p. 101121, Dec. 2022, 

doi: 10.1016/j.coelec.2022.101121. 

[90] P. Dubé and G. M. Brisard, “Influence of adsorption processes on the CO2 

electroreduction: An electrochemical mass spectrometry study,” J. Electroanal. 

Chem., vol. 582, no. 1–2, pp. 230–240, Aug. 2005, doi: 

10.1016/j.jelechem.2005.04.016. 

[91] S. Imteyaz, C. M. Suresh, T. Kausar, and P. P. Ingole, “Carbon dioxide capture 

and its electrochemical reduction study in deep eutectic solvent (DES) via 

experimental and molecular simulation approaches,” J. CO2 Util., vol. 68, p. 

102349, Feb. 2023, doi: 10.1016/j.jcou.2022.102349. 

[92] S. E. Weitzner et al., “Toward Engineering of Solution Microenvironments for the 

CO2 Reduction Reaction: Unraveling pH and Voltage Effects from a Combined 

Density-Functional–Continuum Theory,” J. Phys. Chem. Lett., vol. 11, no. 10, pp. 

4113–4118, May 2020, doi: 10.1021/acs.jpclett.0c00957. 

[93] X. Jiang et al., “Carbon dioxide electroreduction over imidazolate ligands 

coordinated with Zn(II) center in ZIFs,” Nano Energy, vol. 52, pp. 345–350, Oct. 

2018, doi: 10.1016/j.nanoen.2018.07.047. 

[94] J.-B. Le, X.-H. Yang, Y.-B. Zhuang, M. Jia, and J. Cheng, “Recent Progress 

toward Ab Initio Modeling of Electrocatalysis,” J. Phys. Chem. Lett., vol. 12, no. 

37, pp. 8924–8931, Sep. 2021, doi: 10.1021/acs.jpclett.1c02086. 



85 

 

[95] T. Zhao, Y. Tian, Y. Wang, L. Yan, and Z. Su, “Mechanistic insight into 

electroreduction of carbon dioxide on FeN x ( x = 0–4) embedded graphene,” 

Phys. Chem. Chem. Phys., vol. 21, no. 42, pp. 23638–23644, 2019, doi: 

10.1039/C9CP03370J. 

[96] J. E. Nutting, J. B. Gerken, A. G. Stamoulis, D. L. Bruns, and S. S. Stahl, “‘How 

Should I Think about Voltage? What Is Overpotential?’: Establishing an Organic 

Chemistry Intuition for Electrochemistry,” J. Org. Chem., vol. 86, no. 22, pp. 

15875–15885, Nov. 2021, doi: 10.1021/acs.joc.1c01520. 

[97] K. KURATANI, K. FUKAMI, H. TSUCHIYA, H. USUI, M. CHIKU, and S. 

YAMAZAKI, “Electrochemical Polarization Part 1: Fundamentals and 

Corrosion,” Electrochemistry, vol. 90, no. 10, pp. 22–66085, Oct. 2022, doi: 

10.5796/electrochemistry.22-66085. 

[98] R. Yin, L. Sun, A. Khosravi, M. Malekan, and Y. Shi, “Control-oriented dynamic 

modeling and thermodynamic analysis of solid oxide electrolysis system,” Energy 

Convers. Manag., vol. 271, p. 116331, Nov. 2022, doi: 

10.1016/j.enconman.2022.116331. 

[99] R. Wang, F. Kapteijn, and J. Gascon, “Engineering Metal–Organic Frameworks 

for the Electrochemical Reduction of CO2 : A Minireview,” Chem. – An Asian J., 

vol. 14, no. 20, pp. 3452–3461, Oct. 2019, doi: 10.1002/asia.201900710. 

[100] Q. Lu and F. Jiao, “Electrochemical CO2 reduction: Electrocatalyst, reaction 

mechanism, and process engineering,” Nano Energy, vol. 29, pp. 439–456, Nov. 

2016, doi: 10.1016/j.nanoen.2016.04.009. 



86 

 

[101] J.-P. Jones, G. K. S. Prakash, and G. A. Olah, “Electrochemical CO2 Reduction: 

Recent Advances and Current Trends,” Isr. J. Chem., vol. 54, no. 10, pp. 1451–

1466, Oct. 2014, doi: 10.1002/ijch.201400081. 

[102] J. T. Feaster et al., “Understanding the Influence of [EMIM]Cl on the Suppression 

of the Hydrogen Evolution Reaction on Transition Metal Electrodes,” Langmuir, 

vol. 33, no. 37, pp. 9464–9471, Sep. 2017, doi: 10.1021/acs.langmuir.7b01170. 

[103] W. Lai, Z. Ma, J. Zhang, Y. Yuan, Y. Qiao, and H. Huang, “Dynamic Evolution of 

Active Sites in Electrocatalytic CO2 Reduction Reaction: Fundamental 

Understanding and Recent Progress,” Adv. Funct. Mater., vol. 32, no. 16, p. 

2111193, Apr. 2022, doi: 10.1002/adfm.202111193. 

[104] Z. Sun, T. Ma, H. Tao, Q. Fan, and B. Han, “Fundamentals and Challenges of 

Electrochemical CO2 Reduction Using Two-Dimensional Materials,” Chem, vol. 3, 

no. 4, pp. 560–587, Oct. 2017, doi: 10.1016/j.chempr.2017.09.009. 

[105] J. K. Nørskov et al., “Origin of the Overpotential for Oxygen Reduction at a Fuel-

Cell Cathode,” J. Phys. Chem. B, vol. 108, no. 46, pp. 17886–17892, Nov. 2004, 

doi: 10.1021/jp047349j. 

[106] Y. Pan and J. Mauzeroll, “Boosting CO2 Reduction: Creating an Efficient Path for 

Gas Transport,” Joule, vol. 4, no. 4, pp. 712–714, Apr. 2020, doi: 

10.1016/j.joule.2020.03.015. 

[107] H. Mistry et al., “Highly selective plasma-activated copper catalysts for carbon 

dioxide reduction to ethylene,” Nat. Commun., vol. 7, no. 1, p. 12123, Jun. 2016, 



87 

 

doi: 10.1038/ncomms12123. 

[108] F. Li, D. R. MacFarlane, and J. Zhang, “Recent advances in the nanoengineering 

of electrocatalysts for CO2 reduction,” Nanoscale, vol. 10, no. 14, pp. 6235–6260, 

2018, doi: 10.1039/C7NR09620H. 

[109] D. A. Salvatore et al., “Designing anion exchange membranes for CO2 

electrolysers,” Nat. Energy, vol. 6, no. 4, pp. 339–348, Feb. 2021, doi: 

10.1038/s41560-020-00761-x. 

[110] S. C. Abeyweera, J. Yu, J. P. Perdew, Q. Yan, and Y. Sun, “Hierarchically 3D 

Porous Ag Nanostructures Derived from Silver Benzenethiolate Nanoboxes: 

Enabling CO2 Reduction with a Near-Unity Selectivity and Mass-Specific Current 

Density over 500 A/g,” Nano Lett., vol. 20, no. 4, pp. 2806–2811, Apr. 2020, doi: 

10.1021/acs.nanolett.0c00518. 

[111] F. Li, L. Chen, G. P. Knowles, D. R. MacFarlane, and J. Zhang, “Hierarchical 

Mesoporous SnO 2 Nanosheets on Carbon Cloth: A Robust and Flexible 

Electrocatalyst for CO2 Reduction with High Efficiency and Selectivity,” Angew. 

Chemie Int. Ed., vol. 56, no. 2, pp. 505–509, Jan. 2017, doi: 

10.1002/anie.201608279. 

[112] B. Deng, M. Huang, X. Zhao, S. Mou, and F. Dong, “Interfacial Electrolyte 

Effects on Electrocatalytic CO2 Reduction,” ACS Catal., vol. 12, no. 1, pp. 331–

362, Jan. 2022, doi: 10.1021/acscatal.1c03501. 

[113] A. Liu et al., “The reaction pathway of the CO2 RR to low-carbon alcohols: a 



88 

 

theoretical study,” New J. Chem., vol. 44, no. 21, pp. 8971–8976, 2020. 

[114] Y. Quan, J. Zhu, and G. Zheng, “Electrocatalytic Reactions for Converting CO2 to 

Value‐Added Products,” Small Sci., vol. 1, no. 10, p. 2100043, Oct. 2021, doi: 

10.1002/smsc.202100043. 

[115] J. T. Feaster et al., “Understanding Selectivity for the Electrochemical Reduction 

of Carbon Dioxide to Formic Acid and Carbon Monoxide on Metal Electrodes,” 

ACS Catal., vol. 7, no. 7, pp. 4822–4827, Jul. 2017, doi: 

10.1021/acscatal.7b00687. 

[116] G. Wang et al., “Electrocatalysis for CO2 conversion: from fundamentals to value-

added products,” Chem. Soc. Rev., vol. 50, no. 8, pp. 4993–5061, 2021, doi: 

10.1039/D0CS00071J. 

[117] D. R. Kauffman, D. Alfonso, C. Matranga, H. Qian, and R. Jin, “Experimental and 

Computational Investigation of Au 25 Clusters and CO2 : A Unique Interaction and 

Enhanced Electrocatalytic Activity,” J. Am. Chem. Soc., vol. 134, no. 24, pp. 

10237–10243, Jun. 2012, doi: 10.1021/ja303259q. 

[118] P. Saha, S. Amanullah, and A. Dey, “Selectivity in Electrochemical CO2 

Reduction,” Acc. Chem. Res., vol. 55, no. 2, pp. 134–144, Jan. 2022, doi: 

10.1021/acs.accounts.1c00678. 

[119] D. Nguyen and T. Do, “Comprehensive Review for an Efficient Charge Transfer 

in Single Atomic Site Catalyst/Organic Polymers toward Photocatalytic CO2 

Reduction,” Adv. Mater. Interfaces, vol. 10, no. 1, Jan. 2023, doi: 



89 

 

10.1002/admi.202201413. 

[120] S. P. and S. K. Mandal, “From CO2 activation to catalytic reduction: a metal-free 

approach,” Chem. Sci., vol. 11, no. 39, pp. 10571–10593, 2020, doi: 

10.1039/D0SC03528A. 

[121] R. Kortlever, J. Shen, K. J. P. Schouten, F. Calle-Vallejo, and M. T. M. Koper, 

“Catalysts and reaction pathways for the electrochemical reduction of carbon 

dioxide,” J. Phys. Chem. Lett., vol. 6, no. 20, pp. 4073–4082, 2015. 

[122] Z. M. Mir, A. Bastos, D. Höche, and M. L. Zheludkevich, “Recent advances on the 

application of layered double hydroxides in concrete—A review,” Materials 

(Basel)., vol. 13, no. 6, p. 1426, 2020. 

[123] M. P. Jerome, F. A. Alahmad, M. T. Salem, and M. Tahir, “Layered double 

hydroxide (LDH) nanomaterials with engineering aspects for photocatalytic CO2 

conversion to energy efficient fuels: Fundamentals, recent advances, and 

challenges,” J. Environ. Chem. Eng., vol. 10, no. 5, p. 108151, 2022. 

[124] F. Zhang, X. Xiang, F. Li, and X. Duan, “Layered double hydroxides as catalytic 

materials: recent development,” Catal. Surv. from Asia, vol. 12, pp. 253–265, 

2008. 

[125] J.-M. Oh, D.-H. Park, S.-J. Choi, and J.-H. Choy, “LDH nanocontainers as bio-

reservoirs and drug delivery carriers,” Recent Pat. Nanotechnol., vol. 6, no. 3, pp. 

200–217, 2012. 

[126] A. Nehdi, N. Frini-Srasra, G. de Miguel, I. Pavlovic, L. Sanchez, and J. Fragoso, 



90 

 

“Use of LDH-chromate adsorption co-product as an air purification photocatalyst,” 

Chemosphere, vol. 286, p. 131812, 2022. 

[127] N. B. Allou, P. Saikia, A. Borah, and R. L. Goswamee, “Hybrid nanocomposites 

of layered double hydroxides: an update of their biological applications and future 

prospects,” Colloid Polym. Sci., vol. 295, no. 5, pp. 725–747, 2017. 

[128] C. Li, M. Wei, D. G. Evans, and X. Duan, “Layered double hydroxide‐based 

nanomaterials as highly efficient catalysts and adsorbents,” Small, vol. 10, no. 22, 

pp. 4469–4486, 2014. 

[129] X. Sun and S. K. Dey, “Insights into the synthesis of layered double hydroxide 

(LDH) nanoparticles: Part 2. Formation mechanisms of LDH,” J. Colloid Interface 

Sci., vol. 458, pp. 160–168, 2015. 

[130] R. Ghiyasi and Z. Rezvani, “New insights into the interstratification phenomenon 

in layered double hydroxides (LDHs): a comparison of experimental and 

computational results for ZnAl-LDH containing bis-tetrazole,” Dalt. Trans., vol. 

46, no. 29, pp. 9565–9576, 2017. 

[131] S. P. Newman and W. Jones, “Layered double hydroxides as templates for the 

formation of supramolecular structures,” in Supramolecular Organization and 

Materials Design, Cambridge University Press Cambridge, 2002, pp. 295–331. 

[132] Y. Wang and H. Gao, “Compositional and structural control on anion sorption 

capability of layered double hydroxides (LDHs),” J. Colloid Interface Sci., vol. 

301, no. 1, pp. 19–26, 2006. 



91 

 

[133] F. Xian, L. Jia, Y. Sugahara, Y. Yamauchi, T. Sasaki, and R. Ma, “Achieving high 

ion flux and asymmetric transport in nanofluidic membranes reconstructed from 

layered double hydroxide nanosheets,” Chem. Eng. J., vol. 471, p. 144703, 2023. 

[134] M. Laipan et al., “Functionalized layered double hydroxides for innovative 

applications,” Mater. Horizons, vol. 7, no. 3, pp. 715–745, 2020. 

[135] Q. Wang and D. O’Hare, “Recent advances in the synthesis and application of 

layered double hydroxide (LDH) nanosheets,” Chem. Rev., vol. 112, no. 7, pp. 

4124–4155, 2012. 

[136] R. Benhiti et al., “Synthesis, characterization, and comparative study of MgAl-

LDHs prepared by standard coprecipitation and urea hydrolysis methods for 

phosphate removal,” Environ. Sci. Pollut. Res., vol. 27, pp. 45767–45774, 2020. 

[137] G. Fan, F. Li, D. G. Evans, and X. Duan, “Catalytic applications of layered double 

hydroxides: recent advances and perspectives,” Chem. Soc. Rev., vol. 43, no. 20, 

pp. 7040–7066, 2014. 

[138] Y. Guo, X. Cui, Y. Li, Q. Zhang, and H. Wang, “The effect of aging time on the 

properties of Mg–Al–CO3 layered double hydroxides and its application as a 

catalyst support for TiO2,” J. Nanosci. Nanotechnol., vol. 16, no. 6, pp. 5653–

5661, 2016. 

[139] E. Musella et al., “Newly developed electrochemical synthesis of Co-based 

layered double hydroxides: toward noble metal-free electro-catalysis,” J. Mater. 

Chem. A, vol. 7, no. 18, pp. 11241–11249, 2019. 



92 

 

[140] R. Tian, R. Liang, M. Wei, D. G. Evans, and X. Duan, “Applications of layered 

double hydroxide materials: Recent advances and perspective,” 50 Years Struct. 

Bond. Anniv. Vol., pp. 65–84, 2017. 

[141] A. I. Khan and D. O’Hare, “Intercalation chemistry of layered double hydroxides: 

recent developments and applications,” J. Mater. Chem., vol. 12, no. 11, pp. 3191–

3198, 2002. 

[142] S. Li et al., “Luminous ultrathin films by the ordered micellar assembly of neutral 

bis (8-hydroxyquinolate) zinc with layered double hydroxides,” J. Phys. Chem. C, 

vol. 116, no. 23, pp. 12836–12843, 2012. 

[143] M. Shao, M. Wei, D. G. Evans, and X. Duan, “Magnetic-field-assisted assembly of 

CoFe layered double hydroxide ultrathin films with enhanced electrochemical 

behavior and magnetic anisotropy,” Chem. Commun., vol. 47, no. 11, pp. 3171–

3173, 2011. 

[144] M. Shao et al., “Magnetic-field-assisted assembly of layered double 

hydroxide/metal porphyrin ultrathin films and their application for glucose 

sensors,” Langmuir, vol. 27, no. 13, pp. 8233–8240, 2011. 

[145] A. L. Costa, A. C. Gomes, M. Pillinger, I. S. Goncalves, and J. S. Seixas de Melo, 

“Controlling the fluorescence behavior of 1-pyrenesulfonate by cointercalation 

with a surfactant in a layered double hydroxide,” Langmuir, vol. 31, no. 16, pp. 

4769–4778, 2015. 

[146] Z. An, W. Zhang, H. Shi, and J. He, “An effective heterogeneous L-proline 



93 

 

catalyst for the asymmetric aldol reaction using anionic clays as intercalated 

support,” J. Catal., vol. 241, no. 2, pp. 319–327, 2006. 

[147] W. Shi, M. Wei, D. G. Evans, and X. Duan, “Tunable photoluminescence 

properties of fluorescein in a layered double hydroxide matrix and its application 

in sensors,” J. Mater. Chem., vol. 20, no. 19, pp. 3901–3909, 2010. 

[148] W. Shi, Z. Sun, M. Wei, D. G. Evans, and X. Duan, “Tunable photoluminescence 

properties of fluorescein in a layered double hydroxide matrix by changing the 

interlayer microenvironment,” J. Phys. Chem. C, vol. 114, no. 49, pp. 21070–

21076, 2010. 

[149] W. Shi, M. Wei, J. Lu, D. G. Evans, and X. Duan, “Studies on the orientation and 

polarized photoluminescence of α-naphthalene acetate in the layered double 

hydroxide matrix,” J. Phys. Chem. C, vol. 113, no. 29, pp. 12888–12896, 2009. 

[150] J. Wang, L. Zhao, H. Shi, and J. He, “Highly Enantioselective and Efficient 

Asymmetric Epoxidation Catalysts: Inorganic Nanosheets Modified with α‐Amino 

Acids as Ligands,” Angew. Chemie, vol. 123, no. 39, pp. 9337–9342, 2011. 

[151] R. Tian et al., “Intelligent display films with tunable color emission based on a 

supermolecular architecture,” J. Mater. Chem. C, vol. 1, no. 36, pp. 5654–5660, 

2013. 

[152] Y. Dou et al., “Transparent, ultrahigh‐gas‐barrier films with a brick–mortar–sand 

structure,” Angew. Chemie, vol. 127, no. 33, pp. 9809–9814, 2015. 

[153] M. Shao et al., “Hierarchical conducting polymer@ clay core–shell arrays for 



94 

 

flexible all‐solid‐state supercapacitor devices,” Small, vol. 11, no. 29, pp. 3530–

3538, 2015. 

[154] R. Tian, D. Yan, and M. Wei, “Layered double hydroxide materials: assembly and 

photofunctionality,” Photofunct. Layer. Mater., pp. 1–68, 2015. 

[155] K. Xu, Z. Zhang, G. Chen, and J. Shen, “Photoluminescence of colloids of pristine 

MgAl layered double hydroxides,” RSC Adv., vol. 4, no. 37, pp. 19218–19220, 

2014. 

[156] Z. Zhang, G. Chen, and K. Xu, “Photoluminescence of colloids of pristine ZnAl 

layered double hydroxides,” Ind. Eng. Chem. Res., vol. 52, no. 32, pp. 11045–

11049, 2013. 

[157] S. Li et al., “Ordered blue luminescent ultrathin films by the effective coassembly 

of tris (8-hydroxyquinolate-5-sulfonate) aluminum and polyanions with layered 

double hydroxides,” Langmuir, vol. 27, no. 18, pp. 11501–11507, 2011. 

[158] S. Zheng et al., “The 2-phenylbenzimidazole-5-sulfonate/layered double hydroxide 

co-intercalation composite and its luminescence response to nucleotides,” J. 

Mater. Chem. C, vol. 2, no. 26, pp. 5161–5167, 2014. 

[159] S. Cho, J. Kwag, S. Jeong, Y. Baek, and S. Kim, “Highly fluorescent and stable 

quantum dot-polymer-layered double hydroxide composites,” Chem. Mater., vol. 

25, no. 7, pp. 1071–1077, 2013. 

[160] S. Omwoma, W. Chen, R. Tsunashima, and Y.-F. Song, “Recent advances on 

polyoxometalates intercalated layered double hydroxides: From synthetic 



95 

 

approaches to functional material applications,” Coord. Chem. Rev., vol. 258, pp. 

58–71, 2014. 

[161] Z. Han, Y. Guo, R. Tsunashima, and Y. Song, “Color‐Tunable Luminescent Films 

Based on the Hybrid Assemblies of [EuW10O36] 9–, Bis (N‐methylacridinium) 

Nitrate, and Layered Double Hydroxide,” Eur. J. Inorg. Chem., vol. 2013, no. 9, 

pp. 1475–1480, 2013. 

[162] R. Tian, M. Li, H. Teng, H. Luo, D. Yan, and M. Wei, “Surface enhanced Raman 

scattering based on Au nanoparticles/layered double hydroxide ultrathin films,” J. 

Mater. Chem. C, vol. 3, no. 20, pp. 5167–5174, 2015. 

[163] L. Desigaux et al., “Self-assembly and characterization of layered double 

hydroxide/DNA hybrids,” Nano Lett., vol. 6, no. 2, pp. 199–204, 2006. 

[164] D. Yan, J. Lu, M. Wei, D. G. Evans, and X. Duan, “Sulforhodamine B intercalated 

layered double hydroxide thin film with polarized photoluminescence,” J. Phys. 

Chem. B, vol. 113, no. 5, pp. 1381–1388, 2009. 

[165] R. Liang et al., “A supermolecular photosensitizer with excellent anticancer 

performance in photodynamic therapy,” Adv. Funct. Mater., vol. 24, no. 21, pp. 

3144–3151, 2014. 

[166] W. Shi, S. He, M. Wei, D. G. Evans, and X. Duan, “Optical pH sensor with rapid 

response based on a fluorescein‐intercalated layered double hydroxide,” Adv. 

Funct. Mater., vol. 20, no. 22, pp. 3856–3863, 2010. 

[167] Z. Sun, L. Jin, W. Shi, M. Wei, D. G. Evans, and X. Duan, “Controllable 



96 

 

photoluminescence properties of an anion-dye-intercalated layered double 

hydroxide by adjusting the confined environment,” Langmuir, vol. 27, no. 11, pp. 

7113–7120, 2011. 

[168] D. Yan, J. Lu, J. Ma, M. Wei, D. G. Evans, and X. Duan, “Benzocarbazole anions 

intercalated layered double hydroxide and its tunable fluorescence,” Phys. Chem. 

Chem. Phys., vol. 12, no. 45, pp. 15085–15092, 2010. 

[169] S. Li, J. Lu, M. Wei, D. G. Evans, and X. Duan, “Tris (8‐hydroxyquinoline‐5‐

sulfonate) aluminum intercalated Mg–Al layered double hydroxide with blue 

luminescence by hydrothermal synthesis,” Adv. Funct. Mater., vol. 20, no. 17, pp. 

2848–2856, 2010. 

[170] R. Liang et al., “CdTe Quantum Dots/Layered Double Hydroxide Ultrathin Films 

with Multicolor Light Emission via Layer‐by‐Layer Assembly,” Adv. Funct. 

Mater., vol. 22, no. 23, pp. 4940–4948, 2012. 

[171] R. Liang et al., “Quantum dots-based flexible films and their application as the 

phosphor in white light-emitting diodes,” Chem. Mater., vol. 26, no. 8, pp. 2595–

2600, 2014. 

[172] S. Cho et al., “Strategy for synthesizing quantum dot-layered double hydroxide 

nanocomposites and their enhanced photoluminescence and photostability,” 

Langmuir, vol. 29, no. 1, pp. 441–447, 2013. 

[173] L. Jin, Z. Guo, Z. Sun, A. Li, Q. Jin, and M. Wei, “Assembly of 8-

aminonaphthalene-1, 3, 6-trisulfonate intercalated layered double hydroxide film 



97 

 

for the selective detection of Mg2+,” Sensors Actuators B Chem., vol. 161, no. 1, 

pp. 714–720, 2012. 

[174] L. Jin, Z. Guo, T. Wang, and M. Wei, “Assembly of layered double 

hydroxide/ANTS ultrathin film and its application as a biosensing material,” 

Sensors Actuators B Chem., vol. 177, pp. 145–152, 2013. 

[175] Z. Sun et al., “An optical sensor based on H-acid/layered double hydroxide 

composite film for the selective detection of mercury ion,” Anal. Chim. Acta, vol. 

702, no. 1, pp. 95–101, 2011. 

[176] W. Shi, X. Ji, M. Wei, D. G. Evans, and X. Duan, “Resettable fluorescence logic 

gate based on calcein/layered double hydroxide ultrathin films,” Langmuir, vol. 

28, no. 18, pp. 7119–7124, 2012. 

[177] R. Liang et al., “A temperature sensor based on CdTe quantum dots–layered 

double hydroxide ultrathin films via layer-by-layer assembly,” Chem. Commun., 

vol. 49, no. 10, pp. 969–971, 2013. 

[178] D. Yan et al., “Layered host–guest materials with reversible piezochromic 

luminescence,” Angew. Chemie Int. Ed., vol. 50, no. 31, pp. 7037–7040, 2011. 

[179] X. R. Wang, J. Lu, D. Yan, M. Wei, D. G. Evans, and X. Duan, “A photochromic 

thin film based on salicylideneaniline derivatives intercalated layered double 

hydroxide,” Chem. Phys. Lett., vol. 493, no. 4–6, pp. 333–339, 2010. 

[180] S.-J. Choi and J.-H. Choy, “Layered double hydroxide nanoparticles as target-

specific delivery carriers: uptake mechanism and toxicity,” Nanomedicine, vol. 6, 



98 

 

no. 5, pp. 803–814, 2011. 

[181] D.-H. Park, S.-J. Hwang, J.-M. Oh, J.-H. Yang, and J.-H. Choy, “Polymer–

inorganic supramolecular nanohybrids for red, white, green, and blue 

applications,” Prog. Polym. Sci., vol. 38, no. 10–11, pp. 1442–1486, 2013. 

[182] W. M. Kriven, S.-Y. Kwak, M. A. Wallig, and J.-H. Choy, “Bio-resorbable 

nanoceramics for gene and drug delivery,” Mrs Bull., vol. 29, no. 1, pp. 33–37, 

2004. 

[183] Z. P. Xu, T. L. Walker, K. Liu, H. M. Cooper, G. Q. M. Lu, and P. F. Bartlett, 

“Layered double hydroxide nanoparticles as cellular delivery vectors of 

supercoiled plasmid DNA,” Int. J. Nanomedicine, vol. 2, no. 2, pp. 163–174, 2007. 

[184] J. L. Gunjakar, T. W. Kim, H. N. Kim, I. Y. Kim, and S.-J. Hwang, “Mesoporous 

layer-by-layer ordered nanohybrids of layered double hydroxide and layered metal 

oxide: highly active visible light photocatalysts with improved chemical stability,” 

J. Am. Chem. Soc., vol. 133, no. 38, pp. 14998–15007, 2011. 

[185] S. J. Kim, Y. Lee, D. K. Lee, J. W. Lee, and J. K. Kang, “Efficient Co–Fe layered 

double hydroxide photocatalysts for water oxidation under visible light,” J. Mater. 

Chem. A, vol. 2, no. 12, pp. 4136–4139, 2014. 

[186] M. Morikawa, N. Ahmed, Y. Yoshida, and Y. Izumi, “Photoconversion of carbon 

dioxide in zinc–copper–gallium layered double hydroxides: the kinetics to 

hydrogen carbonate and further to CO/methanol,” Appl. Catal. B Environ., vol. 

144, pp. 561–569, 2014. 



99 

 

[187] F. Song and X. Hu, “Exfoliation of layered double hydroxides for enhanced 

oxygen evolution catalysis,” Nat. Commun., vol. 5, no. 1, p. 4477, 2014. 

[188] F. Song and X. Hu, “Ultrathin cobalt–manganese layered double hydroxide is an 

efficient oxygen evolution catalyst,” J. Am. Chem. Soc., vol. 136, no. 47, pp. 

16481–16484, 2014. 

[189] G.-L. Tian et al., “Monodisperse embedded nanoparticles derived from an atomic 

metal-dispersed precursor of layered double hydroxide for architectured carbon 

nanotube formation,” J. Mater. Chem. A, vol. 2, no. 6, pp. 1686–1696, 2014. 

[190] S. He et al., “A surface defect-promoted Ni nanocatalyst with simultaneously 

enhanced activity and stability,” Chem. Mater., vol. 25, no. 7, pp. 1040–1046, 

2013. 

[191] S. Zhao, J. Xu, M. Wei, and Y.-F. Song, “Synergistic catalysis by 

polyoxometalate-intercalated layered double hydroxides: oximation of aromatic 

aldehydes with large enhancement of selectivity,” Green Chem., vol. 13, no. 2, pp. 

384–389, 2011. 

[192] P. Liu, C. Wang, and C. Li, “Epoxidation of allylic alcohols on self-assembled 

polyoxometalates hosted in layered double hydroxides with aqueous H2O2 as 

oxidant,” J. Catal., vol. 262, no. 1, pp. 159–168, 2009. 

[193] P. Liu, H. Wang, Z. Feng, P. Ying, and C. Li, “Direct immobilization of self-

assembled polyoxometalate catalyst in layered double hydroxide for heterogeneous 

epoxidation of olefins,” J. Catal., vol. 256, no. 2, pp. 345–348, 2008. 



100 

 

[194] M. X. Reinholdt and R. J. Kirkpatrick, “Experimental Investigations of Amino 

Acid-Layered Double Hydroxide Complexes: Glutamate− Hydrotalcite,” Chem. 

Mater., vol. 18, no. 10, pp. 2567–2576, 2006. 

[195] A. Dhakshinamoorthy, A. Sharmila, and K. Pitchumani, “Layered Double 

Hydroxide‐Supported L‐Methionine‐Catalyzed Chemoselective O‐Methylation of 

Phenols and Esterification of Carboxylic Acids with Dimethyl Carbonate: A 

‘Green’ Protocol,” Chem. Eur. J., vol. 16, no. 4, pp. 1128–1132, 2010. 

[196] X.-F. Yang, A. Wang, B. Qiao, J. U. N. Li, J. Liu, and T. Zhang, “Single-atom 

catalysts: a new frontier in heterogeneous catalysis,” Acc. Chem. Res., vol. 46, no. 

8, pp. 1740–1748, 2013. 

[197] F. Zhang et al., “Crystal-face-selective supporting of gold nanoparticles on layered 

double hydroxide as efficient catalyst for epoxidation of styrene,” ACS Catal., vol. 

1, no. 4, pp. 232–237, 2011. 

[198] J. H. Lee, H. Kim, Y. S. Lee, and D. Jung, “Enhanced catalytic activity of 

platinum nanoparticles by exfoliated metal hydroxide nanosheets,” 

ChemCatChem, vol. 6, no. 1, pp. 113–118, 2014. 

[199] Y. Peng, Z. Chen, Z. Le, Q. Xu, H. Li, and Y. Lu, “Mesoporous crystalline–

amorphous oxide nanocomposite network for high-performance lithium storage,” 

Chem. Commun., vol. 51, no. 60, pp. 12056–12059, 2015. 

[200] P. Simon and Y. Gogotsi, “Materials for electrochemical capacitors,” Nat. Mater., 

vol. 7, no. 11, pp. 845–854, 2008. 



101 

 

[201] P. Yang et al., “Hydrogenated ZnO core–shell nanocables for flexible 

supercapacitors and self-powered systems,” ACS Nano, vol. 7, no. 3, pp. 2617–

2626, 2013. 

[202] M. Shao, M. Wei, D. G. Evans, and X. Duan, “Hierarchical Structures Based on 

Functionalized Magnetic Cores and Layered Double‐Hydroxide Shells: Concept, 

Controlled Synthesis, and Applications,” Chem. Eur. J., vol. 19, no. 13, pp. 4100–

4108, 2013. 

[203] M. Shao, F. Ning, J. Zhao, M. Wei, D. G. Evans, and X. Duan, “Preparation of 

Fe3O4@ SiO2@ layered double hydroxide core–shell microspheres for magnetic 

separation of proteins,” J. Am. Chem. Soc., vol. 134, no. 2, pp. 1071–1077, 2012. 

[204] J. Zhao et al., “Self-assembly of layered double hydroxide nanosheets/Au 

nanoparticles ultrathin films for enzyme-free electrocatalysis of glucose,” J. Mater. 

Chem., vol. 21, no. 36, pp. 13926–13933, 2011. 

[205] J. Han, Y. Dou, J. Zhao, M. Wei, D. G. Evans, and X. Duan, “Flexible CoAl 

LDH@ PEDOT core/shell nanoplatelet array for high‐performance energy 

storage,” Small, vol. 9, no. 1, pp. 98–106, 2013. 

[206] M. Shao et al., “Core–shell layered double hydroxide microspheres with tunable 

interior architecture for supercapacitors,” Chem. Mater., vol. 24, no. 6, pp. 1192–

1197, 2012. 

[207] J. Xu, F. He, S. Gai, S. Zhang, L. Li, and P. Yang, “Nitrogen-enriched, double-

shelled carbon/layered double hydroxide hollow microspheres for excellent 



102 

 

electrochemical performance,” Nanoscale, vol. 6, no. 18, pp. 10887–10895, 2014. 

[208] L. Zhang, J. Wang, J. Zhu, X. Zhang, K. San Hui, and K. N. Hui, “3D porous 

layered double hydroxides grown on graphene as advanced electrochemical 

pseudocapacitor materials,” J. Mater. Chem. A, vol. 1, no. 32, pp. 9046–9053, 

2013. 

[209] X. Wu, L. Jiang, C. Long, T. Wei, and Z. Fan, “Dual support system ensuring 

porous Co–Al hydroxide nanosheets with ultrahigh rate performance and high 

energy density for supercapacitors,” Adv. Funct. Mater., vol. 25, no. 11, pp. 1648–

1655, 2015. 

[210] Q. Yang, T. Li, Z. Lu, X. Sun, and J. Liu, “Hierarchical construction of an 

ultrathin layered double hydroxide nanoarray for highly-efficient oxygen evolution 

reaction,” Nanoscale, vol. 6, no. 20, pp. 11789–11794, 2014. 

[211] P. Yuan et al., “Fabrication of nickel-foam-supported layered zinc–cobalt 

hydroxide nanoflakes for high electrochemical performance in supercapacitors,” 

Chem. Commun., vol. 50, no. 76, pp. 11188–11191, 2014. 

[212] X. Zou, A. Goswami, and T. Asefa, “Efficient noble metal-free (electro) catalysis 

of water and alcohol oxidations by zinc–cobalt layered double hydroxide,” J. Am. 

Chem. Soc., vol. 135, no. 46, pp. 17242–17245, 2013. 

[213] H. Sim et al., “Reverse micelle synthesis of colloidal nickel–manganese layered 

double hydroxide nanosheets and their pseudocapacitive properties,” Chem. Eur. 

J., vol. 20, no. 45, pp. 14880–14884, 2014. 



103 

 

[214] X. Liu, R. Ma, Y. Bando, and T. Sasaki, “A general strategy to layered transition‐

metal hydroxide nanocones: tuning the composition for high electrochemical 

performance,” Adv. Mater., vol. 24, no. 16, pp. 2148–2153, 2012. 

[215] J. Zhao et al., “Molecular‐Scale Hybridization of Clay Monolayers and 

Conducting Polymer for Thin‐Film Supercapacitors,” Adv. Funct. Mater., vol. 25, 

no. 18, pp. 2745–2753, 2015. 

[216] X. Liu et al., “A NiAl layered double hydroxide@ carbon nanoparticles hybrid 

electrode for high-performance asymmetric supercapacitors,” J. Mater. Chem. A, 

vol. 2, no. 6, pp. 1682–1685, 2014. 

[217] J. Zhao et al., “CoMn-layered double hydroxide nanowalls supported on carbon 

fibers for high-performance flexible energy storage devices,” J. Mater. Chem. A, 

vol. 1, no. 31, pp. 8836–8843, 2013. 

[218] Z. Li et al., “Directed growth of metal‐organic frameworks and their derived 

carbon‐based network for efficient electrocatalytic oxygen reduction,” Adv. 

Mater., vol. 28, no. 12, pp. 2337–2344, 2016. 

[219] Y. Song, X. Cai, X. Xu, and X.-X. Liu, “Integration of nickel–cobalt double 

hydroxide nanosheets and polypyrrole films with functionalized partially 

exfoliated graphite for asymmetric supercapacitors with improved rate capability,” 

J. Mater. Chem. A, vol. 3, no. 28, pp. 14712–14720, 2015. 

[220] C. S. Chen, A. D. Handoko, J. H. Wan, L. Ma, D. Ren, and B. S. Yeo, “Stable and 

selective electrochemical reduction of carbon dioxide to ethylene on copper 



104 

 

mesocrystals,” Catal. Sci. Technol., vol. 5, no. 1, pp. 161–168, 2015. 

[221] Y. Zhao, N. Li, B. Xu, B. Dong, and S. Xia, “Preparation and characterization of a 

novel hydrophilic poly (vinylidene fluoride) filtration membrane incorporated with 

Zn–Al layered double hydroxides,” J. Ind. Eng. Chem., vol. 39, pp. 37–47, 2016. 

[222] M. Dinari, M. M. Momeni, and Y. Ghayeb, “Photodegradation of organic dye by 

ZnCrLa-layered double hydroxide as visible-light photocatalysts,” J. Mater. Sci. 

Mater. Electron., vol. 27, pp. 9861–9869, 2016. 

[223] K. Yang et al., “Adsorptive removal of phosphate by Mg–Al and Zn–Al layered 

double hydroxides: kinetics, isotherms and mechanisms,” Sep. Purif. Technol., vol. 

124, pp. 36–42, 2014. 

[224] A. C. Bouali et al., “Zn-Al LDH growth on AA2024 and zinc and their 

intercalation with chloride: Comparison of crystal structure and kinetics,” Appl. 

Surf. Sci., vol. 501, p. 144027, 2020. 

[225] G. Mishra, B. Dash, D. Sethi, S. Pandey, and B. K. Mishra, “Orientation of organic 

anions in Zn-Al layered double hydroxides with enhanced antibacterial property,” 

Environ. Eng. Sci., vol. 34, no. 7, pp. 516–527, 2017. 

[226] H. Chen et al., “Carbon-coated hierarchical Ni–Mn layered double hydroxide 

nanoarrays on Ni foam for flexible high-capacitance supercapacitors,” 

Electrochim. Acta, vol. 213, pp. 55–65, 2016. 

[227] H. Fang, H. Banjade, and P. Jena, “Realization of the Zn 3+ oxidation state,” 

Nanoscale, vol. 13, no. 33, pp. 14041–14048, 2021. 



105 

 

[228] M. Hadnadjev-Kostic et al., “Photo-induced properties of photocatalysts: A study 

on the modified structural, optical and textural properties of TiO2–ZnAl layered 

double hydroxide based materials,” J. Clean. Prod., vol. 164, pp. 1–18, 2017. 

[229] J. Yi, J. Song, H. Mo, and Y. Yang, “One step pyridine-assisted synthesis of 

visible-light-driven photocatalyst Ag/AgVO3,” Adv. Powder Technol., vol. 29, no. 

2, pp. 319–324, 2018. 

[230] A. Al-Mamoori, S. Lawson, A. A. Rownaghi, and F. Rezaei, “Improving 

adsorptive performance of CaO for high-temperature CO2 capture through Fe and 

Ga doping,” Energy & Fuels, vol. 33, no. 2, pp. 1404–1413, 2019. 

[231] W. Luo et al., “Selective and stable electroreduction of CO2 to CO at the 

copper/indium interface,” Acs Catal., vol. 8, no. 7, pp. 6571–6581, 2018. 

[232] W. Luo, W. Xie, M. Li, J. Zhang, and A. Züttel, “3D hierarchical porous indium 

catalyst for highly efficient electroreduction of CO2,” J. Mater. Chem. A, vol. 7, 

no. 9, pp. 4505–4515, 2019. 

[233] W. Luo, J. Zhang, M. Li, and A. Züttel, “Boosting CO production in 

electrocatalytic CO2 reduction on highly porous Zn catalysts,” ACS Catal., vol. 9, 

no. 5, pp. 3783–3791, 2019. 

[234] M. Morimoto et al., “Visualization of catalytic edge reactivity in electrochemical 

CO2 reduction on porous Zn electrode,” Electrochim. Acta, vol. 290, pp. 255–261, 

2018. 

[235] R. W. Ure Jr, “Ionic conductivity of calcium fluoride crystals,” J. Chem. Phys., 



106 

 

vol. 26, no. 6, pp. 1363–1373, 1957. 

[236] Z. Chen et al., “TM LDH Meets Birnessite: A 2D‐2D Hybrid Catalyst with Long‐

Term Stability for Water Oxidation at Industrial Operating Conditions,” Angew. 

Chemie Int. Ed., vol. 60, no. 17, pp. 9699–9705, 2021. 

[237] W. Li, P. Hou, Z. Wang, and P. Kang, “Synergistic effect of N-doped layered 

double hydroxide derived NiZnAl oxides in CO2 electroreduction,” Sustain. 

Energy Fuels, vol. 3, no. 6, pp. 1455–1460, 2019. 

[238] R. Daiyan et al., “Uncovering Atomic‐Scale Stability and Reactivity in Engineered 

Zinc Oxide Electrocatalysts for Controllable Syngas Production,” Adv. Energy 

Mater., vol. 10, no. 28, p. 2001381, 2020. 

[239] B. Qin, Q. Zhang, Y.-H. Li, G. Yang, and F. Peng, “Formation of lattice-dislocated 

zinc oxide via anodic corrosion for electrocatalytic CO2 reduction to syngas with a 

potential-dependent CO: H2 ratio,” ACS Appl. Mater. Interfaces, vol. 12, no. 27, 

pp. 30466–30473, 2020. 

[240] D. L. T. Nguyen et al., “Selective CO2 reduction on zinc electrocatalyst: the effect 

of zinc oxidation state induced by pretreatment environment,” ACS Sustain. Chem. 

Eng., vol. 5, no. 12, pp. 11377–11386, 2017. 

[241] S. Dongare, N. Singh, H. Bhunia, and P. K. Bajpai, “Electrochemical reduction of 

CO2 using oxide based Cu and Zn bimetallic catalyst,” Electrochim. Acta, vol. 

392, p. 138988, 2021. 

[242] P.-P. Yang and M.-R. Gao, “Enrichment of reactants and intermediates for 



107 

 

electrocatalytic CO2 reduction,” Chem. Soc. Rev., 2023. 

[243] M. L. Perry, J. Newman, and E. J. Cairns, “Mass transport in gas‐diffusion 

electrodes: a diagnostic tool for fuel‐cell cathodes,” J. Electrochem. Soc., vol. 145, 

no. 1, p. 5, 1998. 

[244] J. Huang, M. Mensi, E. Oveisi, V. Mantella, and R. Buonsanti, “Structural 

sensitivities in bimetallic catalysts for electrochemical CO2 reduction revealed by 

Ag–Cu nanodimers,” J. Am. Chem. Soc., vol. 141, no. 6, pp. 2490–2499, 2019. 

 

 

 

 

 

 

 

 

 

 

 



108 

 

Vitae 

 

Name    :Omer Ahmed Ali Taialla 

Nationality   :Sudan 

Date of Birth   :1/1/1996 

 Email    :omertaialla7428@gmail.com 

Address   :Almagareet, Alkasr Road 11111, Khartoum, Sudan 

Academic Background : 

1. Msc Chemistry (Material Chemistry), 2023 

King Fahd University Petroleum and Minerals Dhahran KSA. 

 

2. B.Sc. Degree in Chemistry, 2020 

University of Khartoum, Khartoum, Sudan 

               Graduated with First class (honors degree) 

 

 

 

 

PUBLICATIONS 

S/N            Journal  IF Q-Rank 

1 Omar Ahmed Taialla, Mustapha Umar, AbdulHakam Shafiu Abdullahi, Esraa 

Kotob, Mohammed Mosaad Awad, Aliyu Musa Alhassan, Ijaz Hussain, Saheed 

A. Ganiyu and Khalid Alhooshani “Unlocking the potential of ZIF-based 

electrocatalysts for electrochemical reduction of CO2: Recent advances, current 

trends, and Machine Learnings”. Under review in the Coordination Chemistry 

Reviews 

20.6 Q1 

2 Taialla OA, Umar Mustapha, Khalid Omer, AbdulHakam Shafiu Abdullahi, 

Mohammed Mosaad Awada, Saheed A. Ganiyu and Khalid Alhooshani 

“Morphology- Controlled Synthesis of Zinc Layered Double Hydroxide for 

Electrocatalytic CO2 Reduction” (under process for publication). 

  



109 

 

3 Abdullahi Abdulhakam, Mustapha Umar, Ijaz Hussain, Omer A. Taialla, Esraa 

Abas, Mohammed Ali, Basiru O. Yusuf, Ismail Abdulazeez, Saheed A. Ganiyu, 

Khalid R. Alhooshani “Review of recent advancements in the electrocatalytic 

reduction of CO2 to Formate/Formic acid: the role of conducting polymers”. 

Submitted to Coordination Chemistry Reviews 

20.6 Q1 

4 Awad MM, Hussain I, Taialla OA, Ganiyu SA, Alhooshani K, "Syngas 

Production using Fibrous Silica Zinc Oxide (FSZ) Supported Nickel Catalyst: 

An Innovative catalytic system for Dry Reforming of Methane" (in 

Preparation). 

 

  

5 Awad MM, Hussain I, Taialla OA, Ganiyu SA, Alhooshani K, "Superior 

Performance of Unique Fibrous Structured Silica Lanthanum Oxide-Supported 

Nickel Catalyst (Ni/FSL) for Dry Reforming of Methane (DRM)" Journal of 

Cleaner Production, 2023 (Submitted). 

11.9 Q1 

6 Awad MM, Hussain I, Mustapha U, Taialla OA, Alhassan A, Abdullahi AS, 

Ganiyu SA, Alhooshani K, "A critique of synergistic effects between catalytic 

and physiochemical properties for dry reforming of methane: emerging trends, 

current challenges, and machine learning", 2023 Submitted to energy 

conversion and management. 

11.5 Q1 

7 Alhassan AM, Hussain I, Taialla OA, Awad MM, Tanimu A, Alhooshani K, 

Ganiyu SA, "Advances in catalytic dry reforming of methane (DRM): 

Emerging trends, current challenges, and future perspectives" Journal of 

Cleaner Production, 2023, 138638. 

 

11.9 Q1 

8 Basiru O Yusuf, Mustapha Umar, Esraa Kotob, Abdullahi Abdulhakam, Taialla 

OA, Mohammed Mosaad Awad, Ijaz Hussain, Khalid R Alhooshani, Saheed A 

Ganiyu “Recent Advances in Bimetallic Catalysts for Methane Steam 

Reforming in Hydrogen Production: Current Trends, Challenges, and Future 

Prospects” Chemistry – An Asian Journal, 2023 

4.1 Q1 

    

 

 

Conferences paper/poster presentation 

Taialla OA, Umar Mustapha, Khalid Omer, AbdulHakam Shafiu Abdullahi, Mohammed Mosaad 

Awada, Saheed A. Ganiyu and Khalid Alhooshani “Morphology- Controlled Synthesis of Zinc 

Layered Double Hydroxide for Electrocatalytic CO2 Reduction” 32ed Saudi Japan 

Symposium,2023 (Accepted) 

 


	e41520689e0bbbe3d089d3717a16af3526fd75146fd94676c6db2dc64762264c.pdf
	01e8d18cbd5ca5c474939e026b6db2dc149ea17925499ddbf1d2aa7b1328635b.pdf

	e41520689e0bbbe3d089d3717a16af3526fd75146fd94676c6db2dc64762264c.pdf
	e41520689e0bbbe3d089d3717a16af3526fd75146fd94676c6db2dc64762264c.pdf
	01e8d18cbd5ca5c474939e026b6db2dc149ea17925499ddbf1d2aa7b1328635b.pdf
	01e8d18cbd5ca5c474939e026b6db2dc149ea17925499ddbf1d2aa7b1328635b.pdf


