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General Introduction

The emission of CO2 is considered as the primary driver in global climate change. The reduction of CO2 emissions and the use of CO2 as an energy vector but also as a renewable carbon feedstock are important challenges for the chemist community. Many metal complexes or inorganic materials have been used as catalysts for reducing CO2 by different pathways, chemical, biochemical, photochemical, electrochemical and photoelectrochemical processes, leading to raw and valuable feedstock. One of these materials that has potential activity towards the reduction of CO2 is layered double hydroxides (LDH) due to their flexible of composition and multiple physico-chemical properties. LDH are mainly used as CO2 adsorbents, chemical and photochemical catalysts.

Most of the LDH exhibit no intrinsic electron conductivity but an electrochemical response can be achieved by the immobilization of electroactive anions between the layers of the LDH or the use of transition metal cations for building the LDH layers. These electroactive materials have been used as electro-catalysts for oxygen evolution reaction (OER), hydrogen evolution reaction (HER), electro-degradation of pollutants and energy storage applications.

Very recently, some articles have reported the use of LDH-based modified electrodes as electro-catalysts applied to the electrochemical reduction of CO2 (CO2ERR); they were published between 2020 and 2022, corresponding to the period within the present PhD-thesis was realized. The aim of my thesis work concerns the LDH aspect of the project. Concerning the immobilization of a molecular electro-catalyst in the interlayer gallery of LDH, our choice is focused on an iron porphyrin functionalized with anionic groups, tetraphenylsulfonato porphyrin (FeTSPP) that has an electro-catalytic ability to transform CO2 to CO. The second aspect concerns the study of copper-based LDH since it was shown in the literature that metal copper or copper based metal oxide species, are efficient electro-catalysts for CO2ERR.

The present manuscript is organized as follows:

Chapter I concerns a literature overview about LDH, their synthesis methods, their physical and electrochemical characteristics. Examples from the literature are presented to illustrate the electrochemical properties of LDH containing transition metal cations into their layer or on LDH intercalated by electroactive anion. Then, CO2 physical properties will be summarized and the reduction pathways of CO2 using homogenous and heterogeneous catalysts in photochemical and electrochemical processes will be detailed.

Chapter II will focus on the immobilization of the iron porphyrin (FeTSPP) in LDH and layered simple hydroxide (LSH). The stability of the modified electrodes with each hybrid materials was determined by UV-Vis spectroscopy in CO2 saturated aqueous media. The electrochemical properties of the immobilized porphyrin in LDH (ZnCr-FeTSPP, MgAl-FeTSPP) is studied by cyclic voltammetry under Ar and CO2 in different electrolytes at different pH. Preparative scale electrolyses were carried out under saturated CO2 atmosphere and the reduction products are quantified. The importance of the nature of the LDH matrix on CO2ERR will be discussed.

Chapter III will focus on copper based LDH. Different Cu-LDH were synthesized, namely CuxAl, CuxMg2-xAl and CuxZn2-x with (2 ≤ x ≤ 5) and intercalated anions (e.g. carbonate, acetate, dodecyl sulfate) using both co-precipitation and polyol method. After their structural and morphological characterization, their electrochemical properties were studied following a specific protocol to show the possible electrochemical activation of copper in LDH under CO2 atmosphere. Preparative scale electrolyses were then performed in aqueous potassium chloride to evaluate the performance of these materials toward CO2ERR. Different parameters are scrutinized, e.g. the Cu/Al ratios, the presence of Mg or Zn in the LDH sheets, the nature of intercalated anions, the particle size. A special attention is paid on the Cu2Al-CO3 sample for which X-ray photoelectron spectroscopy (XPS) and X-ray Absorption Spectroscopy (XANES and EXAFS) analyses were conducted on the LDH modified electrodes before and after electrolysis to highlight the origin of the electro-catalytic activity.

Lastly, the manuscript will finish by a general conclusion and perspectives of this thesis work.

Experimental details and result dissemination are given in annexes.

Chapter I

State of art

I.1. Introduction

Since the beginning of the first industrial revolution around 1860, anthropogenic gaseous emission has increased due to the changes offered by this revolution transforming the world from agricultural aspect to mechanized manufacturing and industrialization. The burning of fossil fuels like coal and oil has led to an increase in the greenhouse gases mainly CO2, which in its turn led to an increase in the earth's temperature being trapped in the earth's atmosphere, resulting in global warming. Figure .I.1 shows the increase in the CO2 emission in France from fossil fuel burning and cement production between 1860 and 2020 indicating a monotonic increase in emission reaching 38.73 billion tons in 2020 1 . Researchers suggest that even if the developing countries contributed to an agreement for guarding the emission of CO2, the target for decreasing the emission will not be reached due to the cumulative CO2 emission through years and the impact on rising the earth's temperature by entrapment of CO2 will reach 5°C by 2100 2 . For this reason, the reduction of CO2 emissions seems unavoidable in order to preserve the environment. At the same time, alternatives can be developed to valorize CO2 as a valuable raw material ready to be used to produce fuels or chemicals, despite its chemical inertness making its reduction very difficult. So, vast efforts have been done over the past 20 years to develop efficient catalytic processes to promote the reduction of CO2 involving photochemical and/or electrochemical reactions.

Many heterogeneous catalysts have been investigated to increase the reduction reaction rate and the selectivity of the involved transformations. Among the different inorganic materials studied layered double hydroxides (LDH) have attracted special attention. LDH are 2dimensional inorganic nanomaterials that possess a lot of interesting characteristics allowing them to be excellent candidates for many applications in particular as catalyst.

In this chapter, the structural and chemical composition characteristics of the LDH will be detailed. Since the aim of this work is to study the ability of LDH to promote CO2 electroreduction, a focus will be done on their use for electrochemical applications taking advantage of i) the nature of the layer that includes a wide range of transition metals capable to be oxidized and reduced and ii) the interlayer domain that allows the intercalation of various electroactive anionic molecules. Then, general considerations on photochemical and electrochemical reduction of CO2 will be provided and illustrated by representative results from the literature.

I.2. Layered Double hydroxides

LDH also called anionic clays due to their anionic exchange properties belongs to the clay minerals and are considered as two dimensional layered materials (Figure .I.2). Although, some LDH naturally exist in the nature like the hydrotalcite Mg6Al2(OH)16(CO3).4H2O and the pyroaurite Mg6Fe2(OH)16(CO3).4H2O, they are not abundant in nature and most of the LDH materials are synthesized materials.

I.2.1. Structure of LDH phase

The LDH structure is derived from brucite Mg(OH)2 like layers, where the metal cations are surrounded by hydroxyl groups OH -in the octahedral geometry. Due to edge-sharing, these octahedrons connect to form stacked layers to obtain a 3D structure 3 . The LDH formation is due to a substitution of x fraction of divalent by a trivalent cation allowing the layers to be positively charged where this charge is compensated by an interlayer anion and water molecules. The substitution of M II by M III is noted by x and can be controlled by the experimental parameters of the synthesis. The more trivalent metal in the structure, the higher the charge of the layer is. The general formula of the LDH can be written as follows:

[M II 1-x.M III x(OH)2]
x+ [(A n-)x/n.yH2O where M II and M III are respectively divalent and trivalent metals and A n-the interlayer anion. Instead of using the empirical formula, the LDH are usually noted as M II RM III -A with R= M II / M III which gives a significant of the ratio between the divalent and trivalent metal.

Due to their layered feature, LDH display polytypism, that is only periodicity along c axis varies. Mainly, the stacking of the LDH sheets is of type 3R (ABCABC-rhombohedral) or 2H (ABABAB-hexagonal) 4 . Powder X-ray Diffraction is the main technique used to characterize the LDH structure, even if these materials are known to display a relatively low level of crystallinity. Usually, the LDH layers crystallize in R-3m space group 5 except in the particular cases of CaAl phases which crystallizes in a P 3c1 6 or LiAl2 in P6/mm 7 .

Powder X-ray diffractogram (PXRD) of LDH (Figure .I.3) can be separated into several domains:

1. The low angle region (<30° 2θ) which contains the diffraction peaks of the planes (00l) whose position depends on the nature of the intercalated anion and which provides access to the lattice parameter c and the interlayer distance.

2. The region of the intermediate angles (30-55° 2θ) which contains the reflections of the planes (h0l) and (0kl) whose positions depend on the polytype (3R or 2H).

3. The large angle region (> 55° 2θ) which contains the reflections of the (hk0) and (hkl) planes characteristic of the metal hydroxide planes and which provides access to the lattice parameter and the cation-cation distance.

Figure.I.3: Powder X-ray diffractogram of Mg2Al-CO3 LDH

In R-3m space group, the lattice parameter a, which can be easily determined according to the relation a = 2.d110 (the distance between the planes 110), is linked to the distance between the metal cations inside the sheet. It depends on the nature of the metal cations involved in the layer and of the M II /M III ratio. The lattice parameter c, linked to the stacking of the layers, according to the relation c=3d003, is dependent of the interlayer distance and so of the nature of the intercalated anion. Each intercalated anion according to its size and its orientation in between the layer gives rise to a specific value of c.

To get a deeper structural insight and to analyze the LDH structure at a local scale, techniques such as X-ray Absorption Spectroscopy (XAS) or the Pair Distribution Function (PDF) are also very suitable. These techniques use a radiation of higher energy than the conventional Xray tubes. They allow to access to the local environment of cations in the LDH sheets in order to know the distances between the surrounding atoms or between the center of an octahedron of the sheet and its vertices. All these techniques help in better understanding of the LDH structure.

I.2.2. Chemical composition and synthesis of layered double hydroxide

The most common divalent and trivalent metals reported for LDH are M 2+ = Mg 2+ , Zn 2+ , Ni 2+ , Cu 2+ and M 3+ = Al 3+ , Fe 3+ , Cr 3+ . It is important to underline that there are some restrictions to the versatility of compositions of the LDH layers mainly linked to the size and charge of the cations to be inserted into the layer. For instance, our group 8,9 evidenced that Ti 4+ and Sn 4+ were not involved into the layer structure as reported in the literature 10 but precipitate at the layer surface as amorphous oxide nanoparticles. Deep structural characterizations are mandatory when new LDH compositions are explored and unfortunately it is not always the case in the literature.

Additionally, various inorganic anions can be found in the interlayer space of the LDH such as Cl -, NO3 -, CO3 2-, SO4 2-, PO4 3-, polyoxometalates: Cr2O7 2-, Mo7O24 6-, W12O40 3-. But it was also reported that a large variety of organic anions can also be intercalated into the LDH leading to hybrid organic-inorganic materials 4 . These organic anions bearing carboxylate, sulfate or sulphonate and phosphate or phosphonate groups, can be diverse and varied from short carbon chains (CH3COO -) to longer (C12H25SO4 2-), containing or not aromatic cycles.

Photoactive molecules, colorants, macrocycles, biomolecules (amino acids, etc.), drugs, etc.

were efficiently intercalated into LDH and studied for various applications.

As previously underlined, most of the LDH materials are synthetic materials. Interestingly LDH can be prepared relatively easily in laboratory under soft conditions (temperature, pressure, etc.) in aqueous medium. By controlling the synthesis and the experimental parameters, the chemical composition (layer and interlayer) of the LDH can be tuned in a large extend. The level of substitution of M II by M III (x) can also be controlled. A brief overview of some of the synthetic approaches reported for LDH are described in the following.

I.2.2.1. Synthesis of LDH

Different approaches have been developed for the synthesis of pure LDH. It is important to underline that according to the synthesis conditions (precursors, precipitants, pH, solvent, temperature, aging, etc.), it is possible to control the composition, the nanostructure and the morphology of the particles of LDH, as many characteristics that will condition the physical and chemical properties of the final material in specific applications.

I.2.2.1.1. Co-precipitation

The co-precipitation method is a classical method for LDH synthesis. It consists of the addition of a mixture of divalent and trivalent metal salts (usually chloride or nitrate) with the addition of a strong base (NaOH). To ensure a high chemical homogeneity, the pH can be kept constant during the addition of the two solutions. Not only is the value of the pH strongly dependent on the nature of the metal cations involved, but also on the nature of the desired interlayer anions. The presence of an anion in the reaction medium, in excess compared to the theoretical amount of LDH to be formed, leads to its direct intercalation in between the layers.

A specific method called "Separate Nucleation and Ageing Step", consists of a very rapid co-precipitation of LDH and recovering the solid to mature it under other conditions. This prevents nucleation during the maturation stage 11 . Indeed, the aging and hydrothermal treatment at a specific temperature of the prepared LDH has a drastic effect on the particle size. Figure .I. 4 shows the particle size distribution of Mg2Al-Cl LDH sample prepared by co-precipitation where the aging and the temperature of hydrothermal treatment is varied resulting of different particle size distribution with different hydrodynamic diameters 11 .

Continuous flow syntheses 12 are also reported for the synthesis of LDH and have more advantages than conventional co-precipitation regarding tunable particle size, morphology and aggregation. It is based on the use of a reactor to enhance the heat and mass transfer resulting on faster chemical reactions, for instance: co-precipitation chamber, counter-current flow, meso-scale flow reactor, etc. The main goal of these methods is to obtain consistent and tunable particle size and to scale up the synthesis of LDH by obtaining reproducible results regarding the polydispersity, morphology, and crystallinity. 

I.2.2.1.2. Urea hydrolysis

Unlike the co-precipitation method, hydrolysis in urea is a procedure that is primarily selected to obtain particles of important dimension which can go up to microns by separating the nucleation and the growth step and to prevent aging from the beginning 13 . The procedure is based on the following equations (Eq.1&2):

CO(NH2)2 → NH4CNO (Eq.1) NH4CNO + 2H2O → 2NH4 + + CO3 2-(Eq.2)
In general, the urea method uses the hydrolysis reaction of urea or di-urea (sometimes hexamethylenetetramine HMT) for a slow release of carbonate ions which gives rise to an increase of the pH in the reaction medium and causes the precipitation of the LDH. Usually, large platelet size is obtained with this method (Figure.I.5) compared to the co-precipitation and the size is controllable depending on the reactant concentration, urea/metal ratio, temperature and aging time 14 . As the decomposition of urea generates carbonate ions during hydrolysis (Eq.2), the LDH phases synthesized by this method are usually intercalated with carbonate as interlayer anion even in performing the reaction under inert atmosphere.

However, a nitrate-based LDH was synthesized 15 by controlling the final pH of the synthesis which is in correlation with synthesis time and nitrate/urea ratio, or by the addition of ammonium nitrate to the reaction where the pH decreased slightly and the nitrate/urea ratio increased. 

I.2.2.1.3. Polyol method

This method has been introduced by Fiévet et al 16 for the preparation of bimetallic precursors based on CoNi and FeNi and was used to prepare nanosized metals or alloys powders which was then adapted for the preparation of LDH 17 . The advantages of preparing LDH by this route includes: good homogeneity, no control of pH, absence of carbonate due to low solubility of CO2 in polyols and easy control of hydrolysis 18 . The synthesis is based on mixing divalent and trivalent acetate salts in polyol solvents such as: ethylene glycol or diethylene glycol under heating for 24 h. Alcohol such as ethanol can also be used. The polyol solvent used will serve the role of a solvent, reducing agent and in some cases a stabilizer. The addition of water promotes hydrolysis of the metal complexes and the LDH co-precipitation, it is considered as a key factor for hydrolysis. In this case 17 , pure hybrid NiAl and CoAl with acetate (HCOO -) as intercalated anion can be prepared without any control of the pH or the atmosphere to avoid the contamination with carbonate coming from the atmospheric CO2. a b

I.2.2.1.4. Topochemical synthesis

The topochemical synthesis of LDH is demonstrated by controlling the oxidation state of part of the cations that is already presented in unmodified sample of hydroxide or oxide phase by topotactic interconversion. This method is used mainly for non-Al 3+ based LDH that contains Ni, Fe, Mn or Co due to their mixed oxidation state nature 19 . LDH phase is usually obtained with this kind of route by transforming a brucite type hydroxide e.g.

Co 2+ 1-x Fe 2+ (OH)2 to Co 2+ 2/3-(Co 3+ 1/3-x-Fe 2+ 
x) LDH by using halogens gas as oxidizing agents (I2 or Br2). The oxidizing agent works by increasing the oxidation state of the metal, thus the charge of the layer which is compensated by the insertion of I -or Br -into the interlayer domain 20 . A monometallic Co 2+ -Co 2+/3+ LDH was elaborated using O2 or air as oxidizing agents 21 .

I.2.2.1.5. Electrodeposition

The LDH synthesis was also reported by electrodeposition for the preparation of modified electrodes 22,23 . The main factors for electrosynthesis of LDH are: i) the divalent cation should not be reduced to metal oxide or metallic species and ii) nitrate reduction reaction to nitrite. It is achieved by applying a negative potential (the value depends on the divalent metal cation) to a solution of divalent and trivalent metal salts containing nitrate anions. This will cause the reduction of the nitrate to nitrite anions and water to OH -ions (Eq.3), which will induce an increase of the local pH at the electrode surface and thus the LDH precipitation (Eq.4). This method was efficient to prepared macroporous LDH thin films 24 .

NO3 -+ H2O + 2e -⇌ NO2 -+ 2HO -E 0 = -0.9 V vs SCE (Eq.3)

Al(OH)3+ 2 M II+ + 3HO -+ NO3 -→ M II+ 2Al(OH)6NO3. nH2O (Eq.4)

I.2.2.2. Main properties of LDH

I.2.2.2.1. Anionic exchange properties

The anion in LDH interacting with the layer by electrostatic interactions and hydrogen bonds, provides to these materials interesting anionic exchange ability of great interest for many fields of applications 25,26,27 . The anion exchange reaction consists of replacing the interlayer anion of a LDH precursor with another anion. The anion exchange capacity (AEC) of LDH is defined by the rate of substitution of divalent cations by trivalent cations R= M II /M III , it is generally between 200-400 mEq/100g. Each anion displays a specific affinity with the layer favoring or not the anionic exchange reaction. The order of affinity is classified as follows:

NO3 -< Br -< Cl -< F -< OH -< SO4 2-< CO3 2-which makes nitrate and chloride intercalated LDH materials precursors of choice to perform anion exchange reaction. Typically, the LDH powder is dispersed in aqueous solution with the anion of interest under inert atmosphere and under stirring for a specific period. The anion is placed in excess to ensure a 100% exchange reaction with respecting the capacity of anionic exchange. The time, temperature and excess used depend on the desired anion to intercalate and its affinity with LDH layer.

I.2.2.2.2. Delamination

The high interaction between the strong positively charged layer and the interlayer anion results in a strong electrostatic interaction which limits access to the interlayer gallery for specific applications 28 . For this reason, and due to the anionic exchange properties, the exchange of inorganic anion by an organophilic one gives rise to a modification of the surface properties and weakness the Van der Waals interactions, hence the transformation from a hydrophobic to hydrophilic phase making its delamination easier in water or any non-aqueous solvent. Delamination offers the preparation of stable LDH colloidal suspensions. It requires the use of a hybrid LDH with organic anions and specific solvent. Also, nitrate phase was successfully delaminated in formamaide 29 . Table .I.1 shows different modified LDH with organic surfactant and the solvent used for delamination. 

I.2.2.2.3. Chemical and thermal stability

The chemical and thermal stability is considered of great importance since it affects some kind of applications that involves transfer, transport and delivery 37 . Generally, the chemical stability is related to the solubility (Ksp) of the metal hydroxides. Boclair et al 38 showed the trend of the solubility of LDH phases in the order as follow: Mg 2+ < Mn 2+ < Co 2+ ≈ Ni 2+ < Zn 2+ < Al 3+ < Fe 3+ with Mg(OH)2 having a Ksp lower than that of Zn(OH)2 making Mg based LDH more soluble than of Zn based ones. From the thermochemical data 39 , the enthalpy of formation and free Gibbs energy of the synthesized carbonate LDH phase was equal to the starting mixture of metal hydroxides and carbonate, hence the interlayer anion plays a role in the solubility of the LDH phase. Regarding the thermal stability, according to Valente et al 40 , the trend of decomposition is as follow: CoAl<ZnAl ≈ CuAl< MgFe ≈ NiAl< MgAl≈ MgCr.

The hydrotalcite phase usually undergoes four main events for weight lost: The first mass lost occur at approximately 100 °C which is related to removal of weakly adsorbed water molecules, followed by total dehydration by removing interlayer water between 100 and 200 °C. The third mass lost is where a large portion of the material is lost related to dehydroxylation and decarbonation and the final weight lost is related to decomposition of the material and formation of oxides.

I.2.3. Electrochemical properties of LDH

LDH and their derivatives (oxides, hybrids) have been used as electrode materials for several decades, as evidenced by the abundant literature described in review articles published in the last two years 41,42,43 . They are applied to energy storage as supercapacitors 44 , to electrocatalysis for oxygen evolution reaction (OER), hydrogen evolution reaction (HER) 45,46,47 and also in electroanalysis with the design of sensors and biosensors 48,49 for the quantification of i.e. small biomarkers 43 , emerging pharmaceutical compounds 42 , pesticides 50 or heavy metals 51 .

As for the LDH synthesis, the LDH research team in Clermont-Ferrand has been among the pioneers in the application of LDH in electrochemistry. In 1994, Mousty and collaborators have published the first paper on the electrochemical behavior of electroactive organic anions intercalated in LDH 52 . Later, they have studied the mechanisms of electron transfer and charge compensation within LDH containing transition metals, such as Ni 53 , Co 54,55 and Mn 56 .

They have developed various electrochemical sensors and biosensors with these electroactive inorganic materials 57,58,59 .

In this part, we will present few examples for which the LDH phases have been used for electrochemical applications. All these applications, whether they are potential or already implemented, depend on the chemical composition, the structure, the morphology and the properties of the synthesized phases. The main challenge is to enhance the electrochemical properties of these LDH. Three main approaches are reported for enhancing the electroactivity of these materials ( 

I.2.3.1. Transition metal cations

The key factor for enhancing the electrochemical properties of LDH is by inserting metal cations in the layer that can be easily reduced and oxidized. The ZnAl and MgAl LDH phases are considered electroinactive. For this purpose, insertion of d-block transition metals (TM) such as Co, Ni, Fe, Cu and Mn is of great interest. These cations are easily oxidized and reduced under applied potential in a reversible manner. The possible reaction that takes place by applying n electron is presented by (Eq.5):

M (II) Al-X + nOH -⇌ M (II) 1-nM (III)
nAl-X (OH)n+ne -(Eq.5)

When an oxidation occurs, the layers become positively charged which requires ions from the electrolyte to neutralize the material, it is achieved by insertion or de-insertion of ions (insertion of hydroxides or removal of protons) 60 . The electrochemical reaction is thus governed by a diffusive process. Usually, the materials are characterized by cyclic voltammetry to study different factors affecting the application such as the electrolyte, applied potential and electrode materials.

I.2.3.1.1. Cobalt-based LDH

Cobalt-based LDH has been used recently in electrochemical applications due to the fact that Co 2+ can be easily oxidized to Co 3+ by applying a small potential of 0.4 V/SCE 61 . Electron transfer in Co-based LDH is mainly confined at the outer surface of LDH film with an accumulation of ions at the solid/electrolyte interface 56 . This means that this faradaic process regarding its surface component may be defined more like a pseudocapacitive behavior.

Hence, Co based LDH draw attention in several electrochemical applications such as energy storage. Chen et al 62 demonstrated one step synthesis of growing ultrathin sheets and porous nanostructure NiCo-LDH on Ni foam to form a pseudocapacitor. The results showed an enhanced specific capacitance (2682 F g -1 at 3 A g -1 ) and energy density (77.3 Wh kg -1 at 623 W kg -1 ) compared to Ni hydroxide or cobalt hydroxide alone. Vialat et al 55 . described the synthesis of Co II Co III LDH by a topochemical oxidative reaction under air. This monometallic LDH displays a charge as high as 1490 F g -1 at a current density of 0.5 A g -1 . Cobalt-based LDH have also shown their efficiency in electrocatalysis. Delaminated CoAl LDH 63 was used also for the transformation of syngas to oxygenated compounds (ketones, aldehydes, acids and alcohols) with a faradaic yield (FY) of conversion of 77-85% of produced oxygenated molecules.

I.2.3.1.2. Nickel-based LDH

Nickel is another 3d transition metal that has approximately the same properties as Co due to its place in the periodic table. Nickel has been employed in LDH due to its interesting electrochemical properties since the oxidation of Ni 2+ to Ni 3+ requires a potential around 0.7

V/SCE which is considered small but not small as the cobalt one. The electrochemical reaction in Ni-based LDH is governed by a diffusional process. Electron hopping between immobile Ni redox centers and diffusion of both anions and cations throughout the solid lead to a progressive growing of the reaction zone 56 . The modified electrodes using Ni-LDH are mainly used in electrocatalytic applications or as electrochemical sensors. NiAl LDH has showed efficiency in the electrochemical oxidation of primary and secondary alcohols like methanol and ethanol, respectively 64 . Other application of Ni based LDH is demonstrated by creating a sensor for organophosphate pesticides such as methyl parathion 65 . Exfoliated NiAl sheets showed its capability in the detection of bisphenol A 66 .

These divalent metal cations can be associated in the LDH sheets with other trivalent TM cations, such as Fe III or Mn III that confers a synergistic electronic coupling between these electroactive cations.

I.2.3.1.3. Iron-based LDH

Interestingly, the substitution of Al III by Fe III in nickel-based LDH causes a shift of the Ni redox signal towards less anodic potential (E = 0.35 V/SCE). NiFe LDH find applications in electrocatalysis, particularly for water splitting 67 . A NiFe LDH phase prepared by electrodeposition on the surface of glassy carbon electrode showed also an electrocatalytic activity toward the detection of drug molecules such as metronidazole 68 .

I.2.3.1.4. Manganese-based LDH

The multiple oxidation states of Mn (from Mn 2+ to Mn 7+ ) allow this transition metal to be interesting for several applications. Due to its multi-oxidation states nature, Mn-based LDH are considered challenging to synthesize. Most of these syntheses require and oxidative medium 57 such as air, dioxygen, H2O2 in order to force the oxidation of Mn 2+ to Mn 3+ or even higher oxidation states. Jia et al 69 Tafel slope. This enhanced electrocatalytic performance originates from reduced amount of stable manganese ions in the corresponding composites when the proportion of manganese decreases that helps in weaker Mn-O bond. CoMn LDH was synthesized for (OER) 70 , and compared to spinel MnCo2O4+δ (0< δ<0.5). The electrocatalyst exhibits a very high current density reaching 42.5 mA/cm 2 at an overpotential of 350 mV compared to the spinel MnCo2O4+δ (15.5 mA/cm 2 at an overpotential of 350 mV). Mn based LDH has been used also for energy storage application 71 , CoMn LDH supported on carbon fiber (CF) showed specific capacitance (1079 F g -1 at 2.1 A.g -1 ) achieving specific energy up to 126.1 W h kg -1 and a specific power of 65.6 kW kg -1 .

In the literature one can find also some examples of modified electrodes with Cu-based LDH; they are mainly applied for CO2 electroreduction reaction (CO2ERR). As the chapter III will focus on Cu-based LDH for CO2ERR, these articles will be presented in details in this last chapter.

I.2.3.2. Redox mediators

Using intercalated redox mediators is a second way to boost the electrochemical activity of LDH. A redox mediator is an electroactive molecule that can be easily reduced and oxidized in a reversible manner with a rapid electron hopping mechanism. They are generally anionic molecules or metal complexes that electrostatically interact with the layer of the LDH. Some examples of redox mediators that have been intercalated in LDH are m-nitrobenzene sulphonate (NBS) 72 , anthraquinones mono sulfonate (AQS) and disulfonate (AQDS) 73,74,75 , 2,2′-azinobis(3-ethylbenzothiazoline-6-sulfonate) ABTS 76 , metal complexes that involve: ferrocene 77,78,79 , ferri and ferrocynanide complexes 80,81 , porphyrins and phthalocyanines. reported a biosensor based the entrapment of laccase in the electroactive ZnCr-ABTS LDH that allows the electrocatalytic reduction of O2 and also the detection of small toxic molecules such as azide, fluoride and cyanide. A Lac@CoAl-ABTS biocomposite showed an efficiency in oxygen reduction reaction (ORR) with an enhanced electroenzymatic current compared to the Lac@ZnCr-ABTS bioelectrode (Figure .I.8) 87 . A bienzymatic electrodre based on glucose oxidase (GOx) and horseradish peroxidase (HRP) immobilized together in ZnCr-ABTS host matrix has been used for glucose determination 88 .

Figure I.8: Mechanism of the electrocatalytic reduction of O2 using the laccase@CoAl-ABTS bioelectrode 87 .

I.2.3.2.3. Metal complexes

Ferrocene (Fc) is an organometallic compound with the formula Fe(C5H5)2 which is wellknown as a redox mediator with a reversible one-electron transfer. Ferrocene bearing anionic groups, sulfonate or carboxylate, have been intercalated by the classical co-precipitation in different LDH matrices ZnCr, MgAl and ZnAl 78,77,89 . An amperometric biosensor based on the immobilization of glucose oxidase (GOx) in ZnCr-FcPSO3 hybrid material was described by Mousty et al, the intercalated anions playing the role of mediators that shuttle electrons between the FAD centers in the enzyme and the electrode surface 77 . Ferrocene carboxylate has also been inserted in MgAl LDH 78 for creating another GOx biosensor where Fc is used in this case to oxidize H2O2 formed during the enzymatic reaction with glucose under aerobic condition.

Ferri and ferrocyanide are another type of iron complexes composed of Fe 2+ (Ferri) or Fe 3+

(Ferro) with six cyanide ligands forming an octahedral geometry around the iron center (Fe(CN)6 4-/ 3-). Wang et al 90 has shown a peroxidase-like activity of ferrocyanide complex intercalated in MgAl LDH which was used for the electrochemical detection of hydrogen peroxide. Another NiAl-Fe(CN)6 LDH was used as a sensor for the determination of paracetamol 91 .

Porphyrins are a group of organic macrocyclic compounds, consisting of four altered pyrrole sub-units inter-netached at their α carbon through methine bridges, whereas phthalocyanines consist of four indolis rings linked by nitrogen atoms (Figure .I.9). Both metal-based macromolecules, known as good electrocatalysts, have been intercalated in LDH for electrochemical applications. As the next chapter will focus on porphyrin intercalated LDH, the main results described in the literature will be presented in details in chapter II. 

I.2.3.3. Conductive additives

The third approach to enhance the electrochemical activity of LDH is combining the LDH matrix with conductive additives. The most commonly used are carbon nanotubes (CNTs), graphene (G), reduced graphene oxide (RGO) or graphite nanosheets, metal oxides or metal nanoparticles (M-NPs). These additives will play a role in enhancing the conductivity and thus enhancing the electron transfer procedure between the electrode and LDH particles. 

I

I.2.3.3.2. Graphene sheets

Graphene is another type of conductive additive obtained from the exfoliation of graphite. It is an allotrope of carbon consisting of a single layer of atoms arranged in a two-dimensional honeycomb lattice nanostructure. It can be obtained by two approaches: 1) top-down approach which comes from graphite or 2) bottom-up approach by using carbon source using chemical vapor deposition. Each carbon is connected to three neighboring atoms of carbon with σbonds, while Pz orbitals form a π-bond between two neighboring carbon atoms therefore making these additives maintain high conductivity due to the free movement of electron across the sheet.

Graphene shows various interests for use as an electronic additive for the following 93 :

1) Various active sites for electron transfer due to high density of edge defects.

2) Electrochemical active sites uniformly distributed.

3) Detection of absorbed molecules due to the large volume offered by the sheet. 

I.2.3.3.4. Metal nanoparticles

Metal nanoparticles (M-NPs) have also been associated with LDH to promote a synergetic effect in electrocatalytic applications. Supported Pt-NPs on NiFe LDH prepared by hydrothermal route worked as an efficient electrocatalyst for HER 96 , the hydrothermal treatment promotes the formation of Ni0.6 Fe2.4O4 wafers on the NiFe LDH that enhanced the electronic conductivity. Fan et al 97 

I.3. CO2 general considerations

I.3.1. CO2 properties and solubility

Carbon dioxide (CO2) is a gas, where the carbon is bonded to two oxygen atoms by a double bond, with no electric dipole moment due to its centrosymmetric properties. In the earth's atmosphere, CO2 absorbs and emits infrared radiation in two infrared-active vibrational frequencies which leads to entrapment of energy near the surface, warming the surface and the lower atmosphere, making CO2 a major contributor in greenhouse effect.

CO2 is soluble in water and forms carbonic acid (H2CO3) which is a weak acid, the latter contributes to decreasing the pH of water making it acidic (Eq.6):

CO2+H2O ⇌ H2CO3 (Eq.6)

The Henry's law 99 , formulated by the English chemist William Henry, defines the solubility of gas in a solvent as follows (Eq.7):

H cp = ca/p (Eq.7)
Where ca is the concentration of species in aqueous phase and p is the partial pressure of that species in the gas phase under equilibrium conditions. The Henry's constant for dissolution of CO2 in water is considered low (0.031 M/atm) at standard temperature and pressure. The solubility of CO2 is proportional to the pressure and inversely proportional to the temperature.

Thus the majority of the carbon dioxide is not converted into carbonic acid, but remains as CO2 molecules in aqueous medium.

I.3.2. CO2 reduction processes

Due to its greenhouse effect, CO2 has been of research interests through its transformation into valuable chemical molecules for industrial applications such as:

1) Carbon monoxide (CO): production of organic and inorganic chemicals The CO2 molecule is considered stable (ΔGf° = -396 kJ/mol) and it is the final product of any combustion reaction beside water 100 . Therefore, the processes for converting CO2 will depend mainly in reducing the oxidation state of C from +4 to +2 or lower in the targeted molecules.

Due to its stability, the one electron addition to the CO2 molecule causes bending of the linear geometry due to the repulsion between the new electron on the carbon and the free electrons of the oxygen 101 . The single electron reduction of CO2 to the radical form requires high negative potential according to the following equation (Eq.8):

CO2 + e -→ CO2 ·-E= -1.9 V/NHE (Eq.8)

The break of symmetry caused by increase repulsion of electrons contribute to the high energy of the LUMO of CO2 and thus low electron affinity. The processes involved in converting CO2, more specifically to lower the oxidation state of C, are considered endergonic processes 102 that require different driving forces such as electrons, photons or chemical catalysts to achieve this goal. So far, many ways, e.g. biocatalytic, photocatalytic, electrocatalytic and photoelectrocatalytic processes, have been employed for reducing CO2, starting from the simplest designs to more complex structures. Some biocatalytic processes have been involved in CO2 valorization. For instance, by the use of dehydrogenases which are oxidoreductase enzymes that catalyze the oxidation of a substrate by the transfer of hydrogen to an acceptor (co-enzyme) 103 Homogenous CO2 reduction usually involves molecular catalysts with no clear segregation of the reactant and products. It is considered a simple way to explain the mechanistic pathways involved in CO2 reduction 105 . On the other hand, such an attractive approach has many drawbacks such as destruction of the catalyst during many cycles, energy efficiency and low reaction rates. For this purpose, heterogenization is an effective way to overcome these drawbacks, it is based on the immobilization of the active catalyst on a support. This immobilization will modify the local environment of the catalyst and hence increases its efficiency and durability toward the reduction of CO2. The challenge in these processes is the selectivity. This concept is based on developing a catalyst that is selective for the target molecule without any parasitic reactions that lead to side products or no CO2 reduction at all and suppress the hydrogen evolution reaction (HER) which is considered a competitive reaction once these processes take place in aqueous medium.

Many homogeneous and heterogeneous catalysts have been investigated for the reduction of CO2, especially involving photo and electro reduction reactions. For both processes, LDH have been described as efficient catalysts for CO2 reduction 106,107,108,109,110,111 , particularly due to its adsorption properties toward CO2. In what follows, the focus will be on these reduction processes by introducing some general considerations on photoreduction and electroreduction of CO2 and citing some specific examples involving LDH.

I.3.2.1. Photoreduction of CO2

Photoreduction of CO2 is considered as an "artificial photosynthesis" since it transforms solar energy into high valuable chemicals. Mimicking photosynthesis is considered hard due to the complexity of natural photosynthesis. Some approaches have been taken to mimic such reactions that involves mainly light absorption and metal-to-ligand charge transfer (MLCT) 112 . The photocatalytic reduction of CO2 involves multiple electron transfer steps where the photogenerated electrons reduce CO2 and the holes oxidize water 113 .

Homogenous photocatalysis of CO2 usually involves metal complexes and chromophores due to their light-absorption characteristics and the MLCT. Concerning the use of metal complexes, usually the systems contain two main components: a redox photosensitizer that initiates the one electron transfer and the catalyst that processes to a multi-electron transfer to CO2 to release the products 114,115 . The former has a large absorption in the visible region and is capable to promote efficient multiple electron transfer to the catalyst. Visible light irradiation of system containing [Ru(bpy)3] 2+ as a photosensitizer and Ru(bpy)(CO)2Cl2 as a catalyst in the presence of an electron donor catalyzed the reduction of CO2 to HCOOH or CO 116 . More complex systems involving ring Re(I) multinuclear complex exhibits extrinsic photosensitizing properties when mixed with fac-[Re(bpy)(CO)3{OC2 H4N(C2H4OH)2}] 117 .

Chromophores are also another class of photosensitizers that have less efficiency than metal complexes due to insufficient multiple electron transfer 118 . Copper purpurin (CuPP) photosensitizer showed its efficiency for the photocatalytic conversion of CO2 to CO using chloro iron (III) 5,10,15,20-tetrakis (2′,6′-dihydroxyphenyl)-porphyrin (FeTDHPP) as a catalyst 118 .

In heterogeneous photoreduction of CO2, various semiconductor photocatalysts have been studied and the results obtained summarized in many reviews 119,120,121,122 iii)

The electron reduces CO2 and the holes oxidize H2O to form O2. The most known material for photoreduction of CO2 is TiO2, which exists in three polymorphs: anatase, rutile and brookite 123 . Brookite is rarely described in the literature due to the hard preparation steps to obtain a stable phase. On the other hand, anatase (Eg= 3.2 eV) exhibits higher photocatalytic efficiency compared to rutile (Eg = 3 eV) owing the large surface adsorption of hydroxyl group and low charge recombination 124,125 . Lowering the conduction band of TiO2 to induce visible light photocatalytic activity, was achieved by transition metal doping 126,127 . When TiO2 is doped by a transition metal, new energy levels are created near the conduction band which decreases the energy of the latter. A lower band gap means less energy required to excite an electron from the VB to the CB, therefore high wavelength is required offering the shift from UV to visible light 128 . Many heterogeneous systems composed of n-semiconductors supported on other materials showed efficiency toward CO2 photoreduction. Nickel-loaded TiO2 nanoparticles immobilized on activated carbon showed a conversion of CO2 to methanol with 755.1 μmol g -1 and 986.3 μmol g -1 under UV and visible light irradiation, respectively 129 . Molecular catalysts based on Re immobilized on TiO2 nanoparticles showed enhanced photocatalytic conversion compared to the homogenized molecule with a twice turnover number for the conversion of CO2 to CO 130 .

LDH can provide a good photocatalytic ability due to their tunable chemical composition, in which the modifications can promote a change in the band gap thus in photocatalytic properties 131 . In addition to the adsorption ability of LDH for CO2 and also the hydroxyl groups that provide basicity to be a part in the intermediate reaction, tunable compositions can be obtained by changing the metal of the layer that has a drastic effect on the band gap 132 The interest of using LDH as a photocatalyst for CO2 photoreduction can be divided into three main categories:

1) The properties of the LDH layer itself

2) The ability to adsorb photoactive molecules or ligands on LDH.

3) The possibility to generate nanoparticles and implement semiconductors.

For instance, Wang et al 133 The use of TCPP ligand with ZnTi-LDH 136 showed an efficiency for the conversion of CO2 to CH4 and CO. The as prepared catalyst by hydrothermal route showed a good photocatalytic efficiency to CO and CH4 with values of 8.65 μmol. g cat-1 and 1.72 μmol. g cat-1 , respectively.

The mechanism is explained by the excitation of both the TCPP ligand and the ZnTi LDH.

The photogenerated electron on the LUMO of the TCPP is transferred to the CB of the ZnTi LDH through the carboxyl group of the TCPP acting as a junction to reduce CO2 to CH4 and CO.

Synthesis of ternary CuZnCr LDH followed by hydrothermal treatment resulted in CuO nanoparticles formation on the LDH surface for the photocatalytic reduction of CO2 to CO 137 .

The as-prepared catalysts exhibit excellent photocatalytic activity of 6.3 μmol. g cat-1 yield of CO and 3.9 μmol. g cat-1 H2.

The enhanced photocatalytic activity originates from the presence of CuO nanoparticles.

Indeed, under irradiation, the LDH matrix absorbs light to photoexcite electron to the CB, which in turns is transferred to CuO by charge transfer effect that promotes the activation of 

I.3.2.2. Electroreduction of CO2

The electrochemical reduction of CO2 or "electrolysis of CO2" is a second route for CO2 conversion. It proceeds by applying a specific potential at which the CO2 is reduced by electron transfer to its anionic form and then be ready for further reduction processes. CO2 electroreduction reaction (CO2ERR) is considered as an attractive field of study for several reasons 139 :

1) Process controlled by the electrode's potential,

2) Recycling of the electrolyte to limit final chemical consumption of water or wastewater,

3) Electricity used does not need any CO2 source like wind, solar or hydroelectric processes,

4) The electrochemical process is easy for scale up application.

A CO2 electrochemical reduction system 140 is based on: i) a cathode where the CO2 reduction takes place to yield reduced products, ii) an anode where the oxidation of water occurs by the consumption of HO -or generation of H + and electrons, iii) an electrolyte to conduct ions in addition to dissolve and transport CO2, iiii) a bridge or an exchange membrane to separate the cathode and the anode. CO2ERR can proceed through the two, four, six, eight or twelve electron reduction pathways (Figure .I.20). The main challenge in these reactions is the competition with hydrogen electroreduction reaction (HER), if the process takes place in aqueous medium. Indeed, the presence of protons will promote the H2 formation and suppress the electroreduction of CO2. For that reason, working into defined potential window with an adequate catalyst will be one of the challenges to be faced. CO2 electroreduction processes are divided into two categories 141 :

1) Homogenous electrocatalysis refers to reactions where the catalyst is in the same phase as the reactant (CO2), principally aqueous or non-aqueous electrolyte solutions containing soluble molecular complexes, the CO2ERR occurring at an inert electrode.

2) Heterogeneous electrocatalysis refers to reactions where the catalyst is not in the same phase as the reactant, principally it is absorbed on the electrode surface or the electrode consists in the catalysts, e.g. copper-based electrode. 

I.3.3.2.1. Homogenous electrocatalysis

Homogenous electrocatalysis involves mainly metal complexes. These types of systems show high product selectivity in the formation of CO and other reduced products. However, these systems have drawbacks regarding the mass transport, solubility of the catalyst, low current density and instability 142 . It has been shown a direct relationship (Eq.9) between the catalyst turnover number (TOF), which is defined as the turnover number (TON) per unit time, and the overpotenial (η), which is the difference between the equilibrium potential and the potential required for the catalyst to operate at a specific current 143 .

where: f=F/RT (F: Faraday constant, R: universal gas constant and T: temperature), TOF0 = TOF at zero overpotential, η= overpotential, kS cat : electron transfer standard rate constant, Dp:

diffusion coefficient of catalyst, E 0 AC: potential corresponding to transformation of substrate A B

A to product C and E 0 cat: catalyst standered potential. This relation bench marks the activity of each catalyst, a good catalyst should have high TOF and a small η.

Iron and cobalt porphyrins are considered the most used porphyrin complexes for CO2 elecroreduction, leading mainly to CO. Tetraphenyl iron porphyrin (FeTPP) has been intensively studied for homogenous electrocatalysis of CO2. The catalyst works for the conversion of CO2 to CO in protic and aprotic solvent through the electrogenerated Fe (0) state of the catalyst 144 . A more detailed presentation of the electrocatalytic activity of iron porphyrins towards CO2ERR will be made in the chapter II. Co pentadentate N5 complex showed also efficiency toward CO2 to CO conversion. Preparative scale electrolysis for 1 h under CO2 saturated medium and at E= -1.26 V vs SHE showed high faradaic yield (FY) (80% of CO) with low current density (0.4 mA/cm 2 ) at 530 mV overpotential 145 .

Most molecular homogenous electrocatalysts are based on transition metals with different oxidation states such as Ir, Rh, Os and Ru. The first investigation on these types of molecular catalysts as homogenous electrocatalysts was conducted in 1988 by Bolinger et al. 146 Other metal complexes based on Ru, Mn and Os were used for the electrocatalytic conversion of CO2 to CO. [Ru(tpy)(bpy)(MeCN)] 2+ successfully electroreduced CO2 to CO with 85% conversion 148 . The mechanistic study shows the reduction of the ligand followed by the electron transfer to the Ru center and then coordination of the CO2 to form the intermediate, at further negative potential the intermediate complex undergoes further reduction to [Ru II (tpy -)(Mebim-py -)-(CO2)] 0 . Electrodes modified by films of [Ru(L)(CO)2]n (L is a bidentate nitrogen ligand) 149 prepared by anodic oxidation of monomeric complex showed their efficiency toward the conversion of CO2 to CO with FY of 94% at E= -1.15 V. In the same study, a ligand (L) functionalized with ester group showed the electroconversion of CO2 to HCOOH that originates from the presence of electron-withdrawing ester group. It induces a decrease of the electronic density on the metal site favoring formation of an oxygen-metal bond at the expense of a carbon-metal bond 149 . The electrocatalytic activity of Mn(I) tricarbonyl complex was first investigated by Chardon-Noblat et al in 2011 150 , for the selective production of CO with [Mn(L)(CO)3Br] complexes (1: L = 2,2'-bipyridine (bpy); 2: L = 4,4'-dimethyl-2,2'-bipyridine (dmbpy) (Figure.I.23). For the complex that bears a bpy ligand (1) the FY reached 85% of CO and 15% of H2 at E=-1.7 V in MeCN. On the other hand, the complex with dmbpy ligand (2) exhibits better efficiency and stability during electrolysis with no formation of byproducts (H2) 150 . Dimer formation is governed by the one electron addition to the complex [Mn(L)(CO)3Br]

where it is reduced to [Mn(L)(CO)3Br] -followed by de-coordination of Br and the formation of dimer. It is believed that the catalytic activity originates from the dimer formation and not the transit radical during the reduction process 150 .

I.3.3.2.2. Heterogeneous electrocatalysis

Heterogeneous electrocatalysis offers many advantages as electrochemical systems compared to homogeneous systems. The main factor for choosing heterogeneous electrocatalysts is that the overall reaction kinetics for this system is not limited by the rate of diffusion of the catalyst towards the electrode or by the solubility and hence the catalyst concentration 151 .

Thus for heterogeneous systems, the increase in the rate of reaction at the molecular level or the surface concentration of active catalyst can, in principle, lead to higher overall rates (greater catalytic current densities) at a given applied potential. Processes in heterogeneous systems are further characterized by 152 :

• Elimination of deactivation processes caused by dimerization or aggregation of the catalyst.

• Control chemical surrounding to ensure maximum activity.

• Use of several solvents that cannot be used in homogenous system due to poor solubility.

• Keeping the reduction catalyst away from the electrode where the corresponding oxidation half-reaction (for example, water to O2) is occurring.

a) Immobilization of molecular catalysts

Immobilization of molecular catalysts at the electrode surface can be performed by three main strategies 153 : i) physical adsorption, ii) chemical bonding and iii) integration into 3-D frameworks. Physical adsorption is achieved by π-π, Van der Waals or electrostatic interactions between the catalyst and the conducting support. π-π systems are advantageous for co-immobilization with conductive additives such as carbon nanotubes, graphene and carbon black particles 153 . An iron porphyrin immobilized into a conductive Nafion/carbon powder layer as a cathode and Co oxide as an anode showed an efficiency of conversion up to 90% to CO in a homemade electrolyzer with current densities reaching 1 mA/cm 2 over 30 h of electrolysis at E= -2.5 V 154 .

Chemical bonding involves the chemical grafting of a catalyst on a support, it is usually achieved by functionalization of the catalyst to be chemically grafted on a support such as phosphonate linkage to metal oxide 155,156 or diazonuim and amide chemistry 157 

b) Metal-based electrodes

Copper-based electrodes are considered as electrocatalysts that usually yield reduced products that are equal or beyond two electron processes 161 , leading to the formation of C1 and C2 products such as CH4, HCOOH, C2H5OH and C2H6. The morphology of copper-based materials coated on the electrode surface is a key factor for the selectivity. Several morphologies, such as nanoparticles, nanocubes and nanoneedles have been investigated toward CO2ERR since the roughness of the surface usually provides high electrochemical surface area, hence enhanced current denisty 161 . Zhang et al. 162 Pd/In ratio 164 . In alone reduces CO2 to formate at -1 V with 70 % FY, Pd can produce formate at a very low overpotential (close to 0 V) but it is readily poisoned by CO. The Pd/In catalyst exhibits a decrease in the FY of HCOOH formation but alleviate CO poisoning on Pd sites.

c) Layered double hydroxides

In parallel to the heterogenization of molecular catalysts or metal-based electrodes, inorganic materials, in particular LDH, have also been described as efficient catalysts for CO2 electroreduction.

Among the various catalytic compounds studied those involving copper are particularly interesting since they allow the formation of significant amount of C-C bonds and the production of hydrocarbons and alcohols. Interestingly, recently Cu-based LDH were reported as efficient catalyst for CO2ERR. Due to its Jahn-Teller distortion effect, the structure of the Cu based LDH is slightly different and it may impact its electrochemical properties. Copperbased LDH contributed in the electrochemical conversion of CO2 to CO, formate and C2 hydrocarbons. As it will be the topics of the chapter III of this manuscript, the literature on Cu based catalyst for CO2ERR will be detailed later.

Few studies report their efficiency toward the electroreduction of CO2, in absence of copper in the LDH composition. In these cases, the LDH act mainly as precursors for the generation of metal or oxide nanoparticles. Li et al 165 Recently, new strategies for the preparation of bimetallic nanoparticle catalysts based on NiFe-LDH were described in the literature 166 . A CNT-N-NiFe electrocatalyst 166 was synthesized according to the procure described in Gold and copper intercalated MgAl LDH was achieved by co-precipitation and anionic exchange from MgAl-EDTA (EDTA: Ethylenediaminetetraacetate) 168 . The electrocatalyst with copper shows that copper was chelated with EDTA to from [CuEDTA] 2-in the interlayer domain while the gold particles were adsorbed on the MgAl LDH by XRD conformation.

Both electrocatalysts where used as modified electrodes for CO2ERR showing high efficiency toward the conversion of CO2 to CO by the Au/MgAl LDH and CO2 to CH4 by Cu/MgAl. This activity is due to the use of EDTA which provide more surface area and also provide a homogenous distribution of the gold and copper particles 168 .

I.4. Conclusion

In this chapter, after a brief presentation of the LDH matrices focusing on their preparation methods and their physical characteristic, their different features of interest in electrochemistry were described, such as the possibility to insert electroactive molecules in the interlayer domain, the role transition metal in electrocatalytic processes and finally the possible formation of metal nanoparticles at their surface. All these properties can promote the interest of LDH as electrode material for electrocatalysis, particularly for the CO2ERR which is beside the photoreduction a strategy to valorize CO2 and produce valuable chemicals.

In the following of this manuscript, our study will focus on two different approaches to promote the CO2ERR. Firstly, the intercalation in LDH of an electroactive metal complex, an iron porphyrin functionalized with sulfonate groups, investigating deeply its electrochemical behavior in the presence of CO2 and analyzing the product formation. Secondly, the role copper in LDH matrices will be studied, assuming that the possible formation of copper oxide or metallic copper during the reduction process in the presence of CO2 will enhance their electrocatalytic activity. In this last part, many factors regarding the inter and intra layer domain of the LDH, the ways of preparation, the Cu contents, will be investigated to find the best composition for CO2ERR.

II.1. Introduction

Electrification of the society requires systems able to efficiently convert electricity to chemical energy and vice-versa. In that endeavour, the development of new electrolysis processes, including search of catalysts to improve selectivity and efficiency towards the desired products is essential. Among the challenges associated with setting-up new electrolysis processes, the development of modified electrodes with catalytic properties is needed. The field of modified electrodes (MEs) is vast ranging from the simple adsorption of molecular catalyst on planar electrodes to nanostructuration in tri-dimensional electrodes 1 .

The immobilization of molecular catalysts for a given reaction is an attractive strategy as it offers the possibility to control the active sites at the molecular level and thus, the redox and catalytic properties. Moreover, the incorporation of active molecular catalysts into host matrices to modify electrode surfaces gives access to the advantages of heterogeneous catalysis. On the one hand, developing supported molecular catalysis requires addressing a large number of issues such as: the choice of host material, the method of immobilization of the molecular catalyst, the search of means to transport electrons, ions and substrates within the hybrid structure. On the other hand, the heterogenization strategy of molecular catalysts may lead to a better control of the environment of the catalytic active centre, to improve catalytic efficiency, to prevent the catalyst deactivation, to facilitate product isolation and catalyst regeneration. It gives also the possibility to perform electrolysis in aqueous electrolytes and circumvent the limit of use of organic media where molecular catalysts are often soluble.

In the recent years, hybrid organic-inorganic materials, defined as an intimate combination at the nanoscale of organic and inorganic components, have attracted a lot of attention 2 . Some of them have been designed for sensing, separation, and catalytic conversion of CO2 3 . Among the inorganic host matrices, the layered structures 4 , such as layered double hydroxides (LDH) 5 and layered simple hydroxides (LSH) 6 , constitute an attractive class of materials with advantages for immobilizing molecular catalysts in relatively accessible synthesis methods. x/y.nH2O. One of the remarkable characteristics of these latter compounds is that the interlayer anionic species (A y-) is usually coordinated to the inorganic layer metals (M 2+ ), in contrast to LDH for which the major driving force behind intercalation of guest molecules in the interlayer spaces is related to electrostatic interactions and Hydrogen bonds.

In this chapter, a special attention will be paid to the intercalation of iron (III) tetra sulfonatophenyl porphyrin (FeTSPP) within LDH and LSH for preparing modified electrodes for CO2ERR. After a short overview of the literature on the role of iron porphyrins in CO2 electroreduction and on the previous results obtained concerning the immobilization of porphyrins within layered hydroxides materials, the results obtained for ZnCr-FeTSPP LDH and Zn-FeTSPP LSH will be presented focusing on structural and morphological characteristics. Electrochemical behaviour by cyclic voltammetry (CV) of FeTSPP-based hybrid LDH will also be detailed as a function of the nature and pH of aqueous electrolyte solutions under different atmospheres (Ar and CO2). Evaluation of the CO2ERR by preparative scale CO2 electrolysis will finally be presented.

II.1.1. Role of iron porphyrins in CO2 electroreduction

Iron (III) tetraphenyl porphyrins (FeTPP) have shown high selectivity and efficient transformation of CO2 to CO in both organic and aqueous homogeneous media following a well-known mechanism [7][8][9][10] . The cyclic voltammetry of FeTPP in DMF + 0.1 M NEt4ClO4 under inert atmosphere showed three reduction waves corresponding to the couples: Fe III /Fe II (E = -0.3 V/SCE), Fe II /Fe I (E = -1 V/SCE), and Fe I /Fe 0 (E = -1.6 V/SCE) (Fig. II.1). The dominate species for the electro-conversion of CO2 is Fe I/ Fe 0 12 . Upon saturating the medium with CO2, the Fe I /Fe 0 wave increases in current and becomes irreversible due to a slow catalysis process 12 . It turns out later that in the absence of any co-catalyst, the porphyrins are destroyed due to hydrogenation and/or carboxylation at room temperature. This behavior is shown for every porphyrin, except the ones who possess ester or nitriles based aromatic rings 13 . The co-catalysts in this case are of two kinds: first the addition of a weak Brönsted acid such as phenols, propanol, trifluoroethanol 12 , etc. or the addition of a divalent Lewis acid cations such as Mg 2+ , Ca 2+ , and Ba 2+ or monovalent: Li + , Na + 13 .

The bond cleavage mechanism using weak Brönsted acid as a co-catalyst was studied by Constantin et al 14 Figure II.3: Reaction mechanism of the reduction of CO2 to CO using phenol as AH cocatalyst 15 .

Another co-catalyst can be used: A Lewis acid that is a divalent or monovalent metal cation 13 .

A preparative scale electrolysis was made using Mg 2+ and Li + leading to the formation of 78% and 85% of CO, respectively. In both cases, there is the formation of formate (10%) more pronounced in presence of Mg 2+ (30%). The problem with the use of metal cations is the formation of insoluble carbonate species which precipitate at the electrode surface and may block some sites making them inactive. In case of Li + , the kinetic of the bond cleavage is of the second order due to the use of two cations to break the bond. First, a lithium cation binds to one of the oxygen of the coordinated CO2, a CO2 molecule coordinates to the free oxygen of the LiCO2 species, and a second lithium cation coordinates to the CO2 to form the Fe(II)CO adduct and Li2CO3. In case of magnesium, since it is two electrons deficient, it forms a bridge like structure by coordinating to the two free oxygen to form the Fe(II)CO adduct.

II.1.2. Immobilization of porphyrins in LDH and LSH

The immobilization of various free bases and metal porphyrins bearing anionic groups i.e.

sulfonates or carboxylates, into layered hydroxide structures (LDH or LSH) have been investigated due to the intrinsic properties that these organic-inorganic hybrid materials offer in different kinds of fields such as: chemical catalysis 16 , photochemical 17 , and electrochemical 18 . Different synthetic methods can be used for the preparation of these hybrid materials such as: adsorption [19][20] , copreciptation 21,22 , anionic exchange 23,24 , calcination/ reconstruction 25,26 and layer-by-layer 27,28 . Table II.1 gathered most of the systems involving metalloporphyrin and LDH with their corresponding applications. Many of the works describing the intercalation or surface immobilization of metallo porphyrins on LDH investigated their catalytic efficiency mainly in cyclohexene photocatalytic epoxidation 30 , alkane, cyclohexane, cyclohexene and cyclooctene oxidation and alkene aerobic epoxidation 36,37 .

In 1996, Bonnet et al 38 tetrakis(4-carboxyphenyl) porphyrin)) in Zn-LSH by co-precipitation to investigate the photophysical properties of these hybrids materials 42,43 . In addition, some LSH-porphyrin hybrids have been used for their catalytic 44 or photochemical 45 properties and others to build modified electrodes for the catalysis of electroreduction of hydrogen peroxide, dioxygen and nitrites 46 .

Heterogenization of porphyrin for CO2ERR applications has been done in organic-inorganic building block Metal-Organic Framework crystalline structures (Fe-porphyrin-based MOFs) and carbon nanotubes (CNTs) for instance as presented in chapter I, and these immobilizations have a drastic effect on the efficiency and stability of the CO2 reduction catalyst. Thus, in this chapter, inspired by such works and the catalytic properties of ZnCr-FeTSPP LDH with respect to O2 electroreduction, hybrid FeTSPP-based LDH and LSH materials were investigated as electrode modifiers for the catalysis of reductive electrolysis of saturated CO2 aqueous solution.

However, although porphyrin based LDH and LSH materials maintain the catalytic activity of the macrocycle in certain condition and although these layered materials thanks to their hydroxylated layers are described as CO2 capture agents, their use as hybrid materials for more demanding reactions, such as CO2 electroreduction reactions (CO2ERR) is challenging.

Indeed, the negative potential required to drive these reactions entails the risk of destabilization of the host structure or competition of the activity of the molecular catalyst with the catalytic activity of the host matrix itself.

loaded in another addition funnel and both solutions were added dropwise to the porphyrin solution over the course of six hours at room temperature and strong stirring (1000 rpm). 

II.2.2. Preparation of modified electrodes

For CV analysis, modified electrodes were prepared by solvent casting on glassy carbon electrode (GCE,  = 3 mm, A = 0.07 cm 2 ) following a procedure previously described 27,12 .

Before modification, the electrode surface was polished with 1 µm diamond paste (Presi) and washed with acetone and then it was polished again with 0.04 µm alumina slurry (Presi) to be finally rinsed with ethanol and water. Suspensions of hybrid materials (4 mg/mL) were prepared by sonication of ZnCr-FeTSPP LDH or Zn-FeTSPP LSH in water. Aliquots of 10 μL (40 µg) of these suspensions were deposited on the surface of GCE and dried under darkness for at least 2 h to ensure their complete drying before use.

Carbon paper electrodes (CPE-AvCarb MGL190 from FuelCell Store) with a larger surface area (1 cm 2 /side) were used in electrolysis experiments. Hence, the geometrical surface area of all working electrodes used was 2 cm 2 . They were cleaned in ultrasound bath as follow: 15 min acetone, 15 min ethanol, 15 min water and let dry in 40°C oven before the deposition of 125 µL of hybrid material suspension on both sides of the electrodes (2 x 500 µg, 500 µg cm - 2 ). The modified CPE were dried at room temperature overnight.

Considering the chemical analysis, the amount of FeTSPP deposited on the GCE and CPE are 2.00 10 -8 and 5.00 10 -7 mol for ZnCr-FeTSPP|GCE and ZnCr-FeTSPP|CPE, and 1.52 10 -8 and 3.80 10 -7 moles for Zn-FeTSPP|GCE and Zn-FeTSPP|CPE, respectively. The stability of these films was studied using spectrometric method. The ZnCr-FeTSPP|GCE and Zn-FeTSPP|GCE modified electrodes were soaked for 1 h in 3 mL of Na2SO4/CO2 (pH 4.5), then the amount of FeTSPP released from the electrode surface into the electrolyte was determined by UV-vis spectroscopy. The molar extinction coefficient of FeTSPP ( = 10.2 10 4 M -1 cm -1 ) in aqueous acid solution (pH 4.5) was determined from the absorbance of the Soret band at 393 nm as a function of FeTSPP concentrations 48,49 . The same procedure was performed with modified CPE, in this case the volume of electrolyte was 30 mL.

II.3. Structural and morphological characterization of hybrid porphyrin based layered compounds

Layered hybrid materials, ZnCr-FeTSPP and Zn-FeTSPP, were prepared by the direct coprecipitation method to facilitate the effective intercalation of the bulky macrocycles. The ZnCr-FeTSPP and Zn-FeTSPP phases, respectively. All the diffraction lines can be assigned to pure layered phases with no impurities. The formation of hybrid layered hydroxide structures is confirmed by the limited number of (hkl) reflections above 30°. The interlayered values are in good agreement with the values previously reported for ZnCr-FeTSPP (2.326 nm) 29 and ZnAl-FeTSPP (2.295 nm) 37 , which are consistent with the porphyrin intercalation with a perpendicular orientation of the porphyrin plane with respect to the LDH layers, the sulfonate groups interacting with adjacent positively charged sheets. Similar values have also been reported in the case of the intercalation of ZnTSPP (2.28 nm) and PdTSPP (2.22 nm) 31 within Zn-LSH, highlighting that the FeTSPP adopts a similar orientation, the nature of the metalation having no significant effect. Despite the presence of the tetrahedral Zn atoms on the hydroxide octahedral layers pointing into the interlayer domain in the case of LSH, the interlayer distances for the LSH and LDH hybrids are similar. Chemical analysis of the materials confirmed the presence of the different elements in the materials. For the LDH a Zn/Cr ratio of 2.02 and an excess of porphyrin were evaluated, the latter suggesting that a part of the macrocycles is adsorbed at the surface of the LDH particles. For the LSH, the analysis led to a Fe/Zn ratio of 0.078, close to the maximum theoretical loading (Fe/Znth-max = 0.1). and C=N in phenyl and pyridyl aromatic ring. Bands situated between 1200 and 1010 cm -1 are typical of phenyl-sulfonate groups and those between 1000 and 900 cm -1 of C-H rock and N-H pyrrole groups. Finally, the 700-800 cm -1 region is attributed to out of plane C-H vibrations. The fundamental stretching vibrations as (SO3) and s(SO3) were observed at 1182 and 1037 cm -1 for ZnCr-FeTSPP and 1180 and 1037 cm -1 for Zn-FeTSPP, respectively.

Interestingly, the position of these two bands are practically the same as that reported for the ZnAl-FeTSPP (1184 and 1039 cm -1 ) 13 or for the non-intercalated FeTSPP (1187 and 1033 cm - 1 ), suggesting that -SO3 -groups of intercalated porphyrins interact with the LDH or LSH layers in a similar way that is via weak interactions, i.e. hydrogen bonding. Previously, Demel et al. suggested that metallic TSPP were not covalently link to zinc atoms of the LSH layers 42,43 .

Aqueous solutions of FeTSPP are characterized by a pH-dependent equilibrium of monomers and dimers 49,51,52 . This equilibrium depends also on the medium ionic strength and on the porphyrin concentration. The UV-Vis absorption spectrum of the monomer Fe(H2O)nTSPP dissolved in acidic solution (pH 4.0) exhibits a Soret band at 394 nm and Q bands at 503 and 531 nm; whereas at pH 9.0, bands attributed to µ-oxo dimer are situated at 410 nm (Soret band), 565 and 610 nm (Q bands) 49,52 . For comparison, a thin film of FeTSPP deposited on a quartz plate exhibits bands located at 408, 578 and 621 nm, respectively 32 . The same band positions are reported for an ultrathin film built by the layer-by-layer self-assembled technique of FeTSPP and CoAl-LDH nanosheets 46 . The red shift is consistent with strong interactions between the molecular complexes in the films. The stability of these as-prepared films was analyzed after soaking the modified electrodes in the electrolyte (0.1 M Na2SO4/CO2, pH 4.5) for 1 h. The quantification of released species was performed by an UV-Vis absorption spectrometric method. The variation of absorbance was measured at 393 nm that corresponds to the Soret band of FeTSPP in acidic solution (Fig. II.11). The percentages of leaching were 17 and 12 % for ZnCr-FeTSPP|GCE or ZnCr-FeTSPP|CPE, respectively, which could be linked to a part of adsorbed FeTSPP, rather than intercalated, as evidenced by the chemical analysis. However, this percentage increased significantly for the modified electrodes prepared with Zn-FeTSPP LSH, with more than 60 % of leaching whatever the electrode used. The quality and the stability of the Zn-FeTSPP LSH thin films, prepared in the present conditions, are limited and clearly necessitate further optimization to limit the release of FeTSPP in electrolyte to be used as modified electrodes.

Therefore, Zn-FeTSPP LSH was not further studied in detail in the following and we focused only on ZnCr-FeTSPP LDH. The following study aimed at describing the potential electrocatalytic properties of FeTSPP intercalated into LDH towards CO2ERR. The ZnCr-LDH host structure was chosen since it is reported to be stable in acid conditions 27 . The electrochemical behavior of the free FeTSPP was first investigated in aqueous solution under CO2 atmosphere, then the electrochemical response of ZnCr-FeTSPP was investigated by CV as a thin film deposited on the surface of GCE. Evaluation of the CO2ERR was finally done by preparative scale CO2 electrolysis in aqueous electrolytes using modified CPE.

II.4. Electrochemical results

II.4.1. Electrochemical characterization of FeTSPP in aqueous electrolytes.

The electrochemical behavior of water soluble FeTSPP is known to be pH dependent according to the nature of axial ligands (H2O, OH -, O 2-) on the metal centre [53][54][55] . In acidic media the FeTSPP monomer is favored but a µ-oxo-bridged dimer is detected in basic solutions 49,51,52 . This latter species shows a slow heterogeneous charge transfer without any well-defined electrochemical signal in CV 53 . As shown in figure II.11, in 0.1 M KHCO3 at pH 8.6 (curve a and inset), an irreversible wave is observed at -1.2 V vs. SCE which may correspond to the irreversible reduction of Fe II/I 50 . A well-defined Fe III/II signal is not observable in these pH conditions in line with a chemically slow µ-oxo-dimer dissociation prior to reduction thus leading to a chemically limited CE mechanism 56 . The Fe I/0 redox process is also hardly discernible since it is concomitant to the hydrogen evolution reaction (HER). However, this third wave is the wave of interest for CO2 electrocatalytic activation 57 .

In the presence of CO2, the pH of the electrolyte solution (H2O + 0.1 M KHCO3) decreases to 6.4 and the features of the successive reduction of the initial µ-oxo dimer are modified. An increase of the catalytic cathodic current at -1.60 V is observed (Fig.II.12, curve b). However, the catalytic wave shows a crossing of the forward and backward CV traces, indicating an increase of the catalytic current as time is passing by. This behaviour is often due to an evolution of the initial catalyst toward a more efficient catalytic species that might be deposited on the electrode surface. 58 In 0.1 M Na2SO4 upon CO2 saturation atmosphere (pH 4.5), the well-defined reversible redox couple Fe III/II of the monomeric form of FeTSPP is recovered at E1/2 = -0.28 V and an intense cathodic peak appears at -1.49 V which may probably be due to the catalytic reduction of CO2 (Fig. II.12, curve c). We again note a trace crossing in the CV presumably indicating an evolution of the iron porphyrin catalyst at highly negative potentials. In order to verify the ability of the electrogenerated Fe 0 TSPP to catalyse the CO2ERR, a controlled potential electrolysis was performed in an aqueous solution of 0.45 mM FeTSPP in 0.1 M Na2SO4 under CO2 atmosphere at an applied potential -1.45 V (negative enough to observe catalysis but positive enough to prevent catalyst evolution).

Experimental details are given in annexe (A.1.5) After the passage of Q = 22 C, analysis of the headspace gas led to a faradaic yield (FY) (calculated as described in annexe page 167) of 18 % of CO2-to-CO conversion and 60 % of hydrogen production. Replacing the Na2SO4 electrolyte by a phosphate buffer (PBS, pH 4.5, E app -1.60 V) leads to the exclusive formation of H2. This is in line with previously reported results for CO2ERR with a water soluble iron porphyrin catalyst showing that addition of phosphate buffer promotes the catalytic HER over the competing CO2-to-CO conversion. 57 These CO2 electrolysis results, obtained with homogeneous FeTSPP aqueous solutions, show that this molecular catalyst can be used for the conversion of CO2, but with some limitations regarding its selectivity, the nature of 

II.4.2. Electrochemical characterization of Fe III in ZnCr-FeTSPP

To assess the electroactivity of the metallic centres in ZnCr-FeTSPP, CV measurements were conducted in different aqueous electrolytes (LiClO4, NaClO4, KClO4, and Na2SO4, 0.1 M in H2O) in a potential range between 0 and -0.50 V vs. SCE. From DRX, UV-Vis and FTIR data, we can assume that µ-oxo dimers are present within the interlayer space of ZnCr-LDH host matrix 55 . We studied the evolution of UV-Vis spectra of ZnCr-FeTSPP|ITO thin films As observed for the FeTSPP in aqueous solution, this immobilized µ-oxo-dimer species gives an ill-defined electrochemical signal in neutral pH in line with a reduction of the Fe III centres preceded by a chemically slow µ-oxo-dimer dissociation. 55 Since the monomer is favored in acidic medium, the pH of the electrolyte solutions was fixed at 4. redox system of the FeTSPP in solution (E1/2 = -0.28 V), measured in the same electrolyte condition (see above). It should be noted that the current intensity of this Fe III/II signal is particularly small compared to the electrochemical signals previously reported for other electroactive anions intercalated in LDH, such as anthraquinone sulfonates 59 , ferrocene sulfonates 60 or 2,2'-azino-bis(3-ethylbenzthiazoline-6-sulfonate) 61 . Due to a charge balancing effect, the amount of intercalated FeTSPP, bearing four sulfonate groups, is at least two or four times lower than disulfonate or monosulfonate anions. Moreover, this iron complex must be in a specific coordination to be electroactive. 

II.4.3. Electrocatalytic response of ZnCr-FeTSPP in the presence of CO2

As shown in figure II.12 for the FeTSPP in aqueous solution, the CO2 electrocatalysis process occurs at a cathodic potential corresponding to the reduction of Fe I . Therefore, the electrochemical response of ZnCr-FeTSPP was studied in 0.1 M Na2SO4 over a wider potential range (Fig. II.16). A significant increase of the electrochemical signal is observed in the presence of CO2 (curve b) compared to the signal obtained under Ar (curve a). However, the new peak observed at -1.50 V is associated on the reverse scan with an irreversible anodic wave at -1.00 V. This irreversible redox system was observed in all investigated electrolytes.

Comparing the CV of ZnCr-FeTSPP with a reference LDH containing no porphyrin (ZnCr-NO3, Inset Fig. 16), one can assume that these peaks can be associated with the presence of Zn 2+ in the LDH matrix [60][61][62] . It should be noted that the position and intensity of the anodic peak depend strongly on the presence of CO2, and then on the pH of the solution. what was performed for porphyrin in solution. Unfortunately, at these applied potentials the catalytic currents were too low and do not provide an efficient catalytic process. At a more cathodic potential (E app = -1.60 V) with a ZnCr-FeTSPPCPE electrode, there is no CO formation and only H2 is detected (FY = 75%; Table II.3). Using a LDH containing no Feporphyrin (ZnCr-NO3), we obtain the same faradaic yield of H2, with low efficiency (Table II.3), in line with the CVs shown in figure II.16 indicating that at -1.6 V the current is dominated by the redox activity of the LDH matrix. These results show that the catalytic electrochemical process takes place mainly on the ZnCr-based LDH part of the hybrid material. Indeed, the very slow apparent diffusion coefficient (D app ) of the charge transport required for activation of FeTSPP would only make a very tiny amount of CO2ERR catalyst available. In order to know the activity of this new Zn free hybrid material deposited on CPE, an electrolysis was conducted in the same experimental conditions than with ZnCr-FeTSPP at -1.60 V (Table .II.3). With a MgAl-FeTSPP|CPE electrode the major product detected is also H2 (FY = 97%), confirming the poor catalytic behavior for CO2ERR of immobilized FeTSPP when it is intercalated in the LDH materials, and also the non-innocent role of the LDH matrices and/or FeTSPP towards HER, the competitive CO2ERR reaction in aqueous electrolytes.

II.5. Conclusion

In this chapter, an anionic iron-porphyrin (FeTSPP) was intercalated in between ZnCr-LDH and Zn-LSH layers using a co-precipitation method at constant pH. Structural and UV-Vis 

II.6. References

III.1. Introduction

As mentioned previously in Chapter I and II, the heterogenization of molecular catalysts consists in one of the attractive approaches in CO2ERR. Inorganic heterogeneous materials, e.g. metallic electrodes, metal-nanoparticles, transition-metal oxides, transition-metal chalcogenide and carbon-based materials can be also used as innovated nanostructured electrocatalysts for reducing CO2 into different small molecules 1 . The main advantages of inorganic materials for CO2ERR are related to their easy preparation, environmental friendliness, high efficiency and potential large scale applications.

Metal electrodes were used as heterogeneous electrocatalyts for CO2ERR. These metal electrodes possess high potential for HER, insignificant CO adsorption ability and high potential to pass from CO2 molecule to CO2 -• ion 2 . For this reasons, the engineering of metal electrodes is of great interest since it will eliminate the drawbacks mentioned previously through tuning the nanostructuration of the materials to be ready to act as an electrocatalyst.

Several examples have been described using for instance nanoporous Sn foam 3 , 3D porous Pb foam 4 , dendritic Zn 5 . Among these electrocatalysts, copper based materials are the most promising electrocatalysts for the electro-conversion of CO2 to C2 + molecules. From the literature, it is suggested that the oxidation state, the particle size and the morphology of the copper based electrocatalysts can play an important role on the selectivity of the electroreduced molecules with different faradaic efficiencies. Consequently, nanostructured catalysts displaying low-coordinated sites (corner, edge, step and defect) lead to enhanced electrocatalytic reduction of CO2.

III.1.1. Role of copper based materials in CO2 electroreduction

Copper has been known as efficient electrocatalyst for CO2 starting from metallic copper electrode which is the simplest architecture of the material. Hori et al 6 showed the ability of copper electrode to electrochemically reduce CO2 to hydrocarbons with quantitative amount at STP conditions. This study shows that the CO2 is first reduced to CO and then further reduced to the hydrocarbon or formate due to the low surface coverage of intermediate CO species on copper. The nature of the products varies significantly with the applied potential: less-negative potentials leading preferentially to H2, HCOOH, and CO, while at more negative potentials CH4 and C2H4 are preferentially produced. Doping the copper electrocatalyst with a heteroatom such as Pd 7 has an effect on its electrocatalytic efficiency. It will not only modify the geometric structure of the copper but also it will create an electronic effect with the copper making it more efficient for CO2 electroreduction. Doping Cu based catalyst with Ag extensively favors CO formation 8 , while substituting Ag by In can promote the formation of formic acid 9 . Lee et al. 10 the electrocatalyst is able to adsorb hydrogen to participate in the mechanistic intermediates step. This further shows that the morphology and architecture of the electrocatalyst affect the selectivity of the reduced products.

III.1.2. Role of copper based LDH in CO2 electroreduction

As shown in the chapter I, LDH have been used as catalysts for the photo-or electroreduction of CO2. Recently, copper-based LDH have been described as promising catalysts for CO2ERR. To enhance the FY of the electrocatalyst, the same research group used a conductive additive to increase the electron transfer 15 . Cu5Al-CO3 LDH was combined with graphene oxide (GO).

The electro-reduction of the composite material was carried out at E app of -1.8 V vs. Ag/AgCl were performed in an aqueous potassium chloride solution to evaluate the performance of these materials towards CO2ERR.

III.2. Study of CuxAl-CO3 LDH phases

III.2.1. Synthesis of CuxAl-CO3 (2≤x≤5) by co-precipitation

The copper based LDH were synthesized by direct co-precipitation at a constant pH of ± 10.0.

A metal salt solution (M= 0.12 M) was prepared by dissolving different concentrations of Cu(NO3)2.3H2O and Al(NO3)3.9H2O in 50 mL deionized water. A mixture of 0.1 M NaOH and 0.2 M Na2CO3 dissolved in 100 mL deionized water was added by a peristaltic pump with the salts into a 250 mL reactor containing 15 mL deionized water. After the addition of all the volume of the salt, the suspension was divided into two batches: one was aged at room temperature and the second was thermally aged under reflux at T= 60 °C for 24 h under stirring, after that the suspension was centrifuged and washed with deionized water two times. 

III.2.2. Structural and morphological characterization of CuxAl-CO3

The PXRD patterns obtained for the different CuxAl-materials are reported in Fig. leading to a different structural arrangement due to the elongation of the octahedral coordination sphere 18 . By increasing the Cu/Al ratio in the RT aged samples, the patterns are strongly modified displaying less reflections, which become similar to those expected for classical R-3m symmetry. The broadening of the peaks in the diffractograms is assigned to the decrease of the crystallinity of the samples. The higher the ratio, the lower the intensity of the reflection. No crystalline side phases are observed. This trend could be in aggrement with the presence of a cationic ordering for the ratio Cu2Al, as reported for Cu2Cr and Zn2Cr LDH 19 . A small shift to higher theta values of the (003) diffraction peak was observed, from 11.8° to 12.3° (corresponding to a slight contraction of the interlayer space from 7.4 Å 7.3 Å). The chemical analysis (Table III.2) for the thermally aged phases shows a coherent value for Cu/Al=2 and a slightly bigger value compared to the theortical value except as copper content increase. For Cu/Al= 5, it show high experimental value assuming the formation of CuO phase as the Cu/Al ratio increases. strong absorbance band between 3600 and 3200 cm -1 related to the hydrogen bond stretching band of the hydroxyl group  () of the layer and the interlayer water 21 . A weak band appears between 1640-1620 cm -1 due to the bending mode of water molecules. FTIR is helpful to determine the chemical composition of the anions adsorbed or intercalated into the LDH structure. The intense adsorption band located between 1430 and 1270 cm -1 corresponds to two different contributions: the sharp band observed at 1386 cm -1 is related to the 3 mode of the nitrate anion while the band at 1361 cm -1 is attributed to 3 mode of the carbonate anion. The band at 849 cm -1 was also due to the ν2 mode (out of plane bending) of the carbonate and nitrate anions. This traduces that a small part of nitrate anions is still present and probably adsorbed at the particles surface despite the presence of carbonate anions, known to display a higher affinity with the layer. At lower ranges, we can find the typical vibration band of hydrotalicte structure represented by the vibration of the LDH sheet 16 (M-O) at 986cm -1 , M-OH at 637 and 578 cm -1 , and O-M-O vibrations at 443 cm -1 . The increase of copper ions into the layer has some consequences on the spectra: i) the frequency components of (OH-HOH) shift to lower frequencies; ii) the appearance of a new band in the region of ν3 (at 1467 cm -1 ) corresponding to the modification of the carbonate symmetry from D3h to C2v; iii) the increase in intensity of the band at 986 cm -1 and the appearance of a band at 519 cm -1 with the copper content increase. Note that the band positions remain independent of the included copper ion amount. The thermal behavior was investigated by thermogravimetric analysis (TGA). The TGA trace (Fig.III.12) shows three main weight losts in good agreement with the reported LDH thermal behavior 22 . The first one (12.2%) extends between 25 to 200 °C and is related to the removal of physisorbed and interlayer water molecules occurring usually with a loss of the layered structure 23 . In the literature, mass spectroscopy coupled with TGA evidenced that CO2 + peak was also detected in the spectrum for this stage, suggesting that adsorbed carbonate anions are also eliminated at these temperatures. Since FTIR indicated the presence of adsorbed nitrate too, we can suggest that these anions are eliminated conjointly with carbonate. The second loss weight located between 200 to 500 °C (16.6%) is attributed to dehydroxylation of the lattice conjointly with a partial decomposition of the interlayer carbonate anions. At higher temperature, the last event is attributed to the decomposition of the interlayer carbonate anions and the complete decomposition of the LDH in oxides (CuO) and mixed oxides (CuAl2O4). The total weight loss corresponds to 33.5% of the materials in good agreement with the theoretical value of 34.8% calculated for the thermal decomposition of a Cu2Al(OH)6(CO3)0.5.2H2O LDH matrix into 1/2 CuAl2O4 + 3/2 CuO. 

III.2.3. Electrochemical characterization of CuxAl-CO3

To study the electrochemical behavior of the Cu-based LDH-thermally treated at T = 60°C a specific protocol was established for all investigated samples. All Cu-LDH modified electrodes were prepared by solvent casting on carbon paper electrodes (CPE, A = 2 cm 2 ).

Experimental details concerning the electrode preparation and the potentiostat are available in Annexes (A.1.6 and A.1.7).

i)

The pristine Cu-LDH|CPE electrodes were first characterized by cyclic voltammetry (CV) (v = 50 mV/s) under Ar in 0.1 M KHCO3 in a potential range between 0.5 V and -1.0 V vs SCE (3 cycles).

ii) A linear sweep voltammetry (LSV) (v = 20 mV/s) was then recorded under Ar in 0.1 M KHCO3 between 0 V and -1.6 V vs SCE.

iii) An electrolysis was then performed by chronoamperometry (CA) at E app = -1.6 V vs SCE for 1 h under CO2 flux in 0.1 M KHCO3.

iv)

The activated electrodes (ER-Cu-LDH|CPE) were therefore characterized by LSV (v = 20 mV/s) under CO2 between 0 V and -1.6 V vs SCE in 0.1 M KHCO3.

v) Finally, a CV (v = 50 mV/s) was recorded under Ar in a potential range between 0.5 V and -1.0 V vs SCE (3 cycles) in 0.1 M KHCO3.

This electrochemical characterization was repeated at least two times for each sample.

The Figure II.13A shows the LSV curves for the series of CuxAl-CO3|CPE under Ar (dotted lines) and CO2 (hard lines). After the electrochemical activation under at E app -1.6 V vs SCE for 1 h (Fig. 13B), the cathodic currents increased when the potential swept to -1.0 V, suggesting that a CO2 electroreduction reaction took place 15,[24][25][26] . Cu2Al-CO3|CPE displayed the highest current of 12.3 mA at E = -1.60 V vs SCE.

Figure III.13:

A) Linear sweep voltammetry (LSV, v = 20 mV/s) curves in 0.1 M KHCO3 under Ar (dotted lines) and CO2 (hard lines) and B) Chronoamperometery under CO2 for 1 h
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at E app = -1.6 V vs SCE of CuXAl-CO3|CPE with Cu/Al ratios x = 2 (a), 3 (b), 4 (c) and 5 (d).

After an electrolysis in 0.1 M KHCO3 at -1.6 V for 1 h under CO2, the ER-Cu2Al-CO3|CPE

was also characterized by cyclic voltammetry (CV) under Ar in a potential window between 0.50 V to -1.0 vs SCE, the pH of the electrolyte solution 0.1 M KHCO3 under Ar being basic (8.6). This CV curve is compared to that obtained with the same electrode before used was observed with two sharp reduction peaks at -0.270 V and -0.600 V, which can be assigned to the successive reductions of Cu 2+ /Cu + (C2) and Cu + /Cu 0 (C1) 27,28 . The broad anodic peak (A) that appears between -0.20 and 0.10 V can be assigned to the formation of mixed oxides (Cu2O, CuO)/Cu hydroxide phases giving rise to successive oxidation processes 28- 30 .The morphology, hence roughness of the LDH film, can deeply contribute to the peak current intensities. An increase of the peak current suggests that after the electrochemical activation more copper sites are electroactive in the LDH coating and hence can to be involved in CO2ERR. 

E (V/SCE) over the CO2 conversion. These results obtained in DCM clearly show the effect of pH and applied potential on the catalytic efficient, the optimum conditions being in 0.5 M KCl at E app = -1.4 V, pH 5.6 (Fig. A7). These optimized conditions were used to perform the electrolyses with various Cu-based LDH here in Clermont-Ferrand, using ionic chromatography to determine the faradaic efficiency to convert CO2 to HCOOH. Experimental conditions are described in annexes (A.1.7).

C 2 : Cu 2+ + 1e -→ Cu + C 1 : Cu + + 1e -→ Cu 0 (a) 
Three electrolyses were performed with Cu2Al-CO3|CPE using three different modified electrodes and similar conditions. The results show the efficiency of this material to transform CO2 to HCOOH with a high and reproducible FY (37±5%) (Table III.3). In DCM, an electrolysis was carried out in a sealed cell with a Cu2Al-CO3|CPE to quantify the formation of volatile products. Under the optimum condition (0.5 M KCl, E app = -1.4 V, ≈ 50 C), the yields are 31 %, 6 %, and 54 % for HCOOH, CO and H2, respectively; no ethanol was detected.

In addition, two Cu5Al-CO3 samples, either thermally treated (60°C) or not (RT), were tested in the same conditions to highlight the effect of increasing copper content in the layer and of 

III.2.4. Post-characterization of Cu2Al-CO3 after electrolysis

To investigate the origin of the electrocatalytic properties, ER-Cu2Al-CO3|CPE (obtained after the electrolysis experiment in 0.5 M KCl at E app =-1.4 V vs SCE Qf = 40 C) was characterized by different techniques, XRD, SEM, cyclic voltammetry, X-ray photoelectron spectroscopy (XPS) and X-ray absorption spectroscopy (XAS). These data were compared to those obtained from the pristine electrode Cu2Al-CO3|CPE. In the pristine Cu2Al-CO3|CPE, a Cu 2P3/2 peak is observed at 934.7 eV. It is associated with a shake-up satellite peak that is a characteristic of Cu 2+ species 34,35 . Indeed, the shake-up peaks are present only in the d 9 Cu(II) containing samples. In comparison to the pristine sample, the ER-Cu2Al-CO3/CPE after the electrocatalysis process displays a dissymmetry of the Cu2P3/2 peak, the component situated at lower binding energy (Eb = 932.3 eV), corresponding to the mixed (Cu(I)+Cu(0)) contribution, increases noticeably. A small contribution of copper oxide (CuO) is also present. A precise quantification of Cu(II), Cu(I) and Cu(0) components requires an accurate curve-fitting data which is difficult to obtain due to peak overlapping of the different components. In particular, distinguishing between Cu(I) and Cu(0) is considered hard since these two oxidation states have approximately the same binding energies 36 . A quantification of Cu(I)+Cu(0)/Cu(II) ratios in those samples was performed by the method proposed by Biesinger 37 based on the analysis of the ratio between the main peak (Cu2p3/2) and shake-up peak areas. This analysis shows that the surface (15 nm) of the Cu2Al-CO3|CPE contains 5% of reduced copper species (Cu(I)+Cu(0)) which may be due to X-ray degradation of Cu(II) 36 whereas this ratio increases up to 13 % in the ER-Cu2Al-CO3/CPE. The difference observed of 8% could be attributed to the reduced copper species that have been generated electrochemically during the electrolysis experiment and which are responsible for the CO2ERR 14 leading to the transformation of CO2 to HCOOH.

XAS (EXAFS and XANES) analysis of Cu2Al-CO3 were performed at the Cu K-edge at the 

III.2.5 Summary

In this part, a series of CuRAl-based LDHs were synthesized by direct co-precipitation at constant pH. Structural characterizations show that by increasing the Cu/Al ratio after aging at 60°C, a new phase appears attributed to the CuO phase, however the presence of this oxide by-product does not improve the electrocatalytic activity. The electrochemical characterization of these Cu-based LDH shows that Cu2Al-CO3 has the best performance A B solid solution is not formed for this composition. deionized water was added by a peristaltic pump with the salts into a 250 mL reactor containing 15 mL deionized water. After the addition of all the volume of the salt, the suspension was thermally aged under reflux at T= 60 °C for 24 h, after that the suspension was centrifuged and washed with water two times. Table III.5 shows the concentration of each salt used to obtain different Zn/Cu ratio. Chemical analysis (Table . III.5) indicates that for the ratio analyzed the expected values are obtained in the bulk materials in favor of an evolution according to an intralayer solid solution. 

III. 3.2. Structural and morphological characterization of ternary LDH

The PXRD patterns (Fig -a strong absorbance band at approximately 3500 cm -1 related to the hydrogen bond stretching band of the hydroxyl group  () of the layer and the interlayer water 21 .

-a weak band appears between 1640-1620 cm -1 due to the bending mode of water molecules.

-an intense adsorption band located at 1380 cm -1 which correspond to the carbonate/nitrate anions.

- The increase of Cu into the layer, progressively modify the band position and intensity between 1000 and 400 cm -1 , which is in favor of the formation of a solid solution into CuxMg2-xAl-CO3. Note that the presence of nitrate anions is mainly evidenced for x > 1.5 and seems then to be favor by a high level of copper into the layer. 

III.3.3. Electrochemical characterization of CuxMg2-xAl-CO3 and CuxZn2-xAl-CO3

In the previous paragraph, we have shown that the best results towards CO2ERR was obtained with a Cu/Al ratio of 2, so we will compare this result with those obtained with ternary composition CuxMg2-xAl-CO3 LDH and CuxZn2-xAl-CO3 LDH with x = 0.5, 1 and 1.5. The same procedure as previously was followed regarding the preparation of the modified electrodes and the investigation of their electrocatalytic performance towards CO2ERR.

The Activation of copper in CuZnAl-CO3|CPE under CO2 seems to be limited. This yield is better than that obtained with Cu2Al-CO3|CPE, although chemical analysis suggests that Mg has not been quantitatively inserted. In parallel, the replacement of Mg by

Zn caused a detrimental effect on the FY. As previously observed with the ZnCr-NO3|CPE

(see chapter II), the presence of Zn in LDH layer is more favorable to the competitive HER reaction, instead of the CO2ERR. This hypothesis must be verified with the determination of the gas components.

III.4. Effect of morphology of the LDH particles: CuxAl-Ac

As previously described the nanostructuration of the catalysts can promote the portion of lowcoordinated (corner, edge and step) sites whose catalytic behavior is distinct from the fully coordinated sites of bulk materials. Then in this part, the preparation of CuAl-LDH catalyst was investigated by using another synthetic approach than co-precipitation, the polyol method 40 to evaluate its influence on the CO2ERR.

Indeed, with nickel-based LDH, it was evidenced that the particle size and/or structural defects can modulate their electrochemical properties 41 .Therefore playing on the morphology, i.e. particle sizes, of the Cu-based LDH could be also a key factor to enhance their electrocatalytic efficiency towards CO2ERR. The polyol method has already been used for the preparation of nanosized metals, alloys and LDH 40,42 . The polyol method is reported as efficient method for the preparation of oxides, phosphates and sulfides due to the polarity of the polyol solvents which form a non-optimal colloidal stabilizer with nonpolar metal surface 43 . In this section, we will describe the synthesis of the CuxAl-Ac LDH (2 ≤ x ≤5)

where acetate is the interlayer anion and the influence of various parameters such as the role of solvent, the hydrolysis ratio, the time of reaction and the thermal activation. The electrochemical performance and the efficiency towards CO2ERR will subsequently be described for the Cu/Al ratios = 2 and 5.

III.4.1. Synthesis of CuxAl-Ac (2≤ x ≤5)

The CuxAl-Ac LDH phase were prepared by the polyol method. Typically, 0.1 M metal salt solution was prepared by dissolving Cu(CH3COO)2 and Al(OH)(C2H3O2)2 in 100 mL of solvent in a round bottom flask. The flask was placed either under reflux or microwave irradiation at T=80 °C for 1h, after that a fixed amount of DI water was added either after 1h by reflux activation or directly with the reactant mixture by microwave one, corresponding to a (h) ratio comprise between 0 and 304, and the reaction was further left under reflux or under microwave irradiation at 80°C. The precipitate was collected and washed two times with ethanol and let dry in a 40°C oven overnight. Table III.7 shows the concentration of the salts for the different Cu/Al ratios studied and chemical anaylsis obtained by ICP. 

III.4.2 Structural and morphological characterization of CuxAl-Ac

Different parameters such as: polyol solvent, time of the reaction, hydrolysis ratio (h) and thermal activation mode can affect the synthesis of such material. Diethylene glycol is considered suitable for the preparation of metal oxides precursor due to the many advantages offered by the solvent such as the polarity of polyol allowing better solubility of starting precursors, well crystalized materials for electron transfer properties and up scaled synthesis 44 . With this in mind, the influence of the nature of the solvent was explored and the preparation of Cu2Al-Ac in different solvents such as ethanol (Et), ethylene glycol (EG) and diethylene glycol (DEG) were carried out and heated with respect to the solvent used (90 °C for EG and DEG and reflux for Et). It can be seen that the characteristic reflection lines corresponding to the formation of acetate intercalated LDH with an interlayer distance of 12.4 Å are present for the synthesis in ethanol, which is in agreement with the literature 40 . On the other hand, moving from ethanol to ethylene glycol and diethylene glycol promotes the formation of a phase that does not correspond to LDH nor copper oxides, indicating that at these temperatures in these solvents for Cu based LDH, the expected phases are not formed.

The FT-IR spectra recorded for Cu2Al-Ac synthesized in different polyol solvents (Fig. III.31) show the vibration bands of H in hydroxyl groups at 3427 cm -1 . The two absorption bands located at 1554 and 1406 cm -1 corresponds to the asymmetric and symmetric vibration of the carbonyl group in the acetate interlayer anion in Cu2Al-Ac synthesized in ethanol (Fig. III.31a). The presence of polyol bands (region at 2900 cm -1 and between 1750 and 750 cm -1 ) on the spectra of materials synthesized in EG and DEG indicate that such solvents induced the complexation of the copper, in this approach avoiding the LDH co-precipitation. The water added during the synthesis in polyol method is considered of great importance since water addition promotes the hydrolysis of acetate complexes and prevent reduction reactions observed under reflux polyol media 40 . Hydrolysis ratio (h) is defined as H2O/ΣM molar ratio and a minimum value is required for complete hydrolysis of divalent and trivalent metal cations 41 . To that point, different hydrolysis ratios were applied for the synthesis of Cu2Al-Ac in ethanol. prevent the hydrolysis of Cu 2+ to form simple layered hydroxide (Cu2(OH)3-Ac) 40 . Increasing the time of the reaction promotes the crystallization and stacking of the material. On the spectra, the presence of insoluble aluminum precursor or copper oxide cannot be detected. In the following, we focused on the two extreme ratios Cu2Al-Ac and Cu5Al-Ac to evaluate the influence of the composition, since the latter has shown that CuO has also been generated during the experimental process. Ar, this former LDH exhibits an exponential increase of cathodic current at -0.9 V, associated to HER 48 . Both ER-CuxAl-Ac|CPE show an increase of Cu signals compared to the pristine LDH, resulting from the activation of copper species under electrolysis condition in the presence of CO2. In the cathodic scan, two well defined peaks (C1 and C2) are observed resulting from the reduction Cu(II) to Cu(I) and then Cu(I) to metallic Cu(0), respectively 28,48 .

These peaks are situated at the same potentials as previously reported with CuxAl-CO3|CPE Moreover, in the anodic scan ER-Cu5Al-Ac|CPE exhibits anodic peaks A1 and A2 and a third one A3 situated at 0.4 V. The enhancement in electrochemical activity of Cu5Al-Ac|CPE can be due to several factors, such as the small size of the particles leading to more reactive Cu species in LDH layers or the presence of CuO by-product on the LDH phase that can be more electroactive than the Cu-LDH. In the literature, peak A3 is attributed to the formation mixed oxide/hydroxide 30 or to surface active species in the double layer of hydrous copper oxide 28 .

More simply, Tang and al suggest that it can be related to dissolution of Cu species 48 .

-1.0 -0. The same conditions as previously described were used to perform the electrolyses. For the phase exchanged by carbonate (Fig.III.43c), the (00l) diffraction peaks shift to higher theta values corresponding to a decrease in the interlayer space to 7.6 Å in agreement with reported carbonate intercalated phases 50 .
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After carbonate intercalation, a net modification is noticed on the reflections between 2θ= 30 and 70 °. It is interesting to note that a similar structure is obtained to that observed for Cu2Al-CO3 by co-precipitation, which proves that, as previously assumed, it is indeed the carbonate anions intercalated into Cu2Al-mactrix that lead to this particular structure of the material. 

III.5.3. Electrochemical characterization of Cu2Al-DSex and Cu2Al-CO3ex

The electrochemical study was carried out following the same procedure as mentioned in the previous parts. Table III. 9 shows the variation of FY as a function of the intercalated anion. The pristine LDH Cu2Al-Ac, prepared by polyol, and the corresponding exchanged phase (Cu2Al-DS)

provide almost the same amount of formate. A slightly better FY was obtained with Cu2Al-CO3ex but it remained lower than the FY obtained with Cu2Al-CO3cop. 

Conclusion and perspectives

In this work, the main objective was to develop innovated nanostructured layered hydroxide material (LDH), that contain either metal complexes or metal oxides catalysts with an emphasis of the selective electroreduction reaction of CO2 for the production of carbon monoxide (CO) and formic acid (HCOOH). Two principal approaches were used to achieve this objective: i) the immobilization of an iron porphyrin (FeTSPP) in the interlayer domain of ZnCr-and MgAl-LDH and ii) the incorporation of copper into the LDH layer, to take advantage of the ability of copper to reduce CO2.

The synthesis of the hybrid material ZnCr-FeTSPP was reported previously for other electrochemical applications but never for CO2ERR. Different characterization techniques were employed to understand the structure of this hybrid LDH and its relation to CO2ERR.

Intercalation of dimers is likely to occur in ZnCr-FeTSPP with a perpendicular orientation of the porphyrin ring against the hydroxide layers. The electrochemical study reveals that the nature and the pH of the electrolytes can affect the electroactivity of the immobilized FeTSPP which is only enabled in acidic conditions. This study shows also that the immobilization of FeTSPP into LDH decreases the electroactivity of the complex, making it inactive for CO2 reduction and leading exclusively to H2 evolution. The presence of Zn in the matrix in the LDH sheets plays an important role in the competitive HER reaction. Concerning this approach based on the immobilization of other metal complex catalysts in LDH, it appears essential in one hand to immobilize molecular catalysts that are initially very efficient for CO2ERR and in the other hand to choose a host matrix with an open structure that is favorable to the diffusion of ions and electrons but that does not promote competitive catalytic properties such as HER. A combination of these hybrid LDH with electron percolants, such as carbon nanotubes or graphene could enhance the electron transfer properties, hence favoring the electrocatalytic efficiency for CO2ERR of the whole nanocomposite. Cu. The effect of the substitution of Cu by Mg or Zn in the layer was carried out to highlight the effect of both the copper content and the ternary system. It was shown that Cu1.5 Mg0.5Al-CO3 provides the highest FYHCOOH (57%). This effect can originate from a difference of copper accessibility, which has not been confirmed yet. On the other hand, the CuZnAl samples exhibit very poor CO2ERR ability due to the presence of Zn in the matrix promoting the HER on the expenses of CO2ERR. This must be verified with the determination of the gas components.

Since the effect of the morphology is considered of great importance in such application, and specifically for copper materials, the polyol method as an alternative synthetic method was used to synthesize CuAl LDH with acetate as intercalated anion. This method realized under reflux and microwave, is a preferred method to prepare nanosized powders which will offer tunable structure. Several parameters were studied regarding the polyol solvent, hydrolysis ratio and the kinetics of the experiment to finally fix the best parameters to obtain the phases.

It was shown that using this method the preparation of pure CuAl-LDH phase seems to be hard when Cu/Al ≥ 3 and as Cu ratio is increased, a CuO phase is formed as previously observed by using co precipitation and aging at 60°C. Cu2Al-Ac and Cu5Al-Ac displayed an enhanced electrochemical signal of copper compared to the carbonate phases prepared by coprecipitation. However, the faradaic yields are not really improved.

Thanks to LDH anionic exchange capacity, we were able to study the effect of the interlayer anion toward CO2ERR. Starting from Cu2Al-Ac, two phases were prepared by an anionic This research work opens the door to many improvements for CO2ERR applications thanks to the flexibility and tunable chemical composition of the LDH. Several approaches can be developed in this field concerning the immobilization of efficient CO2 reduction complexes functionalized with carboxylates or sulfates, for example copper porphyrin, cobalt porphyrin, cobalt phthalocyanine or even molecular electrocatalysts based on Ru and Rh. In addition, these hybrid materials can be combined with conductive additives to increase the electrochemical performance toward CO2ERR. This will permit also different electroactive molecules to be immobilized in the interlayer domain to discover new applications in the field of electrocatalysis toward different substrates.

As has been shown, the LDH materials exhibit several characteristics allowing to obtain different compositions thanks to the flexibility of these materials regarding layer and interlayer domain. To that end, diverse materials can be studied toward CO2ERR. An approach based on Cu alloys with Co and Ni could be interesting. CuCo and CuNi LDH can be considered for this application by studying different factors regarding the structure and composition, as well as their relation to electrochemical behavior. Another strategy that can be used is the intercalation of copper complexes such as copper oxalate that under thermal treatment or electrochemical conditions can form copper oxide nanoparticles that can be efficient for CO2ERR. Moreover, other than the electrochemical reduction of copper based LDH to form actives sites, chemical reduction of the material can be achieved to generate Cu nanoparticles. Finally, since various metal nanocatalysts such as Au, Ag, Pd etc are efficient for CO2ERR, these nanocatalysts could be supported on inert LDH to provide a suitable environment for the improvement of their electrocatalytic efficiency. 

A1.2.3 Microwave

Microwave synthesis was carried out in discover-SP microwave synthesizer (CEM) with temperature regulator of T= 300 °C maximal temperature and 300 W power (monomode).

Pressure range from 0 to 30 bar.

FeTSPP in solution and intercalated in the LDH were characterized by UV-Vis using Shimadzu v-2400 spectrophotometer. Thin films of ZnCr-FeTSPP and Zn-FeTSPP, prepared on ITO glass plates following the same procedure as used to prepare thin films on GCE and CPE, were analysed by transmittance under dried conditions and in the presence of electrolyte solutions.

X-ray photoelectron spectroscopy (XPS) measurements were performed in an ultrahigh vacuum photoelectron spectrometer equipped with an Omicron DAR 400 X-ray source and an Omicron EA 125 hemispherical analyzer. The Mg Kα source (1253.6 eV) running at 300 W is separated from the analyzer by an angle of 55°. A medium magnification mode and constant pass energy of the analyzer equal to 20 eV were used for analysis. Photoelectron data were recorded at a take-off angle of 90° (normal detection). The survey spectrum and the highresolution spectra of Cu2p, Al2p, and O1s were recorded with an energy step of 0.5 eV over 1200 eV and 0.1 eV, respectively. The binding energies scale (Eb) was calibrated using the Al2p peak at 75 eV corresponding to Al(OH)3 as an internal reference 1 . Cu2p3/2 spectra were analyzed by weighted least squares fitting using the XPSPEAK software, each component being defined by a Lorentzian-Gaussian model curve built using the parameters proposed by Biesinger 2 .

XANES and EXAFS measurements at the Cu K-edge were performed at the ROCK beamline (SOLEIL synchrotron 3 ), using the Si(111) Quick-EXAFS monochromator with the main goniometer aligned at 14.50 and 16.45° for oscillation amplitudes of 2.0 and 3.1°, respectively. Mirrors with a B4 C coating and a grazing incidence of 2.8 mrad with respect to the pink and monochromatic beams were used for harmonic rejection.

Cyclic voltammetry (CV) and linear sweep voltammetry (LSV) experiments were carried out with a BioLogic (SP-150) potentiostat using a single-compartment three-electrode cell in 30 mL aqueous electrolytes under controlled atmospheres (Ar or CO2) and controlled pH.

Electrode potentials were reported with respect to a saturated calomel electrode reference electrode (SCE); a Pt wire was used as counter electrode.

Nevertheless, in some experiments, we observed a leakage of anolyte in the catholyte. Thus the reduction of O2, produced by oxidation of water at the anode, could explain why the FY is not close to 100% for the electrolysis process in these particularly cases. Gaseous products were sampled from the atmosphere of the cell. CO and H2 gases were quantitatively analysed respectively with a Perkin Elmer Clarus 500 gas chromatograph (GC) and a Perkin Elmer AutosystemXL GCs, both equipped with a 30 m molecular sieve 5 Å column and a TCD detector. For both GCs, helium was used as the carrier gas and quantification of products was insured by calibrating the gas chromatogram using a standard mixture of gases of known concentrations (5/5/5/85 v/v H2/CH4/CO/sCO2 from Air Liquide). It should be underlined that no additional gas and liquid products to CO and H2 were detected by GCMS and HPLC. The faraday yield (FY, %) was calculated as a ratio between the number of mole of products (nexp) determined by GC, HPLC or ionic chromatography (IC) and the theoretical number of mole of product formed (nth), calculated from the experimentally measured charge (nth = Q/Fx2), knowing that the number of electrons required to form a molecule of CO, HCOOH or H2 is 2 and F is the Faraday constant (96485 C mol -1 ).

A.1.6. Electrode preparation with Cu-based LDH

For CV and LSV analysis, modified electrodes were prepared by solvent casting on carbon paper electrodes (CPE-AvCarb MGL190 from FuelCell Store) with a larger surface area (1 cm 2 /side). Before modification, they were cleaned in ultrasound bath as follow: 15 min acetone, 15 min ethanol, 15 min water and let dry in 40°C oven. Suspensions of Cu-LDH (4 mg/mL) consisting of 990 µL deionized water and 10 µL Nafion (5 wt% in aqueous alcohol from Sigma-Aldrich) were prepared by sonication for 2 h. Then 125 µL of the Cu-LDH suspensions were deposited on one side of the electrodes (500 µg). For the preparative scale electrolyses, the CPE was modified from both sides (1000 µg, 500 µg cm -2 ). The modified CPE were dried at room temperature overnight. From the chemical analysis of Cu2Al-CO3, the number of moles of copper can be estimated to be 6.77x10 -6 moles on Cu2Al-CO3|CPE. However, for electrolyses performed in 0.5 M KCl (pH 5.6), we have noticed that the FY found in ICCF with FY determined by ionic chromatography are lower than the FY found in DCM by HPLC. Currently we have no explanation, we suspect a difference in the experimental conditions. However, all the experiments performed at the ICCF were carried out under the same conditions and can therefore be compared with each other.

  LDH research team at the «Institut de Chimie de Clermont-Ferrand» (ICCF) has made intensive research investigation over years regarding the electrochemical behavior of LDH in relation with structural and morphological aspects. The present PhD research work was realized in the framework of an ANR Project "CALHYCO2". This project concerns the design and the development of innovative nanostructured layered hydroxide hybrid electro-catalysts, based on layered double hydroxides (LDH) or layered simple hydroxides (LSH), containing metallic-organic complexes or metal oxides catalysts, for selective CO2 electroreduction. The research partners of this project are the « Département de Chimie Moléculaire » (DCM, Grenoble) and the « Institut de Physique et Chimie des Matériaux de Strasbourg » (IPCMS).
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 1 Figure.I.1: CO2 emission in France from fossil fuel burning and cement production between 1860 and 2020 1 .

Figure.I. 2 :

 2 Figure.I.2: Structure of layered double hydroxide

Figure.I. 4 :

 4 Figure.I.4: Particle size distribution of Mg2Al-Cl prepared by co-precipitation: (X) coprecipitated and stirred for 10 min at room temperature, (Y) X sample aged at 50 °C for 16 h, (Z) fast co-precipitation followed by hydrothermal treatment at 100 °C for 16 h 11

Figure.I. 5 :

 5 Figure.I.5: SEM images of MgAl-CO3 by a) co-precipitation and b) hydrolysis in urea 14 .

  Figure.I.6): a) Insertion in the layers of LDH of transition metal cations that possess redox properties such as Ni, Co, Fe and Cu. b) Insertion of electroactive molecules called redox mediators between the LDH layers, such as anthraquinone sulfonate (AQS, AQDS), 2,2' azino bis(3 ethylbenzothiazoline 6 sulphonate) (ABTS) or metal complexes e.g. porphyrins, phthalocyanines, and ferrocene derivatives. c) Elaboration of LDH composites with conductive additives which will play a role in the conductivity and enhancement of electron transfer properties of the material, such as carbon nanotubes (CNTs), graphene sheets (G) and it can be even metal oxides such as TiO2 or metal nanoparticles (M-NPs).

Figure I. 6 :

 6 Figure I.6: Electroactive LDH due to a) the presence of transition metal cations in the sheet, b) the intercalation of electroactive molecule in interlayer domain and c) the association with conductive additives.

Figure I. 9 :

 9 Figure I.9: 5,10,15,20 tetrakis(4-sulfonatophenyl) iron porphyrin molecule (FeTSPP) and cobalt phthalocyanine tetrasulfonate (CoTSPc).

  interactions thus increasing the conductivity. The main drawbacks of functionalizing the CNTs is breaking the aromaticity of the graphene sheets forming the tube and thus decreasing the conductivity. Recently, many methods have been employed for combining CNTs with LDH matrix (Figure.I.10) 92 .

Figure I. 10 :

 10 Figure I.10: Methods to prepare LDH composites with carbon nanotubes 92 a) Arrangement of CNTs on LDH platelets, b) Functionalization of CNTs followed by intercalation in the interlayer domain of LDH, c) CNTs grafting on LDH platelets and e), f) CNTs growing on one or both side of LDH by controlling the surface coverage.

4 )

 4 Low electrical resistance. Compared to nanotubes, graphene sheets are obtained in a greener way by direct chemical synthesis from graphite making it possible to obtain them easily and more quickly which gives them an advantage over CNTs. Whether it is graphite oxide, graphene oxide (GO) partially reduced or graphene, many composites have been assembled from graphene and LDH, an overview of the different composites is provided in the figure (I.11).

Figure I. 11 :

 11 Figure I.11: Methods of preparation of LDH composites with graphene 92 a') Intercalation of graphene in interlayer domain of LDH, b') In situ parallel growth of LDH layers on graphene sheet, c') In situ vertical growth of LDH layers on graphene sheet and d') In situ growth of graphene on LDH layer.

Figure I. 12 :

 12 Figure I.12: NiMn LDH on NiCo2O4 nanowires by thermal annealing of Ni foam 94 .

Figure I. 13 :

 13 Figure I.13: Fabrication of CuO/LDH 95 .

  prepared NiCo LDH doped with Ir grown on Ni foam for the electrocatalytic water splitting with stability over 200 h. The electrocatalytic properties of the hybrid originates from Ir doping due to their synergetic effect toward HER and OER and also providing large electrochemical surface area. Au-NPs supported on CaFe LDH on Ni foam has shown their electrocatalytic ability toward HER and OER due to the electron coupling synergetic effect of Au-NPs and CaFe LDH and also the large surface area provided by Au-NPs 98 .

2 )

 2 Formic acid (HCOOH): leather tanning, dyes 3) Methanol (CH3OH): adhesives, foams, and solvents 4) Formaldehyde (CH2O) : production of resins 5) Methane (CH4): natural gas 6) Acetic acid (CH3COOH): food beverages and pharmaceutical applications 7) Oxalic acid (C2H2O4): paint remover, wood-bleaching agents 8) Ethylene (C2H4): to form ethyleneglycol for textile applications. 9) Ethanol (C2H6O): production of drugs, cosmetics and solvents

  . Carbon monoxide dehydrogenase (CODH) facilitates the reduction of CO2 to CO with the help of ferredoxin as co-enzyme. CO2 can be reduced to formate by the action of formate dehydrogenase (FDH), to formaldehyde by formaldehyde dehydrogenase (FaldDH) and to methanol by the help of alcohol dehydrogenase (ADH) and nicotinamide adenine dinucleotide (NADH, reduced form) as co-enzyme 104 . Figure I.14 illustrates the enzymatic reactions involved in transforming CO2 to CO and CO2 to CH3OH by cascade reactions involving the three mentioned enzymes above.

Figure.I. 14 :

 14 Figure.I.14: Reaction steps for the enzyme-catalyzed reduction of a) CO2 to CO with carbon monoxide dehydrogenase and b) CO2 to CH3OH through a three-step cascade of dehydrogenases 104 .

  . The materials involved possess a valence band (VB) and a conduction band (CB) where the energy difference between the bands is called a band gap. The band gap represents the minimum energy (Eg) required for exciting an electron from VB to CB to participate in conduction. The main challenge in this application is to prevent the fast recombination of the electron generated by photoexcitation. Fig. I.15 shows the process occurring at the surface of an excited nanoparticle for the reduction of CO2 120 .i)Generation of electron hole (e --h + ) by the help of an incident photon (Ehv) that has an energy equal or higher than the band gap of the catalyst (Ehv ≥Eg),ii) Photogenerated holes and electron migrate to the surface of the catalyst independently,

Figure.I. 15 :

 15 Figure.I.15: Mechanism of photoreduction of CO2 by photoexcitation of nanoparticle 120 .

(

  Figure.I.16).

Figure.I. 16 :

 16 Figure.I.16: Calculated band gap energies for LDH with different components. Two green lines (-0.41 and 0.82 V vs. SHE) represent the reduction potential of H2 and the oxidation potential of O2 respectively at pH=7 132 .

  photocatalyst exhibits IV isotherm in BET analysis indicating the presence of mesopores in favor of CO2 adsorption. The great adsorption properties of the material originate from the hydroxyl groups of the LDH and the photocatalytic activity from the Co(II) in the sheet, where it helps in water dissociation to form hydrogen that plays the role of intermediate in the photoreduction of CO2.

Figure.I. 17 :

 17 Figure.I.17: CoAl LDH as photocatalyst for CO2 to CH4 reduction 133 .

Figure. 1 :

 1 Figure.1: Mechanism of photocatalysis by the activation on the surface of MgAl followed by an electron transfer to the LUMO of CoTCPP 135 .

  Figure.I.19: Activation of CuO for conversion of CO2 by exciting ZnCr LDH 137 .

Figure.I. 20 :

 20 Figure.I.20: Electron processes involved in CO2 electroreduction.

Figure I. 21 Figure.I. 21 :

 2121 Figure I.21 illustrates the difference between homogenous and heterogeneous systems toward electrocatalysis

  [Rh-(bpy2(TFMS)2)] + (TFMS = trifluoromethanesulfonate) was the first complex to be tested that showed 80% faradaic conversion of CO2 to formate in acetonitrile. (POCOP)Ir(H)2(MeCN) [(POCOP): 1,3-phenylene bis(diphenylphosphinite] showed conversion of CO2 to HCOOH with 85% faradaic yield 147 . The mechanism of CO2 coordination to the reduced metal center plays an important role on the selectivity toward the reduced product (Figure.I.22).

Figure.I. 22 :

 22 Figure.I.22: Proposed mechanism for CO2 electroreduction in 5% H2O/MeCN 147 .

Figure

  Figure.I.23: [Mn(L)(CO)3Br] with 1: L = 2,2'-bipyridine (bpy); 2 :L = 4,4'-dimethyl-2,2'bipyridine (dmbpy) for A) monomer and B) dimer 150 .

  . Zhu et al 158 designed a cobalt phthalocyanine-based catalyst supported on pyridine-functionalized carbon nanotubes (CoPc-py-CNT). The catalyst exhibited a high activity and selectivity for electrochemical CO2 to CO with FY > 98%. Mechanistic studies (Figure.I.24) revealed that pyridine groups, through axial coordination with Co, improve the dispersion of cobalt phthalocyanine and tune the electronic structure of Co sites to increase the turnover frequency.

Figure.I. 24 :

 24 Figure.I.24: Mechanism of CO2 electroreduction on CoPc-py-CNT 158 .

Figure.I. 25 :

 25 Figure.I.25: Fluorine doped tin oxide (FTO) modified electrode with intergrated iron porphyrin in MOF-525 151 .

Figure.I. 26 :

 26 Figure.I.26: Difference between adsorbed FeTPP and FeTPP integrated in organic cage on electrode surface for CO2 electroreduction 159 .

  Figure.I.27: Preparation of N-doped LDH/RGO nanocomposite 165 .

  Figure.I.28. First, the bulk NiFe LDH was synthesized by a hydrothermal route followed by solid-phase exfoliation to obtain NiFe LDHnanosheets. A composite was then obtained by an electrostatic assembly of single layer of NiFe LDH nanosheets and N-doped-CNTs. Finally, NiFe nanoparticles anchored on the Ndoped CNTs (CNT-N-NiFe) were synthesized via pyrolysis of the composite CNT@NiFe-LDH nanosheets and melamine. The pyrolysis step is considered a critical step since changing the ratio between N-CNTs and NiFe-LDH nanosheets will affect the electrocatalytic activity. At high CNTs to NiFe-LDH NS ratio (10:1), the NiFe sheets are completely trapped into the network formed by CNTs, when the ratio becomes equal to 1, same effect is noticed, but at low CNTs to NiFe-LDH nanosheets ratio (1:10) CNTs wrap NiFe-LDH nanosheets very loosely and the material becomes conductive. A faradaic conversion of CO2 to CO of 82.6 % was achieved in 1 M KOH 166 .

Figure.I. 28 :

 28 Figure.I.28: Synthetic procedure of CNT@NiFe-LDH NS (nanosheets) and CNT-N-NiFe 166 .

  They are of increasing interest based on their structural characteristics and their functional applications. In this family of lamellar compounds, LDH presented in the previous chapter are a versatile class described by the general formula [M 2+ 1-xM 3+ x(OH)2] x+ (A y- x/y).nH2O where M 2+ and M 3+ are divalent and trivalent metals ions, respectively, and A y-represents an yvalent anion. Regarding the LSHs, they differ from LDH in the fact that they are composed of only divalent metal ions M 2+ 2(OH)4-xA y-

  Figure II.1: Cyclic voltammetry of 1 mM FeTPP in DMF + 0.1 M NEt4ClO4 at a glassy carbon electrode 42

Figure II. 2 :

 2 Figure II.2: Cyclic voltammetry of 1 mM FeTPP in DMF + 0.1 M nBu4NPF6, in the absence (blue) and presence of 0.23 M CO2 and of 10 mM PhOH (red). Sketch of the electrochemical reactions.14 

  Fig.II.4: ZnCr-FeTSPP modified electrode 29 .

Figure II. 5 :

 5 Figure II.5: Assembly of Mn porphyrin with CoFe LDH by the layer-by-layer method 40

  PXRD patterns (Fig.II.6A) shows the shift of the (003) reflection line to lower theta values accompanied with harmonics evidencing the intercalation of large molecule between the layers of ZnCr-LDH, with an expansion of the layer space from 24.7Å to 69.9Å, which has been reported prevouisly for the intercalation of FeTSPP in ZnCr-LDH 29 . On the other hand, the XRD patterns (Fig.II.6B) evidenced a layered structure with a series of harmonic reflection lines corresponding to similar interlayered distances of 2.41 nm and 2.45 nm for

Figure II. 6 .

 6 Figure II.6. A) XRD patterns of a) ZnCr-NO3 and b) ZnCr-FeTSPP, B) XRD patterns of a) ZnCr-FeTSPP and b) Zn-FeTSPP

Figure II. 7 :

 7 Figure II.7: A) FTIR spectra of a) FeTSPP, b) ZnCr-NO3 and c) Zn-CrFeTSPP and B) FTIR spectra of a) FeTSPP, b) ZnCr-FeTSPP and c) Zn-FeTSPP

  Figure II.8 shows the absorption spectra of ZnCr-FeTSPP, Zn-FeTSPP and ZnCr-NO3, prepared as thin films on ITO plates.The absorption band at 335 nm corresponds to the absorption of the LDH host matrix. For ZnCr-FeTSPP|ITO, the Soret band is centred at 422 nm and Q bands are situated at 578 and 622 nm. For Zn-FeTSPP|ITO the Soret band is situated at 414 nm. Owing to the coprecipitation pH values used in the present study, namely pH 6.25 for ZnCr-FeTSPP and 7.30 for Zn-FeTSPP, we can assume that the predominant intercalated FeTSPP species are oxo-bridged dimers O(FeTSPP)2, corresponding to a Soret band red shift. This hypothesis is confirmed by the presence of a vibration band at 874 cm -1 on the FTIR spectrum corresponding to the Fe-O-Fe antisymmetric stretching34 (Fig.II.7).

Figure II. 8 .Figure II. 9 .

 89 Figure II.8. UV-Vis spectra of dried thin films of (a) ZnCr-FeTSPP|ITO, (b) Zn-FeTSPP|/ITO, (c) ZnCr-NO3|ITO, (d) bare ITO.

Figure II. 10 :

 10 Figure II.10: SEM images of raw CPE at two different magnifications.

Figure II. 11 :

 11 Figure II.11: UV-Vis spectra of FeTSPP present in 3 mL 0.1 M Na2SO4/CO2 after soaking for 1h the ZnCr-FeTSPP|GCE (a) and Zn-FeTSPP|GCE (b).

  electrolyte and hence the catalyst environment. In the context of the present work, the questions are: (i) what is the catalytic behavior of FeTSPP when it is intercalated in the LDH material and (ii) what is the role of the ZnCr-LDH matrix in the hybrid catalyst material on the electrochemical reaction?

Figure II. 12 .

 12 Figure II.12. Cyclic voltammograms of 0.5 mM FeTSPP (GCE, v = 50 mV s -1 ) in different aqueous electrolytes a) 0.1 M KHCO3 under Ar at pH 8.6 (black curve), b) 0.1 M KHCO3 under CO2 at pH 6.8 (red curve) and c) 0.1 M Na2SO4 under CO2 at pH 4.5 (blue curve). Inset shows a zoom of a and c curves between -1.60 and 0 V.

Figure II. 13 :

 13 Figure II.13: UV-Vis spectra of ZnCr-FeTSPP|ITO a) dried film, b) in 0.1 M Na2SO4 under Ar (pH 8.6) and c) under CO2 (pH 4.5).

5 .

 5 In 0.1 M LiClO4 under Ar, a small reduction signal is observed around -0.30 V (Fig. II.14A, curve a). In the presence of CO2, an increase of the signal reversibility was systematically observed whatever the electrolyte used (i.e. in LiClO4 Fig.II.14A curve b). The presence of carbonate might favor the monomer species over the µ-oxo-dimer. Moreover, the peak intensity depends on the cation (Li + < Na + < K + ) and also the anion (ClO4 -or SO4 2-) of the electrolyte (Fig. II.14B). The best response was obtained in Na2SO4 under CO2 with a one-electron Fe III/II reversible signal at E1/2 = -0.27 V vs. SCE with a Ep = 55 mV, close to the observed potential value of the of Fe III/II

Figure II. 14 .

 14 Figure II.14. Cyclic voltammograms of ZnCr-FeTSPP|GCE (5 th cycle) A) in 0.1 M LiClO4 a) under Ar, b) under CO2; B) under CO2 in a) 0.1 M LiClO4, b) NaClO4, c) KClO4, d) Na2SO4 (pH 4.5, v = 50 mV s -1 ).

Figure II. 15 .

 15 Figure II.15. Cyclic voltammograms of ZnCr-FeTSPP|GCE in 0.1 M Na2SO4 under CO2 at pH 4.5 (10 ≤ v ≤ 100 mV s -1 ). Insert shows the evolution of Ipa and Ipc as function of v 1/2 .

Figure II. 16 .

 16 Figure II.16. Cyclic voltammograms of ZnCr-FeTSPPGCE, in 0.1 M Na2SO4 a) Ar pH 8.6, b) CO2 pH 4.5 (5 th cycle, v = 50 mV s -1 ). Inset: ZnCr-NO3GCE in the same conditions

Figure II. 17 .cFigure II. 18 :

 1718 Figure II.17. Cyclic voltammograms of MgAl-FeTSPP|GCE in 0.1 M Na2SO4 under a) Ar pH 8.6, b) CO2 pH 4.5 and c) MgAl-NO3|GCE in 0.1 M Na2SO4 under CO2 (v = 50 mV s -1 ).Inset shows a zoom of a and b curves between -1.40 and 0 V.

  spectrometric characterizations show the intercalation of the guest molecule as an oxo-bridged diron(III) complex with a perpendicular arrangement of the porphyrin ring with respect to the hydroxide layers. While a small contribution of monomers (<1%) can be taken into account in the electrochemical responses of ZnCr-FeTSPP at pH 4.5 (0.1 M Na2SO4), the electrocatalytic properties of this hybrid material for CO2 electroreduction reaction was investigated for the first time, showing that the major product detected was H2 which results from the competitive HER. This study of hybrid catalytic materials illustrates the problematic and the complexity of an attractive approach for the development of innovative solid hybrid catalysts based on LDH and LSH for CO2ERR which is challenging due to the negative potential required to drive this reaction. It reveals the main drawbacks of the iron porphyrin immobilization in various LDH on its catalytic activity towards CO2ERR. It appears essential to immobilise molecular catalysts that are very efficient for CO2ERR, to choose a host matrix with an open structure that is favourable to the diffusion of ions and electrons and does not have competitive catalytic properties such as HER. This is the challenge to face and that could be addressed by developing other layered materials in that direction based on more efficient for CO2ERR for instance. These results have been published recently in A. Tarhini, J. Aguirre-Araque, M. Guyot, C. Costentin, G. Rogez, S. Chardon-Noblat, V. Prevot, C. Mousty, Behavior of Iron Tetraphenylsulfonato Porphyrin Intercalated into LDH and LSH as Materials for Electrocatalytic Applications, Electrocatalysis 14 (2022) 111-120 (DOI 10.1007/s12678-022-00778-8).

  prepared a biphasic electrocatalyst by electrodeposition of Cu and Cu2O on Ag electrode that showed efficiency towards the formation of ethanol with 34.15% faradaic yield (FY). Another example shows that with an electrocatalyst based on Cu oxide, the FY for the conversion of CO2 to C2 and C2 + molecules reached 70 %, while Cu nanoparticles, Cu nanocubes and Cu nanoclusters show selectivity up to 60 % 11 . The specificity of the electrocatalyst originates from the particle size and better interaction with intermediate reduced CO to transform them later to hydrocarbons. The key factor in all these materials is their difference in morphology which can be tailored for selectively producing the reduced products.More complex systems based on copper have been discovered as efficient for CO2 electroreduction. The in situ growth of In based MOF12 on oxidized copper foil shows high efficiency in CO2-to-CO conversion with 95% FY, a high current density and low over potential (-0.6V/RHE) which originates from high edge defects. Another type of copper based MOF was synthesized by in-situ growth of Cu2O nanoparticles showing the CO2-to-CH4 transformation13 . The Cu2O nanoparticles were generated by electrochemical activation of the Cu based MOF showing 73% FY to CH4 with overpotential of -1.4 V/RHE and a high current density. The key factor on the selectivity of the reduced products comes from the fact that if

Few articles show the

  efficiency of Cu-based LDH in CO2ERR, showing different activation methods to obtain the dispersed active sites on the LDH layers. Altaf et al. 14 synthesized a copper based LDH with Cu/Al=5 and carbonate as the interlayer anion as precursor for the electro-conversion of CO2 to C2H4. The active sites from the Cu5Al-CO3 LDH matrix were obtained by electro-reduction either at high potential (-4 V vs. Ag/AgCl) and short time (noted HPR-LDH) or at low potential (-1 V vs. Ag/AgCl) but different times (noted LPR-LDH-2h and LPR-LDH-4h) 14 . On powder X-ray diffraction patterns (Fig.III.1), the HPR-LDH shows diffraction lines corresponding to the formation of a mixed copper phases including metallic copper and Cu(I)oxide, whereas only the metallic copper is formed in both reduced LDH at low potential (LPR-LDH-2h and LPR-LDH-4h).

Figure III. 1 :

 1 Figure III.1: PXRD of Cu5Al-CO3 LDH and the reduced species obtained under different conditions 14

Figure III. 2 :

 2 Figure III.2: LSV curves comparison of HPR-LDH, LPR-LDH-2 h and LPR-LDH-4 h in N2-saturated (dotted line) and CO2-saturated (hard line) media in 0.1 M KHCO3 14 .

Figure III. 3 :

 3 Figure III.3: The CO2ERR product selectivity of HPR-LDH, at various applied potentials 14 .

for 2 h

 2 to create ER-Cu5Al-CO3/rGO. Compared to the material without rGO, this material showed in LSV under CO2 in 0.1 M KHCO3 an enhanced current corresponding to -20 mA/cm 2 (Fig.III.4).

Figure III. 4 :

 4 Figure III.4: Linear sweep voltammetry of ER-Cu5LDH and ER-Cu5LDH/rGO 15 . As in the previous study, preparative scale electrolyses were carried out in 0.1 M KHCO3 under CO2 saturated medium at different applied potentials (E app ) ranging from -1.0 to -1.3 V/RHE (Fig.III.5). With the composite ER-Cu5Al-CO3/rGO at -1.2 V/RHE, an enhancement of the FY was observed, compared to the LDH alone with 54% and 44.8% of C2H4 respectively.

Figure III. 5 :

 5 Figure III.5: The CO2RR product selectivity of ER-Cu5Al/rGO at various applied potentials 15 .

Figure III. 8 :

 8 Figure III.8: Electrocatalytic activity of CuAl/x-T under galvanostatic conditions for CO (filled circle) and formate (open circles) 16 .

Figure III. 9 :

 9 Figure III.9: PXRD of CuXAl-CO3 A) aged at RT B) aged under reflux (T= 60°C) for Cu/Al ratios x: 2 (a), 3 (b), 4 (c) and 5 (d)

  IR spectra of the CuxAl-CO3 (Fig.III.10) obtained at (T= 60°C) show systematically a

Figure III. 10 :

 10 Figure III.10: FT-IR of CuXAl-CO3 aged at T= 60°C for Cu/Al ratios x: 2 (a), 3 (b) , 4 (c) and 5 (d)

Figure III. 12 :

 12 Figure III.12: TGA and DTA of Cu2Al-CO3 (T = 60°C).

(

  Fig.III.14). Before the electrochemical activation (Fig.III.14a), the CV shows two small reduction peaks. After reduction under CO2 (ER-Cu2Al-CO3|CPE), an enhanced CV signal

AFigure III. 14 :

 14 Figure III.14: Cyclic voltammograms of Cu2Al-CO3|CPE under Ar in 0.1 M KHCO3 a) before and b) after electrochemical activation under CO2 (3 rd cycle, v = 50 mV/s).

  CuO crystallization as evidenced by XRD (Fig.III.9B). It seems that the increase of Cu content in the compounds has no positive effect on the FYHCOOH. Although, Cu5Al-CO3 (60°C) possesses copper oxide nanoparticles dispersed on the LDH platelets, this sample exhibits less FYHCOOH compared to Cu5Al-CO3 (RT), evidencing that the CuO particles formed during the synthesis do not improve the electrocatalytic efficiency of the whole LDH based material.

  stability of Cu2Al-CO3/CPE was evaluated by continuous electrolysis at -1.4 V for 30 h (Fig.III.15). The cathodic current increases progressively during the first 3 h and, then it becomes stable for the rest of electrolysis time.

Figure III. 15 :

 15 Figure III.15: Variation of the cathodic current during an electrolysis with Cu2Al-CO3|CPE in 0.5 M KCl, E app = -1.4 V for 30 h.

Figure III. 16

 16 Figure III.16 shows the X-ray diffractograms of the powder Cu2Al-CO3, the supporting CPE, Cu2Al-CO3|CPE before electrolysis and ER-Cu2Al-CO3|CPE. XRD of CPE displays typical diffraction lines situated at 2θ = 55° and at 2θ = 27°3 2 . Cu2Al-CO3|CPE displays the reflection peaks of both CPE and powder Cu2Al-CO3 (60°C). Due to the ratio of intensity between the two components, mainly the LDH reflection corresponding to (00l) planes can be observed in addition to the CPE reflections. After the electrolysis (Fig.III.16d), no extra peaks appear in the diffractogram, excepted those attributed to the dried electrolyte (KCl) at the surface of the electrode (no washing step). The (003) and (006) reflection of the LDH are still present at the same position, showing the stability of the LDH structure upon electrolysis. Moreover, in the limit of detection of the XRD, formation of a significant amount of metallic copper or copper oxides is not evidenced.

Figure III. 16 :

 16 Figure III.16: PXRD of a) Cu2Al-CO3 (60°C), b) carbon paper, c) Cu2Al-CO3|CPE before electrolysis and d) ER-Cu2Al-CO3|CPE. ♦: KCl.

Figure III. 17 : 5 M 1 MFigure III. 18 : 1 Figure III. 19 :

 175118119 Figure III.17: SEM images of a) and b) bare carbon paper at different magnifications, c) Cu2Al-CO3|CPE and d) ER-Cu2Al-CO3|CPE

B

  French national synchrotron facility-SOLIEL in collaboration with Valérie Briois (Dr CNRS and scientific responsible of the ROCK line) and Anthony Beauvois (Postdoctoral researcher in ROCK line). This analysis was made to get better insight in the intralamellar cation arrangement and to study the oxidation state of the species before and after electrocatalysis.

Figure III. 20 :

 20 Figure III.20: A) Cu-K edge XANES and B) k 3 -weighed FT-XAFS of a) Cu2Al-CO3|CPE (red), b) ER-Cu2Al-CO3/CPE (green) and c) Cu2Al-CO3 powder (bleu). Thermally treated Cu2Al-CO3.

  .III.21) obtained for the materials show evidence for a phase formation with characteristics corresponding to a LDH structure described in a R-3m space group, especially for the Mg rich layer. At low angles the (00l) crystallographic planes characteristic of layered structures are systematically observed. As the theoretical amount of copper increases in the MgAl layer (the M II /Al ratio being maintained constant at 2.0) and mainly above x=1,25, three main changes occur: i) the (00l) diffraction lines corresponding to the interlayer space shift to higher 2 theta values which traduces a slight contraction of the interlamellar domain from 7.6 Å to 7.4 Å, probably link to a different arrangement of the carbonate anion in between the layer of Cu rich LDH layer, ii) the 0kl in the intermediate region shift to larger value evidencing a change in the cell parameters and iii) the (110) and(113) which are attributed to the cation-cation bond shift to lower 2 theta values that is higher cell parameter value and become less defined. These trends could be attributed to both the slightly larger cation radii of Cu 2+ (73 pm) compared to Mg 2+ (72 pm) and the Jahn-Teller distortion effect of copper which strongly impact the ordering of the cations into the layer. In addition, the chemical analysis (Table.III.4) shows a coherent value at low Cu content. As the Cu content increase, starting from at x=1.5, no Zn is more inserted in the layer.

Fig III. 21 :Figure III. 22 :

 2122 Fig III.21: PXRD patterns of CuxMg2-xAl-CO3 with x : 0, 0.25 ,0.5 ,0.75 ,1, 1.25, 1.5,1.75 and 2 from a to i

  Fig.III.23: FT-IR spectra of CuxMg2-xAl-CO3 a-i : 0, 0.25 ,0.5 ,0.75 ,1, 1.25, 1.5,1.75 and 2

Fig

  Fig.III.24: FT-IR spectra of CuxZn2-xAl-CO3 a-c: 0.5,1, 1.5

Fig.III. 25 :

 25 Fig.III.25: SEM images of a) Cu0.5Mg1.5Al-CO3, b) CuMgAl-CO3 and c) Cu1.5Mg0.5Al-CO3 and TEM images of a') Cu0.5Mg1.5Al-CO3, b') CuMgAl-CO3 and c') Cu1.5Mg0.5Al-CO3

EFigure.III. 26 :

 26 Figure.III.26: Linear sweep voltammetry (LSV) curves in Ar (dotted lines) and CO2 (hard lines) of a) Cu0.5Mg1.5Al-CO3|CPE, b) Cu1Mg1Al-CO3|CPE and c) Cu1.5Mg0.5Al-CO3|CPE, d) Cu2Al-CO3-CO3|CPE (v = 20 mV/s) in 0.1 M KHCO3.

Fig.III. 27 2 Fig.III. 27 :

 27227 Fig.III.27 shows the CV of ER-CuxMg2-xAl-CO3|CPE under Ar and the inset shows the CV of the pristine LDHs. These curves are compared to that obtained with Cu2Al-CO3|CPE. The electrochemical signal of copper in ER-Cu1Mg1Al-CO3|CPE is significantly bigger than for the other LDH samples with the presence of more separated oxidation peaks A1 and A2 which

Figure.III. 28 :

 28 Figure.III.28: Linear sweep voltammetry (LSV) curves in Ar (dotted lines) and CO2 (hard lines) of a) ZnCuAl-CO3|CPE b) MgCuAl-CO3|CPE (v = 20 mV/s) in 0.1 M KHCO3.

Figure.III. 29 :

 29 Figure.III.29: Cyclic voltammograms of a) ER-CuZnAl-CO3|CPR and b) ER-MgCuAl-CO3|CPE under Ar in 0.1 M KHCO3 (3 rd cycle, v = 50 mV/s). Inset shows CV of CuZnAl-CO3|CPE before activation

  Figure III.30 shows the XRD of Cu2Al-Ac synthesized in different polyol solvents.

Figure III. 30 :

 30 Figure III.30: XRD of Cu2Al-Ac synthesized in a) ethanol (Et), b) ethylene glycol (EG) and c) diethylene glycol (DEG).

Figure III. 31 :

 31 Figure III.31: FT-IR spectra of Cu2Al-Ac synthesized in a) ethanol (Et), b) ethylene glycol (EG) and c) diethylene glycol (DEG)

  Figure.III.32 shows the diffractogramms recorded at each hydrolysis ratio. When no water is added (Fig.III.31a), we can notice the presence of reflection lines corresponding to the precursors (mainly aluminum hydroxyl acetate) indicating that with no water addition, no complete hydrolysis of metal acetates is observed. As (h) is increased to 138, LDH phase is present with impurities related to the presence of aluminum acetate precursor. The LDH phase is completely formed from h= 194 (Fig.III.32c) with good crystallinity and stacking making this ratio suitable for the synthesis of Cu2Al-Ac with the total hydrolysis of metal acetates precursors.

Figure III. 32 :

 32 Figure III.32: XRD of Cu2Al-Ac with (h) a-e: 0,138 ,194 ,250 and 304, inset shows XRD of precursors a) copper acetate and b) aluminum hydroxyl acetate

Figure.III. 33 :Figure.III. 34 :

 3334 Figure.III.33: XRD pattern of Cu2Al-Ac at different sampling times a-e: 1,3,5,7 and 24h

Figure

  Figure.III.35: XRD of Cu2Al-Ac under microwave irradiation a-e: 10, 30, 45, 60 and 120 min.

Figure

  Figure.III.36: FT-IR of Cu2Al-Ac under microwave irradiation a-e: 10, 30, 45, 60 and 120 min The morphology of the as prepared Cu2Al-Ac by microwave irradiation at t= 120 min was investigated by SEM-EDX and TEM (Fig.III.37).

Figure.III. 37

 37 Figure.III.37: a) SEM and b) TEM of Cu2Al-Ac at t= 120 min

Fig.III. 38 :

 38 Fig.III.38: PXRD of CuxAl-Ac x = 2, 3, 4 and 5 (a-d) obtained in ethanol under reflux (24 h, h=250).

Fig.III. 39 :

 39 Fig.III.39: FTIR spectra of CuxAl-Ac, x = 2, 3, 4 and 5 (a-d).

III. 4 . 3 . 5 )Figure.III. 41 .

 43541 Fig.III.40: SEM images of a) Cu2Al-Ac and b) Cu5Al-Ac.

(

  Fig.III.14) and CuxMg2-xAl-CO3|CPE (Fig.III.27) but the current intensities are higher.

Figure.III. 42 :

 42 Figure.III.42: Cyclic voltammograms of a) ER-Cu2Al-Ac|CPE and b) ER-Cu5Al-Ac|CPE under Ar in 0.1 M KHCO3 (3 rd cycle, v = 50 mV/s). Inset shows the CV of the same LDH electrodes before activation.

Figure

  Figure.III.43: PXRD of a) Cu2Al-Ac, b) Cu2Al-DSex and c) Cu2Al-CO3ex.

FT-

  IR spectra (Figure.III.44) further confirm the presence of the expected anions. Beside the absorption band corresponding to the LDH, the spectra show that two absorption bands located at 1554 and 1406 cm -1 (Fig.III.44a) corresponding to the asymmetric and symmetric vibration of the carbonyl group (C=O) are respectively 40 replaced by new characteristic bands of the inserted anions. Once DS -was exchanged, (Fig.III.44b) bands appear between 3000 and 2750 cm -1 that are characteristic bands for DS -anion, with at 2950 cm -1 and 2850 cm -1 the νC-H anti-symmetric stretching and symmetric stretching bands for -CH3, and at around 2918 cm -1 the νC-H anti-symmetric stretching of -CH2. In addition, the band at around 1220 cm -1 correspond to the νS=O stretching of the sulfate group51 . Concerning the carbonate phase (Fig.III.44c), the spectrum exhibits at 1380 cm -1 an intense absorption band corresponding to the 3 of CO3 2-anion.

Figure.III. 44 :

 44 Figure.III.44: FT-IR spectra of a) Cu2Al-Ac, b) Cu2Al-DSex and c) Cu2Al-CO3ex.

Figure.III. 45 :

 45 Figure.III.45: SEM and TEM image of a) Cu2Al-DSex and b) Cu2Al-CO3ex.

  hand, Cu2Al-CO3ex (Fig.III.44b) shows more aggregated platelets leading to aggregate with size up to 7.6 µm. TEM images confirm for both compounds, the presence of large aggregate of platelets (Fig.44 a'and b') in which it is difficult to distinguish the individual platelets.

Figure.III. 46 : 2 Figure.III. 47 : 3 Figure.III. 48 :

 46247348 Figure.III.46: Linear sweep voltammetry (LSV) curves in Ar (dotted lines) and CO2 (hard lines) (v = 20 mV/s) of a) Cu2Al-Ac|CPE, b) Cu2Al-DSex|CPE, c) Cu2Al-CO3ex|CPE.

For

  the second approach, in the course of this PhD work some publications have reported on the possibility of copper based LDH to catalyse the electroreduction of CO2. In this study thanks to the flexibility of LDH composition, a series of LDH were synthesized by the coprecipitation or polyol methods. Several factors were studied regarding the Cu/Al ratio (R: 2, 3, 4, and 5), the partial substitution of copper by electro-inactive metal (Mg) or an electroactive (Zn) one, the effect of morphology by using different synthetic methods, and the influence of the interlayer anion. It was shown that the Cu-LDH phases intercalated with carbonate, prepared by co-precipitation don't exhibit a regular LDH structure. However the limited crystallinity of the compound did not allowed us to go further into the structural description. Moreover, as the Cu ratio is increased, a new phase was formed for the phases aged at 60°C, assigned to CuO, which indicates that the increase of the Cu level into the LDH layer is not occurring as expected.Electrochemical characterization of the Cu-LDH modified electrodes was carried out following a specific protocol by linear sweep voltammetry and cyclic voltammetry showing that an electrochemical activation of the Cu-LDH occurred at Eapp >-1.4 V, leading to an enhancement of the electrochemical signal of the copper redox couples, addressing to more accessible catalytic sites and to an increase in current under CO2 and hence CO2 activation.Two extreme ratios, namely Cu2Al-CO3 and Cu5Al-CO3, were taken for preparative scale electrolysis in conditions fixed by our collaborators in the DCM regarding the electrolyte nature, concentration and applied potential. Results show that there is no positive effect on the FYHCOOH as copper content increased. In addition, the CuO particles generated during the aging at 60°C of Cu5Al-CO3 phase are not efficient for CO2ERR (24% FYHCOOH) and decrease the efficiency compared to Cu based LDH phase without CuO particles that is the phase Cu5Al-CO3 RT (36% FYHCOOH) and the phase Cu2Al-CO3 (37% FYHCOOH). Postcharacterization techniques performed on modified electrodes of Cu2Al-CO3 show no modification of the structural or morphological characteristic of the material with preservation of the LDH structure after electrolysis evidencing the stability of the material. Surface and local characterization techniques revealed the presence of ~ 8% of reduced Cu in the material, responsible of CO2 conversion, even if it was not possible to discriminate between Cu2O and

  exchange reaction: Cu2Al-DSex and Cu2Al-CO3ex. The structural and morphological characterizations show the successful exchange of acetate by the mentioned anions with more aggregated platelets in the case of Cu2Al-CO3ex. For CO2ERR, almost the same amount of HCOOH was obtained (FY ≈ 20%) regardless of the anion. Regarding the effect of morphology, a lower FYHCOOH is obtained for Cu2Al-CO3ex (25%) compared to Cu2Al-CO3cop displaying larger particles with more defined shape (FYHCOOH = 37%), making Cu2Al-CO3cop the best candidate for CO2ERR.

Figure. A1 :

 A1 Figure.A1: Microreactor for the synthesis of ZnCr-FeTSPP in ICCF

A. 1 . 7 .

 17 Electrolyses with Cu-based LDHControlled potential electrolyses were performed in a three electrode electrochemical cell.The reference electrodes were an Ag/AgCl, in 3 M KCl (Metrohm), connected to the catholyte by a Luggin capillary filled with electrolyte (DCM) or SCE (ICCF). To convert a potential vs. Ag/AgCl to a potential vs. SCE 20 mV must be added. The counter electrode was a platinum plate connected to the solution by a frit-bridge containing the electrolyte. Before any electrochemical measurements, the electrolyte solutions (30 mL KHCO3 or KCl) were purged with Ar (20 min) and with CO2 (20 min) until gas saturation. Electrolyses were carried out under magnetic stirring (300 rpm) at different applied potentials under a constant flow of CO2 or using a hermetically sealed cell.The optimization of experimental conditions was carried out by our colleagues in DCM with Cu2Al-CO3|CPE using a potentiostat/galvanostat ModulLab XM equipped with an external HV 100 power booster (Solartron Analytical from Ametek Scientific Instruments). The potentiostat can handle wide range of current up to 2 A, making very high current density during the experimental procedure not an obstacle for the working mode of the potentiostat.The quantification of soluble products, namely formate, was carried out by high performance liquid chromatography (HPLC, Perkin Elmer) equipped with series 200 Pump (eluant H2O + 0.02 % CH3SO3H, 1 mL/min), a reverse-phase analytical column SIELC Primesep SB (column diameter 4.6 mm, column length 110 mm, particle size 5 µm, pore size 90 Å), and a 785A UV/VIS Detector ( = 210 nm). The etalon curve for HCOONa was established between 0.5 mM to 15 mM. Gaseous products (CO and H2) were sampled from the atmosphere of the sealed electrochemical cell using a Perkin Elmer Clarus 500 gas chromatograph (GC) and a Perkin Elmer AutosystemXL GCs, both equipped with a 30 m molecular sieve 5 Å column and a TCD detector. Controlled potential electrolyses were conducted at -1.4 V with Cu2Al-CO3/CPE in three different electrolytes, i.e. KHCO3, KCl and KOH at two different concentrations (0.1 M and 0.5 M) under CO2 flow for around 5 h (≈ 40-50 C) (Fig.A5). The FYCOOH varies with the nature and the concentration of the electrolyte; the best yield was obtained in 0.5 M KCl. The replacement of K + by Li + , Na + or Cs + caused a drastic decrease of FYHCOOH. KCl seems to be a good electrolyte for the CO2ERR.

Figure A5 : 4 M

 A54 Figure A5: Faraday yield of formate as a function of electrolytes (E app = -1.4 V)

Figure A7 :

 A7 Figure A7: pH (dash lines) and faraday yield of formate (solid lines) as a function of time at E app -1.3 V (a,a' black lines), -1.4 V (b;b' green lines) and -1.5 V (c, c' red lines) in 0.5 M KCl.

  

  

  

  

  

  

  

  

  

  

Table .

 . 

	LDH	Solvant	Ref
	ZnAl-DS	Butanol	28
	LiAl-OBS	Butanol	30
	LiAl-DBS	Butanol	30
	MgAl-DS	Acrylate	31
	CoAl-DS	Toluene	32
	MgAl-Gly	Formamide	33
	CoAl-lactate	Formamide	34
	MgAl-lactate	Water	35
	ZnAl-lactate	Water	36
	DS : Sodium dodecyl sulfate , OBS : sodium 4-octylbenzenesulfonate, DBS: sodium dodecyl-
	benzenesulfonate and Gly : Glycine		

I.1. Summary of the delamination of modified LDH phases with corresponding solvents

Table II . 1 :

 II1 Synthesis of porphyrins -LDH hybrid materials and their applications

	Hybrids	Synthesis method	Application	Ref
	Zn2Cr-FeTSPP	Co-precipitation	Electrochemical reduction of O2, H2O2 and NO2 -	
	MgAl-FeTPFPP	Co-precipitation	Photoactivation of O2 for aerobic epoxidation of cyclohexene	
	ZnAl-PdTPPC	Co-precipitation	Singlet oxygen production under irradiation O2( 1 Δg)	
	NiFe-CoTSPP	Exchanged	Magnetism: ferrimagnetic long range ordering	
	MgAl-MnTSPP	Exchanged	Catalytic oxidation of 2,4,6-trichlorophenol (TCP)	
	MgAl-FeTDFPP	Immoblization under reflux	Oxidative catalysis of cyclooctene, cyclohexane	
	NiAl-CoTSPP	Reconstruction/restacking	Aerobic epoxidation of alkenes	
	NiAl-CoTSPP	Reconstruction/restacking	Olfein oxidation	
	MgAl-FeTDCSPP	Reconstruction/restacking	Oxidative catalysis of cyclooctene, cyclohexane	
	CoNi-FePP	Layer-by-layer assembly	Electrocatalyst for OER	
	ZnAl-ZnTPPS	Layer-by-layer assembly	Optical nonlinear self-defocusing	

  The solid formed was filtered and washed thoroughly with water until the filtrate came out colorless, then washed with ethanol and dried under vacuum. The chemical analysis for

	[Zn5(OH)8.40(FeTSPP)0.40.9H2O] is Zn, 31.78; Fe, 2.17; C, 20.55; H, 3.53; N, 2.18. Found:
	Zn, 32.00; Fe, 2.12; C, 21.72; H, 3.29; N, 2.28, corresponding to a ratio Fe/Zn of 0.08, as
	expected.

Table II . 2 :

 II2 Position of the Soret band in FeTSPP-LDH thin films deposited on ITO

	Hybrid	Electrolyte	Gas atmosphere	pH	 (nm)
	ZnCr-FeTSPP	dried	-	-	422
		LiClO4	Ar	4.5	412
		LiClO4	CO2	4.5	412
		Na2SO4	Ar	8.6	412
		Na2SO4	CO2	4.5	394
	MgAl-FeTSPP	dried	-	-	410
		Na2SO4	Ar	8.6	405
		Na2SO4	CO2	4.5	394

Table II . 3 .

 II3 Electrolysis data obtained with LDH|CPE modified electrodes in 0.1 M Na2SO4 under CO2 atmosphere (pH 4.5), E app =-1.60 V.

	LDH	ZnCr-FeTSPP	ZnCr-NO3	MgAl-FeTSPP
	Current (mA)	6.2	2	3
	FY CO (%)	<1	<1	3
	FY H2 (%)	<75	<73	97
	In order to prevent the role of Zn that we thought was harmful in the LDH hybrid material for
	catalysis of the CO2ERR (see above), MgAl-FeTSPP was prepared and its electrochemical
	behavior was studied in Na2SO4 (Fig.II.17). In this case, the MgAl-based LDH matrix appears
	electrochemically inactive but it is likely to be more unstable under CO2 due to the acidic pH
	conditions.			
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With MgAl-FeTSPP|GCE under Ar (curve a), two reversible redox couples appear at E1/2 = -0.46 and -1.14V vs. SCE that could correspond to the Fe III/II and Fe II/I redox systems. However contrary to what has been observed for FeTSPP in ZnCr-LDH, these peaks appear even under a basic condition (pH 8.6) and their potentials are shifted towards more cathodic values.

Table III

 III 

.2 shows the concentration of each salt used to obtain different Cu/Al ratios with the experimental value obtained by ICP. Table III.2: Summary on the concentration of salts to synthesize CuxAl-CO3 (2 ≤ x ≤5) and experimental ratio obtained by ICP

Table III . 3 :

 III3 Electrolysis results of CuxAl-CO3|CPE in 0.5 M KCl under CO2 at Eapp= -1.4 V

		vs SCE		
	LDH sample	Q (C)	Ic (mA)	FYHCOOH (%)
	Cu2Al-CO3 (60°C)-1 st	39.3	0.8 to 2	37
	Cu2Al-CO3 (60°C) -2 nd	39	0.3 to 1.4	31
	Cu2Al-CO3 (60°C)-3 rd	36	0.7 to 1.9	42
	Cu5Al-CO3 (RT)	40	1.2 to 2	36
	Cu5Al-CO3 (60°C)			

Table .

 . III.4: Summary on the concentration of salts to synthesize CuxMg2-xAl-CO3 (0 ≤ x ≤ 2) and experimental metals ratios determined by ICP.Synthesis

	x	[Cu 2+ ]/[ Mg 2+ ] [Cu 2+ ] M [Mg 2+ ] M	[Al 3+ ] M	Cu/Alexp	Mg/Alexp
	0	0	0	0.08		-	-
	0.25	7	0.01	0.07		-	-
	0.5	3	0.02	0.06		0.47	1.40
	0.75	1.6	0.03	0.05		0.80	1.30
	1	1	0.04	0.04	0.04	0.97	1.09
	1.25	0.6	0.05	0.03		0.88	1.05
	1.5	0.33	0.06	0.02		1.62	0.07
	1.75	0.14	0.07	0.01		-	-
	2	0	0.08	0		2.1	0

of CuxZn2-xAl-CO3 LDH: The copper based LDH were synthesized by direct coprecipitation at a constant pH of ± 10.0. A 0.12 M solution of metal salts was prepared by dissolving different concentrations of Cu(NO3)2.3H2O, Zn(NO3)2.6H2O and Al(NO3)3.9H2O in 50 mL deionized water. A mixture of 0.1 M NaOH and 0.2 M Na2CO3 dissolved in 100 mL

Table .

 . 

	III.5: Summary on the concentration of salts to synthesize CuxZn2-xAl-CO3 (0 ≤ x ≤ 2)
	and experimental metals ratios determined by ICP.			
	x	[Cu 2+ ]/[Zn 2+ ] [Cu 2+ ] M [Zn 2+ ] M	[Al 3+ ] M	Cu/Alexp	Zn/Alex
	0.5	3	0.02	0.06		0.40	1.52
	1	1	0.04	0.04	0.04	0.95	1.09
	1.5	0.33	0.06	0.02		1.58	0.55

  Table.III.6).

	Table.III.6: Electrolysis results of CuxMg2-xAl-CO3|CPE and CuxZn2-xAl-CO3|CPE (x = 0.5, 1,
	1.5) in 0.5 M KCl under CO2 at E app = -1.4 vs SCE, Q =40 C.
	LDH Sample	Ic (mA)	FYHCOOH (%)
	Cu0.5 Mg1.5Al-CO3	0.8 to 1.4	undetectable
	Cu1Mg1Al-CO3	1 to 2.2	34
	Cu1.5Mg0.5Al-CO3	1 to 2	57
	Cu2Al-CO3	0.8 to 2	37
	Cu0.5Zn1.5Al-CO3	2 to 2.5	undetectable
	CuZnAl-CO3	0.6 to 1	4
	Cu1.5Zn0.5Al-CO3	1.2 to 2.6	3
	The Cu1.5Mg0.5Al-CO3|CPE shows the best electrocatalytic efficiency with 57% of formate.

Table .

 . III.7: Summary on the concentration of salts used to synthesize CuxAl-Ac (2≤X≤5) with experimental ratios from ICP.

	LDH Sample	[Cu 2+ ]/[Al 3+ ]	[Cu 2+ ] M	[Al 3+ ] M	Cu/Alexp
	Cu2Al-Ac	2	0.066	0.033	1.7
	Cu3Al-Ac	3	0.075	0.025	2.2
	Cu4Al-Ac	4	0.08	0.02	2.9
	Cu5Al-Ac	5	0.083	0.016	10.3

  Based on the parameters optimized previously (ethanol, 24 h, h=250, reflux at 80°C), different phases CuxAl-Ac with x= 2, 3, 4, 5 were synthesized by polyol method in ethanol.The PXRD (Fig.III.38) show the diffraction peaks of typical LDH structure with corresponding crystallographic planes. The (003) reflection line situated at 2θ= 7.3 °corresponds to an interlayer distance of 12.4 Å typical of acetate intercalated phase, in agreement with the literature40,46 . As increasing the Cu/Al, it is noticed that the diffraction lines situated at 2θ= 36.5 °, 38.7 ° and 48.9° characteristic of CuO species47 are more intense, as previously observed for the co-precipitated phases obtained after ageing at 60°C. The chemical analysis (Table.III.7) shows a slightly lower experimental values except for Cu5Al showing double the amount due to CuO phase formation. The lower Cu precipitation value can originate from Al letching that has to be confirmed by analyzing the superlatent after synthesis by ICP.

Table .

 . 

	Table.III.8: Electrolysis results of Cu2Al-Ac|CPE and Cu5Al-Ac|CPE in 0.5 M KCl under
			CO2 at E app = -1.4 vs SCE	
	LDH Sample	Q ( C)	Ic (mA)	FYHCOOH (%)
	Cu2Al-Ac	40.9	5 to 6	20
	Cu5Al-Ac	44	5.2	49*
	*Determined by HPLC		
	III.8 summarizes the results obtained, showing that the Cu5Al-Ac|CPE provides
	HCOOH with a good FY. This value compares favorably with that reported previously for the
	Cu5Al-CO3 phase obtained by co-precipitation (24% of FYHCOOH Table III.3).

Table .

 . 

	III.9: Electrolysis results of Cu2Al-Ac|CPE, Cu2Al-DSex|CPE and Cu2Al-CO3ex|CPE
	and Cu2Al-CO3cop|CPE in 0.5 M KCl under CO2 at E app = -1.4 V vs SCE, Q = 40 C
	LDH sample	Ic (mA)	FYHCOOH (%)
	Cu2Al-Ac	5 to 6	20
	Cu2Al-DSex	2.4 to 1.4	18
	Cu2Al-CO3ex	0.5 to 1.5	25
	Cu2Al-CO3cop	0.8 to 2	37

Table A1

 A1 displays a comparison of FY of formate determined in HPLC and ionic chromatography for three different electrolyses performed in 0.45 M KHCO3 (pH 7.5) in DCM, showing a good agreement between both analytical methods.

Table A1 :

 A1 Quantification of formate by HPLC and ionic chromatography for three different electrolyses performed in 0.45 M KHCO3 (pH 7.5).

	LDH	HPLC	Ionic chromatography Difference
		[F] (mM)	FY HCOOH (%)	[F] (mM)	FY HCOOH (%)	(%)
	Cu2Al-CO3	17.11	20	17.85	21	1
	Cu2Al-CO3ex	3.72	27	3.31	24	-3
	Cu5Al-Ac	21.48	27	17.36	22	-5
	F: Formate					

This work was carried out within the Inorganic Materials team at the Institute of Chemistry of Clermont-Ferrand (ICCF) of the University of Clermont Auvergne (UCA), directed by Mr.

Fabrice Leroux. I address to him my sincere thanks for welcoming me in his laboratory.

Chapter II

Porphyrin intercalated LDH

for CO 2 electroreduction

II.2. Preparation of materials and electrodes

II.2.1. Preparation of FeTSPP based materials.

Synthesis of ZnCr-FeTSPP LDH: The compositions of the host layered structured based on Zn 2+ and Cr 3+ were selected because of their stability at low pH 29 . The hybrid LDH phase was prepared by the direct co-precipitation earlier described 29 . 0.1 M metal salt solution was prepared by dissolving 1.98 g of Zn(NO3)2.6H2O and 1.33 g of Cr(NO3)3.9H2O (R th = Zn/Cr = 2) in 100 mL deionized water. 5.2 mL salt mixture (0.347 mmol Zn and 0.173 mmol of Cr)

was introduced with constant flow (0.007 mL.min -1 ) to a reactor containing 0.089 g (0.087 mmol) of 5,10,15,20-tetrakis-(4-sulfonatophenyl)-porphyrin-Fe(III) chloride (Porphyrin-Laboratories GmbH, Germany) dissolved in 8 mL deionized water under N2 atmosphere. The amount FeTSPP was fixed as two fold-excess in charge compared to the stoichiometry. The pH was maintained constant during the coprecipitation process at a value of 6.25 by the addition of 0.2 M NaOH. After the addition, the mixture was aged for 48 h at room temperature. ZnCr-FeTSPP was recovered by centrifugation, washed twice with deionized water, and let dry in a 40°C oven overnight. It is noteworthy that FeTSPP in aqueous solution is characterized by a pH-dependent equilibrium between different monomeric and dimeric species according to the nature of axial ligands, H2O, OH -, O 2-, on the metal 47 . In the present work, we will use the notation FeTSPP as a generic name. For comparison purpose ZnCr-NO3 phase was synthesized by coprecipitation following a similar protocol in absence of FeTSPP into the reactor. These synthetic conditions were also used to prepare Mg2Al-LDH intercalated by FeTSPP, in this case the pH was maintained constant at a fixed value of 7.5, the pH of co-precipitation being strongly dependent on the layer metallic composition 48 

III.3. Effect of LDH layer composition: CuxMg2-xAl-CO3 and

CuxZn2-xAl-CO3 systems

The distribution of metal cations in the LDH layer creates well-dispersed metal species upon reduction. Furthermore, the formation of nanoparticles and metal species during the reduction of the LDH layer can create a strong interaction between the created nanoparticles and the layer, making it less exposed to aggregation and growth 37 . In the continuation of this study, the LDH layers composition is tuned to study the effect of copper amount for CO2ERR. This section will primarily address the synthesis of ternary systems, CuxMg2-xAl-CO3 and CuxZn2-xAl-CO3 (0.25 ≤ x ≤ 2), with related electrochemical performance and electrocatalytic efficiency towards CO2. It will allow to evaluate if the amount of Cu into the layer can be further decrease compared to Cu2Al-CO3 and if the nature of the ternary metal cation play a role on the CO2ERR. 

III.3.1. Synthesis of ternary LDH by co-precipitation

III.5. Effect of interlayer anion: anionic exchange from

Cu2Al-Ac

In this section, the nature of interlayer anions in the LDH was investigated to assess whether it has an influence on the CO2ERR. Starting from Cu2Al-Ac, exchange reactions were performed with dodecyl sulfate (CH₃(CH₂)₁₁OSO₃ -, DS) and carbonate (CO3 2-). The effect of morphology will be also studied by comparing the samples Cu2Al-CO3cop and Cu2Al-CO3ex prepared either by co-precipitation and by exchange reaction, respectively.

III.5.1. Synthesis of Cu2Al-DSex and Cu2Al-CO3ex

Cu2Al-DSex and Cu2Al-CO3ex LDH were synthesized by an exchange reaction starting from Cu2Al-Ac. 100 mg (5.6 10 -4 mol) of Cu2Al-Ac were dispersed in deionized water. For Cu2Al-DSex, 40 mg (1.12 10 -3 mol) of sodium dodecyl sulfate (NaDS) was added that corresponds to twofold excess of charge. On the other hand, for Cu2Al-CO3ex , 30 mg (5.6 10 -4 mol) of Na2CO3 was added in 20 mL deionized water. The exchange reaction was carried out under N2 atmosphere for 12 h. Table .III.9 shows the concentrations used during synthesis with elemental analysis obtained from ICP for determining the Cu/Al ratio.

Table .III.9: Summary on the concentration of salts to synthesize the exchanged phases

LDH Sample [DS -] M [CO3 2-] M Cu/Alexp

Cu2Al-DSex 0.32 -1.7

Cu2Al-CO3ex -0.16 3.0

III.5.2. Structural and morphological characterization exchanged LDH phases

PXRD of the exchanged phases (Figure .III.43) compared to Cu2Al-Ac (12.4 Å) show the modification of the interlayered distances as expected. Indeed, the (00l) diffraction line which are correlated to the nature of intercalated anion shift after the anionic exchange process.

When Ac was exchanged with DS, the interlayer distance increases from 12.4 Å to 27.2 Å by the shift of (00l) to lower theta value in coherence with results reported previously for this anion 49 . The reflection of low intensity attributed to the layer at 34° and 60° are unmodified after DS intercalation.

III.6. Conclusion

In this chapter, different copper-based LDH where synthesized either by the co-precipitation or by polyol methods. The effect of the layer and the interlayer anion was studied. Both methods were used to synthesize a series of CuxAl-LDH (2≤x≤5) with carbonate (coprecipitation) or acetate (polyol method) intercalated anions. Microscopy images show that both synthesis methods produce different morphologies and particle size of LDH. Structural characterization by PXRD shows, in both cases at high Cu content, a side phase attributed to CuO. FTIR spectra confirms the presence of adsorbed nitrate anions regardless to the affinity of carbonate anions to interact with LDH (co-precipitation). Strong absorption bands of acetate were found in polyol phases, confirming the formation of the CuxAl-Ac phases.

Electrochemical characterization was carried out according to a fixed protocol that allows to follow the changes of the CV before and after the electrochemical activation under CO2. 16 . However compared to our conditions, a preactivation of the Cu-LDH was carried out at very high cathodic potential (-4 V vs. Ag/AgCl or -3.9 V/SCE in 0.1 M KHCO3 ) 14 leading to the formation of C2H4 after an electrolysis realized at -1.1 V/RHE ( -1.68 V/SCE , pH 6.8 ), showing the importance of the generation of mixed copper oxide phase or the surface properties of the LDH particles. 

A1.2. Synthesis of LDH

A1.2.1 Coprecipitation device

Chapter II: the preparation of ZnCr-FeTSPP was carried out in a microreactor (Fig. A1) connected to a peristaltic pump with Labview software for the controlled addition of salts, base and pH regulation. 

A1.3. Instrumentation

Powder X-ray diffraction patterns were recorded with a Philips X'Pert automated X-ray diffractometer using CuKα radiation (λ = 0.154051 nm), over the 2-70 • (2θ).

FTIR spectra were recorded with a Nicolet 5,700 spectrometer from Thermo Electron Corporation using the KBr pellet technique.

The metallic composition of LDH was determined using inductively coupled plasma-atomic emission spectroscopy (ICP-AES Agilent 5800). Priori analysis, the samples were mineralized by dispersion in 6 mL of HNO3 (69%) and 2 mL of HCl (37%) and heating at 230°C for 1 h using microwave irradiation (Anton-Paar Multiwave 5000). CHNS contents in the hybrid materials were measured using a Thermo Scientific CHNS/O FlashSmart.

The morphologies of the powders mounted on conductive carbon adhesive tabs and the films deposited on GCE or CPE were investigated by scanning electron microscopy (SEM) using a Zeiss Supra 55 FEG-VP Field-Emission Scanning Electron Microscope operating at 3 kV.

Transmission electron microscopy (TEM) images were taken using a microscope JEOL 2100 operating at an acceleration voltage of 200 kV. A suspension of 5 mg/ml was prepared and stirred overnight, followed by a deposition of a droplet on copper grid and left to dry at room temperature.

A.1.4. Electrode preparation with ZnCr-FeTSPP

For CV analysis, modified electrodes were prepared by solvent casting on glassy carbon electrode (GCE,  = 3 mm, A = 0.07 cm 2 ) following a procedure previously described 8,10 .

Before modification, the electrode surface was polished with 1 µm diamond paste (Presi) and washed with acetone and then it was polished again with 0.04 µm alumina slurry (Presi) to be finally rinsed with ethanol and water. Suspensions of hybrid materials (4 mg/mL) were prepared by sonication of ZnCr-FeTSPP LDH or Zn-FeTSPP LSH in water. Aliquots of 10 μL (40 µg) of these suspensions were deposited on the surface of GCE and dried under darkness for at least 2 h to ensure their complete drying before use.

Carbon paper electrodes (CPE-AvCarb MGL190 from FuelCell Store) with a larger surface area (1 cm 2 /side) were used in electrolysis experiments. Hence, the geometrical surface area of all working electrodes used was 2 cm 2 . They were cleaned in ultrasound bath as follow: 15 min acetone, 15 min ethanol, 15 min water and let dry in 40°C oven before the deposition of 125 µL of hybrid material suspension on both sides of the electrodes (2 x 500 µg, 500 µg cm - 2 ). The modified CPE were dried at room temperature overnight. The effect of applied potential (E app = -1.3, -1.4 and -1.5 V/Ag-AgCl) on the pH variation and on the FYHCOOH was therefore investigated as a function of electrolysis time in 0.5 M KCl (Fig. A7). A shift of E app towards more cathodic values accelerates the increase of the pH in the electrolyte, favored by the reduction of protons. FYHCOOH depends also deeply on the E app .

A.1.5. Electrolyses with ZnCr-FeTSPP

At -1.5V, the FYHCOOH remains quasi-constant around 30 % over the whole electrolysis with a final charge (Qf) of 100 C after 5 h, whereas when the E app was fixed at -1.4 V, the % of formate increases as function of time to reach a maximum value (48 %) after 5 h (Qf = 45 C).

A lower applied potential (E app -1.3 V) is less efficient with only 38 % of formate at the end of the electrolysis (5 h, Qf = 22 C). These results clearly show the effect of pH and applied potential on the catalytic efficient, the optimum conditions being in 0.5 M KCl at E app = -1.4

V, pH 6; a more negative potential and a lower pH value being favorable to the HER as shown by the high value of charge (Qf = 100 C) transferred at -1.5 V. 

Abstract

With increasing CO2 emission into the atmosphere by industrialisation, it is important to develop new strategies to limit and valorise CO2 into valuable feedstock's. Layered double hydroxides (LDH) are considered as one of the candidates for achieving CO2 electroreduction reaction (CO2ERR). The flexibility of composition of the LDH allows these materials to be used in various electrochemical processes by the intercalation of several electroactive anions into the interlayer domain or by benefiting of the presence of d-transition metal cations into the layer. In the present study, two approaches were investigated: the first one is based on the intercalation of a molecular catalyst, the iron tetraphenylsulfonato porphyrin (FeTSPP), in ZnCr and MgAl LDH, and the second one on the synthesis of various Cu-based LDH where the composition of the LDH layers (CuAl, CuMgAl, CuZnAl) and the nature of the intercalated anions (carbonate, acetate and dodecylsulfate) were modulated. After their synthesis by coprecipitation or polyol methods, these lamellar materials were characterised by different methods (XRD, FTIR, TGA, ICP/CHNSO, SEM and TEM). The electrochemical behaviour of these materials, coated on glassy carbon or carbon paper electrodes, was studied by cyclic voltammetry and linear sweep voltammetry in Ar and CO2 saturated electrolytes. Preparative scale electrolyses were performed under optimized conditions and the reduction products were identified. Whereas free FeTSPP exhibits 18% of CO2 conversion to CO, once intercalated into ZnCr-matrix, there is no CO formation, only H2 (75% 

x-où M II et M III sont les cations divalents et