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This thesis studies photoelectrochemical CO2 reduction reaction (PEC CO2RR) on p-type semiconductor CuCo2O4 addressing the cocatalytic role of imidazolium based RTILs by scanning photoelectrochemical microscopy (SPECM). Imidazolium based RTILs strongly absorb photons from ultraviolet (UV) light irradiation. CuCo2O4 was studied in different solvent supporting electrolyte systems including: aqueous solution (0.1 M KHCO3 and 0.1 M Na2SO4), binary mixture solution (25 vol.% [C2mim][BF4]/H2O and 25 vol.% [C4mim][BF4]/H2O) and pure RTILs ([C2mim][BF4], [C4mim][BF4], [C4mim][NTf2] and [C2mim][NTf2]) to explore by SPECM the role of RTILs in CuCo2O4 semiconductor PEC performance. Significantly enhanced photoreduction current under both UV-vis and visible light illumination is reported in 25 vol.% [C2mim][BF4]/H2O

solution. However, no significant difference is observed whether the solution is CO2 saturated or not, which seems to point out an enhanced performance due to the presence of [C2mim][BF4] in solution. Only CO generated from PEC CO2RR was detected using an in-situ detection method based on a home-made dual tip optical fiber-ultramicroelectrode (OF-UME) and from bulk electrolysis under illumination. The formation of CO at potentials more positive than the thermodynamic value is reported here and it clearly points out that direct CO2 reduction on the electrode surface is not the mechanism taking place and that CO is underpotential photoelectrochemically produced, which place this approach near artificial photosynthesis. A possible reaction scheme for the PEC CO2RR mediated by [C2mim] + is proposed. Thus, our results have demonstrated for the first time the cocatalytic role of [C2mim] + for the PEC CO2RR.

In addition, electrochemical CO2RR has also been studied on various synthesized transition metal-nitrogen-carbon catalysts (M-N-Cs) by rotating disk electrode. 25%Fe25%Co-N-C exhibited the best performance on electrochemical CO2RR among the studied M-N-Cs in this thesis. The presence of Co sites in that catalyst provided synergic effect for the generation of distributed Fe-rich microcubes, which act as active sites in electrochemical CO2RR. vi

vii

Ré sumé

Cette thèse concerne l'étude de la réaction photoélectrochimique de réduction du CO2 (PEC CO2RR) sur le semi-conducteur de type p CuCo2O4 en abordant le rôle cocatalytique des RTIL à base d'imidazolium par microscopie photoé lectrochimique à balayage (SPECM). Les RTIL à base d'imidazolium absorbent fortement les photons provenant de l'irradiation de la lumiè re ultraviolette (UV).

Le CuCo2O4 a é té é tudié dans diffé rents é lectrolytes supports, notamment une solution aqueuse (0,1 M KHCO3 et 0,1 M Na2SO4), une solution de mé lange binaire (25 vol To satisfy the energy demand of the global development, the consumption of fossil fuels has been on an unprecedented scale up, leading to a sustainable increasing concentration of the greenhouse carbon dioxide (CO2) gas, which reached a monthly average value of 413 ppm [1].

This anthropogenic CO2 emission breaks the global balance of carbon cycle as shown in Figure 1.1a, as well as causes environmental problems and energy crisis [2]. Therefore, carbon capture and storage (CCS) and carbon capture and utilization (CCU) strategies are necessary to mitigate CO2. CCU is preferred than CCS because CO2 can be converted to useful feedstocks.

Among all the CO2 conversion approaches including thermal, chemical, biological, electrochemical, photochemical and photoelectrochemical methods, electrochemical and photoelectrochemical CO2 reduction reaction (CO2RR) powered by electricity from renewable sources such as solar energy or wind have become attractive because they possess advantages and can produce useful chemicals and fuels [3][4][5][6][7][8][9]. Figure 1.1b shows this artificial carbon recycling. This kind of reaction can occur under ambient conditions and can be turned by the surface free energy through the control of the electrode potential. [2] and (b) carbon recycling by artificial way powered by renewable electricity sources of wind and solar [10].
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In this chapter, the challenges and the advanced researches of electrochemical and photoelectrochemical CO2RR are introduced, as well as the mechanisms and pathways for the generation of different products. In addition, different elements constituted in the reaction system, which can affect the CO2RR performance, are explained and discussed, aiming to provide an exhaustive reversion and background in CO2RR.

Electrochemical CO2RR and Photoelectrochemical CO2RR

CO2 is a non-polar, linear, thermodynamically stable molecule, which requires some energy input (heat, light or electricity) to overcome the barrier for endothermic chemical transformation. A catalyst is desired to lower the free energy needed so that increasing the reaction rate and promoting products selectivity as shown in Figure 1.2a [11]. Moreover, CO2 is also kinetically difficult to convert. Figure 1.2b shows thermodynamic potentials for numerous reactions of various products, these potentials represent the minimum required potentials for each reaction to take place following a direct mechanism in aqueous solution [12]. Normally, the initial one electron transfer reaction requires high energy and happens at -1.9 V vs. NHE (E1) because of the reorganization of the linear molecule and the formation of radical anion species (CO2 •-). However, proton-coupled multi-electrons transfer reaction to form other products require much lower energy since the generated products are more thermodynamically stable molecules [13].

Chapter 1 Introduction [11]. (b) The electrode potentials for numerous electrochemical CO2RR half-reactions (E1 ~ E6, pH 7 in aqueous solution versus NHE, 25 °C, 1 atmosphere gas pressure, and 1 M for the other solutes [13]; E7 ~ E9 were in aqueous media at pH 7, atmospheric pressure and 25 °C [6].

3 Figure 1.

(a) Energy balance for CO2RR with medium-energy reactants to high-energy products in endothermic process powered by extra energy

Powered by renewable electricity and using water as proton source, electrochemical CO2RR is capable to yield various value-added products such as carbon monoxide (CO) [14,15], formic acid (HCOOH) [16][17][18], methane (CH4) [19,20], methanol (CH3OH) [21,22], ethanol (CH3CH2OH) [23,24], ethylene (C2H4) [25], acetone ((CH3)2CO) [26], etc. [5]. So far, electrochemical CO2RR still faces several relevant challenges due to necessity of a large amount of electricity because of the high overpotential, unclear reaction mechanism, instability of catalysts and competing hydrogen evolution reaction (HER), which affects the overall current efficiency reached.

Alternatively, solar or ultraviolet (UV) energy powered catalytic materials such as semiconductor materials photo-generate charge carriers to drive reduction reactions under light illumination. Therefore, light irradiation has been introduced to electrochemical CO2RR to facilitate catalyzing reduction reactions, leading to the concept of photoelectrochemical (PEC)

CO2RR. PEC CO2RR combines the photocatalysis and electrochemical catalysis hence compensates the drawbacks present on both and possesses outstanding advantages: lowering the overpotential thus save electricity; promoting the separation of photogenerated electrons and positive holes thus suppressing their recombination; increasing the low efficiency of visible light absorption and quantum efficiency [3,[27][28][29]. In 1972, Fujishima and Honda proposed for the first time the electrochemical photolysis of water on n-type semiconductor materials TiO2 [30], and after that, Halmann et al. firstly reported photoelectrochemical CO2RR on p-type GaP in buffer solution to yield HCOOH, HCHO, CH3OH [31]. Since then, photoelectrochemical CO2RR has been expanded by trying to improve solar light absorption and producing fuel molecules.

PEC cells require the semiconductor electrode to be connected to a counter electrode in an external circuit. Conventional, PEC CO2RR system is shown in Figure 1.3 [32] presents twochambers separated by a conducting membrane where anode and an illuminated photocathode are connected. For instance, Figure 1.4a shows a PEC CO2RR system which adopted a p-type semiconductor material such as Co3O4 nanotubes decorated with Cu nanoparticles as photocathode to reduce CO2 and generate formate with high yield and selectivity of nearly 100% [START_REF] Shen | High-yield and selective photoelectrocatalytic reduction of CO2 to formate by metallic copper decorated Co3O4 nanotube arrays[END_REF]. The photogenerated electrons of the semiconductor can reduce CO2 at the interface between the electrolyte and the semiconductor surface [29]. Figure 1.4b shows an alternative PEC system where both electrodes are semiconductors. [32] .

Figure 1.4 Schematic illustrations of (a) mechanism of PEC CO2RR on photocathodes Cu-Co3O4 nanotubes. Adapted from ref [START_REF] Shen | High-yield and selective photoelectrocatalytic reduction of CO2 to formate by metallic copper decorated Co3O4 nanotube arrays[END_REF] and (b) two-compartment PEC CO2RR cells separated by protonexchange membrane using semiconductors as both photocathode and photoanode [29].
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Relevant Factors and Present limitations on Electrochemical and Photoelectrochemical CO2RR

Activity and/or the products selectivity of electrochemical and (photo)electrochemical CO2RR are controlled by experimental parameters such as the electrolyte composition, the nature of the catalytic and cocatalytic materials, the electrolysis cell configuration, the local pH, the applied potential, the CO2 solubility, the pressure and the temperature, etc. Either the impact of one element or their combination deserves deep investigation and understanding, although many systematic work has already put some effort on this [28,[START_REF] Lu | Electrochemical CO2 reduction: Electrocatalyst, reaction mechanism, and process engineering[END_REF][START_REF] Ren | The effects of currents and potentials on the selectivities of copper toward carbon dioxide electroreduction[END_REF][START_REF] Kumaravel | Photoelectrochemical conversion of carbon dioxide (CO2 ) into fuels and value-added products[END_REF].

Electrolyte

For instance, the protonation of the absorbed CO intermediate to form absorbed CHO is the key step in the generation of hydrocarbons (CH4 and C2H4) [START_REF] Peterson | How copper catalyzes the electroreduction of carbon dioxide into hydrocarbon fuels[END_REF]. Hence, aqueous solution or water-containing solution are attractive electrolytes to generate hydrocarbons by providing a proton source. Typically, electrochemical CO2RR mainly takes place in neutral or moderately acid or basic solutions such as Na2SO4, NaHCO3/KHCO3 or phosphate buffers. Moreover, 0.1 ~ 0.5 M bicarbonate solution is the most common electrolyte, which forms a buffer solution after saturation with CO2 (pH ≈ 7). In addition to this, bicarbonate is cheap and environmentally friendly, making it the electrolyte of choice in most electrochemical CO2RR studies [START_REF] Lu | Electrochemical CO2 reduction: Electrocatalyst, reaction mechanism, and process engineering[END_REF].

However, the HER occurs at the similar thermodynamic potentials than CO2RR in aqueous solution, which provokes the competition between both reactions. In addition, CO2 mass transfer is limited in aqueous solutions by the CO2 solubility (33 mM at 25 °C). For this reason, nonaqueous solvents such as acetonitrile (AN), dimethyl sulfoxide (DMSO), dimethyl formamide (DMF) and room temperature ionic liquids (RTILs) obtained popularity because of their high CO2 solubility, products selectivity, HER suppression and even lowering the reaction overpotential [START_REF] Sá Nchez-Sá Nchez | Electrochemical approaches to alleviation of the problem of carbon dioxide accumulation[END_REF]. The utilization of RTILs will be introduced in detail in chapter 1.3.

Electrode materials

The key and core element controlling CO2 reduction performance is the electrochemical catalytic material, which defines the overall activity, efficiency and the selectivity of CO2RR.

Thus, the exploration and investigation of practical (photo)electrochemical CO2RR catalytic materials are urgent. Several criteria for evaluating the performance of an electrochemical catalysts have been already defined in the literature, they include following figures of merit [3]:
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(1) Faradaic efficiency (FE): Equation1-1

ε Faradaic = z•n•F Q 1-1
Where z is the number of electrons exchanged, n is the number of moles of a particular product, F is Faraday constant (F = 96485 C/mol) and Q is the charge circulated (C) [7].

(2) Overpotential = (applied potential at a given current density) -(thermodynamic potential of the reaction).

(3) catalytic selectivity = moles of intended products / (moles H2 + moles other products).

(4) Turnover number (TON) = moles of intended products/moles of catalyst.

(5) Turnover frequency = catalytic turnovers per unit time.

The catalytic materials should be stable, highly catalytic, capable of absorbing light, etc.. So far, numerous efficient catalysts have been reported and developed for (photo)electrochemical CO2RR [START_REF] Lu | Electrochemical CO2 reduction: Electrocatalyst, reaction mechanism, and process engineering[END_REF][START_REF] Qiao | A review of catalysts for the electroreduction of carbon dioxide to produce low-carbon fuels[END_REF].

As Figure 1.5 shown, the majority of the catalysts are classified in 3 groups: metallic, nonmetallic and molecular catalysts [START_REF] Lu | Electrochemical CO2 reduction: Electrocatalyst, reaction mechanism, and process engineering[END_REF]. Firstly, polycrystalline monometallic catalysts have been widely studied because of their high catalytic activity and simple structure. Cu is most likely the unique metal for the generation of multicarbon products including hydrocarbons and alcohols [START_REF] Albo | Copper-based metal-organic porous materials for CO2 electrocatalytic reduction to alcohols[END_REF][START_REF] Huo | High selectivity toward C2H4 production over Cu particles supported by butterfly-wing-derived carbon frameworks[END_REF]; Au, Ag, Zn mainly selective to CO [START_REF] Zhang | Direct evidence of local pH change and the role of alkali cation during CO2 electroreduction in aqueous media[END_REF][START_REF] Chae | Directly synthesized silver nanoparticles on gas diffusion layers by electrospray pyrolysis for electrochemical CO2 reduction[END_REF][START_REF] Luo | Boosting CO production in electrocatalytic CO2 reduction on highly porous Zn catalysts[END_REF], and Pb In Sn Bi to formate or formic acid [START_REF] Pander | The importance of morphology on the activity of lead cathodes for the reduction of carbon dioxide to formate[END_REF][START_REF] Bohlen | Electrochemical CO2 reduction to formate on indium catalysts prepared by electrodeposition in deep eutectic solvents[END_REF][START_REF] Lai | Sn/SnOx electrode catalyst with mesoporous structure for efficient electroreduction of CO2 to formate[END_REF]. Besides monometallic catalysts, ion-modified metallic and bimetallic catalysts such as oxide-derived metallic catalysts are popular because they present better longterm stability and keep less-changeable selectivity [START_REF] Lum | Optimizing C-C coupling on oxide-derived copper catalysts for electrochemical CO2 reduction[END_REF]. Nanostructured (nanopores, nanoparticles and nanotubes) metallic catalysts possess the advantages of high catalytic surface area and numerous edges or low-coordinated sites, which can dramatically enhance the catalytic performance. Non-metallic and molecular catalysts and some semiconductor materials such as TiO2, ZnO, CaS, GaP, SiC and WO3 [START_REF] Inoue | Photoelectrocatalytic reduction of carbon dioxide in aqueous suspensions of semiconductor powders[END_REF] have also been widely investigated and shown promising and potential in the (photo)electrochemical CO2RR. In this thesis, transition metal-N doped-carbon and metal oxide semiconductor materials will be introduced in chapter 1.4. Overall, despite the development of a large amount of different catalysts, it is far from satisfying the industrial demand or specific task. Ideal electrochemical catalysts with high efficiency and selectivity, low overpotential, high stability and cost-effective abundance are the final goal of electrochemical CO2RR and it is still an open challenge.

Figure 1.5 An outline of three major categories of electrocatalysts for CO2 reduction [START_REF] Lu | Electrochemical CO2 reduction: Electrocatalyst, reaction mechanism, and process engineering[END_REF].

The cocatalysts in PEC systems can be classified into two main categories: i) nanoparticles of metals or oxides deposited on the surface of semiconductor photoelectrodes and ii) dissolved species present in the electrolyte [32]. The modification of semiconductor surfaces with molecular catalysts or metals has long been a technique employed to increase catalytic activity and stability. For this reason, an original study about the role of imidazolium based RTILs as dissolved cocatalytic species in solution for CO2RR is presented in this thesis.

The concept of artificial photosynthesis is employed when the PEC system converts light energy to stored chemical energy. But if the potential applied in PEC systems is more negative than the thermodynamic CO2 reduction potential, the system does not convert light energy to stored chemical energy. Thus, in some cases, light energy can be used in such a way as to allow the reduction of CO2 to proceed at applied electric potentials more positive than the formal redox potential. One of the few examples of underpotential CO2 reduction has been reported using p-GaP photoelectrodes [START_REF] Barton | Selective solar-driven reduction of CO2 to methanol using a catalyzed p-GaP based photoelectrochemical cell[END_REF] . In this case, the Faradaic efficiency is almost 100% for producing methanol at underpotentials as high as 320 mV thanks to the presence of a small concentration of pyridine in solution. In particular, it is a PEC system containing a soluble pyridinium (10 mM) component in 0.5 M KCl aqueous solution, pH = 5.2. The authors proved that the photocurrent drop off drastically in the absence of pyridinium. The mechanistic study proposed an amine mediated catalytic reduction of CO2 pathway, where CO2 in solution reacts to reversibly form an electroactive carbamate by coupling CO2 and pyridinium, which undergoes further reduction and produces CO2 reduction products at lower potential than the thermodynamic potential for CO2RR on the electrode surface.

Electrolysis Cell Configuration

The design of the (photo)electrochemical reduction cell configuration governs the mass transfer regime thus requires to consider many factors such as the morphology and geometry of electrode materials, the mixing and mass transport of the electrolyte, solubility of CO2, light source power, heat exchange and products detection, etc. [22,[START_REF] Kumaravel | Photoelectrochemical conversion of carbon dioxide (CO2 ) into fuels and value-added products[END_REF].

As mentioned above, two-compartment configuration can avoid the reoxidation of the reduced products and convenient to operate hence popular in the experimental design. Figure 1.6a exhibits a typical H-type PEC configuration of CO2RR [START_REF] Kumaravel | Photoelectrochemical conversion of carbon dioxide (CO2 ) into fuels and value-added products[END_REF]. The anode and the cathode are separated by ion exchange membrane (such as proton exchange membrane or anion exchange membrane). At the anode, water splitting takes place to form O2 whereas photoelectrochemical CO2RR happens at the cathode with the photogenerated electrons. In this configuration, CO2 is dissolved in the electrolyte and transports to the catalysts surface subsequently reduced, yet the drawbacks are the limited CO2 solubility and the mobility. [START_REF] Kumaravel | Photoelectrochemical conversion of carbon dioxide (CO2 ) into fuels and value-added products[END_REF]; (b) Electrochemical CO2RR system with gas diffusion electrode under flow conditions for electrochemical CO2RR [28]; (c) Schematic representation of metal catalyst deposited onto a polytetrafluoroethylene (PTFE) hydrophobic fiber support. A flat ionomer layer conformally coats the metal [START_REF] Garcí A De Arquer | CO2 electrolysis to multicarbon products at activities greater than 1 A cm -2[END_REF].
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The GDE consisted of catalysts deposited on a porous structure support. Instead of dissolving in the electrolyte, CO2 was provided through the GDE then transports to the GDE/catalyst/electrolyte triple phase interface and reduced, dramatically improved the reactant feeding rate because of the gas-phase transportation.

Recently, an interesting catalyst was reported to electrochemical reduce CO2 to ethylene with an industrial current density of 1.3 A cm -2 , which is called ionomer bulk heterojunction (CIBH, and also ionomer planer heterojunction, CIPH) and can decouples gas, ion and electron transportation [START_REF] Garcí A De Arquer | CO2 electrolysis to multicarbon products at activities greater than 1 A cm -2[END_REF]. As shown in Figure 1.6c, the perfluorinated sulfonic acid (PFSA) ionomers possess hydrophobic and hydrophilic groups hence can separate the species transportation pathways: gas transport through the hydrophobic groups and water and ions transport through hydrophilic domains. This creative function enabled the gas transport increasing to micrometer scale meanwhile maintaining the high electrocatalysis efficiency and current density, lighting up the direction for CO2RR from experimental scale to industrial application.

Other Factors (Pressure, pH and Potential)

The solubility of CO2 in aqueous solution is very low, reaching 0.033 M at ambient temperature and pressure, which limits electrochemical CO2 conversion because of the poor reactant feeding [START_REF] Sá Nchez-Sá Nchez | Electrocatalytic reduction of CO2 in imidazolium based ionic liquids[END_REF]. However, as the pressure increases, the CO2 solubility will be increased according to Henry's Law [START_REF] Supasitmongkol | High CO2 solubility in ionic liquids and a tetraalkylammonium-based poly(ionic liquid)[END_REF]. Based on that, Kas et al. [START_REF] Kas | Manipulating the hydrocarbon selectivity of copper nanoparticles in CO2 electroreduction by process conditions[END_REF] studied the influence of CO2

pressure on the products selectivity on Cu catalyst in 0.5 M KHCO3. Figure 1.7a shown the relationship of generated hydrocarbons with the CO2 pressure, as the pressure increasing, the overall FE was raised and the same to the FE to ethylene (44%), while the generated methane decreased to 2%. The reason existed in that the formation of ethylene relied on CO dimerization, the increasing of CO2 pressure leading to an increase of local CO concentration and surface coverage, which in turn promoted the ethylene selectivity. [START_REF] Kas | Manipulating the hydrocarbon selectivity of copper nanoparticles in CO2 electroreduction by process conditions[END_REF]; (b) Absolute product formation rates of CH4 as a function of applied electrode potentials in CO2 saturated 0.05 M KHCO3 (blue), 0.1 M KHCO3 (red) 0.2 M KHCO3 (black) [START_REF] Varela | Controlling the selectivity of CO2 electroreduction on copper: The effect of the electrolyte concentration and the importance of the local pH[END_REF]; (c) Stationary Faradaic selectivity of CH4 of the CO2RR as a function of electrode potentials after 10 min of bulk CO2 electrolysis at a constant potential, in CO2 saturated 0.1 M KHCO3 (black) and 0.3 M KX (X means halides) [START_REF] Varela | Tuning the catalytic activity and selectivity of Cu for CO2 electroreduction in the presence of halides[END_REF]; (d)(e)(f) Faradaic efficiency of methane, ethylene and ethanol, carbon monoxide and formate on different catalysts at different potentials, respectively. Different catalysts Cu-10, CuO-1, CuO-10, and CuO-60 are Cu-based catalysts electrodeposited for 1 min, 10 min, and 60 min, respectively, which are shown in color of orange, green, red and blue, respectively. Error bars in (d)-(f) represent the standard deviations of three independent measurements [START_REF] Ren | The effects of currents and potentials on the selectivities of copper toward carbon dioxide electroreduction[END_REF].

In addition, different local pH can have an effect on controlling the products selectivity of electrochemical CO2RR [START_REF] Varela | Controlling the selectivity of CO2 electroreduction on copper: The effect of the electrolyte concentration and the importance of the local pH[END_REF]. Figure 1.7b exhibited CH4 Faradaic selectivity differed along with the different concentration of the KHCO3 buffer solution, which was caused by the local interfacial pH changing. The concentrated KHCO3 possessed high buffer capacity thus suppressed local pH changing, which is favor of CH4 formation since it relied on coupled electron/proton transfer. In contrast, diluted KHCO3 with low buffer capacity decreased CH4 formation owing to a low proton concentration.

Furthermore, the addition of halides can tune the activity and selectivity in electrochemical CO2RR on Cu. It is demonstrated that Cl -and Br -increased CO and I -promoted methane formation (Figure 1.7c) because the adsorption of halides leaded to negative charge on the reaction surface [START_REF] Varela | Tuning the catalytic activity and selectivity of Cu for CO2 electroreduction in the presence of halides[END_REF].

Besides, the control of the applied potential is crucial to tailor the selectivity of CO2RR.

Figure 1.7d, e and f shown that as the potential changing from -0.45 V to -1.3 V vs. RHE, the products selectivity successively tuned towards CO and formate, ethylene and ethanol and finally methane. The different products are related to the different energy barriers in the CO2RR process. For instance, a slightly rough metallic Cu surface (Cu-10) produces preferentially CH4, whereas OD-Cu surfaces (CuO-1, CuO-10 and CuO-60) produce more C2H4 and C2H5OH [START_REF] Ren | The effects of currents and potentials on the selectivities of copper toward carbon dioxide electroreduction[END_REF].

In addition to this, light source, catalysts properties and surface structure, electrolyte effects (buffer strength, ion effects) and mass transport conditions were also studied by their influence on the performance of electrochemical CO2RR [START_REF] Birdja | Advances and challenges in understanding the electrocatalytic conversion of carbon dioxide to fuels[END_REF].

Although electrochemical and PEC CO2RR catalysts have been extensively explored and evaluated, the present limitations are large indeed because many vital processes are not very clear and desire more efforts. Every factor involved in the catalysis needs to be considered and optimized for synergetic working on converting CO2 to value-added chemicals or fuel products.

Take the metallic catalysts as example, the most challengeable thermodynamic step is CO2 binding to the metal center whereas the kinetic step belongs to C-O bond breaking in the metal-CO2 complex [3]. Finding abundant, cheap metals which can meantime satisfy these thermodynamic and kinetic determining steps is indispensable. In addition to this, catalysts capable of lowing the overpotential and improving the current density and maintaining the long-term stability to scale up in the industrial application is imperative. Besides, for the PEC CO2RR system, increasing the light harvesting efficiency and the separation of photogenerated electron-hole pairs should be paid more attention [29].

Introduction

Scanning Electrochemical Microscopy (SECM, the same abbreviation name for the instrument) is an electroanalytical scanning probe technique which was first introduced and developed by the Bard [START_REF] Bard | Scanning electrochemical microscopy. Introduction and principles[END_REF] and Engstrom [START_REF] Engstrom | Scanning electrochemical microscopy[END_REF] groups in 1980s. Bard developed the SECM based on the use of the tip and the piezoelectric element for positioning the tip in scanning 
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tunneling microscopy (STM) but enlarged the measurements spacings to implement in-situ electrochemical detection of the interest surface, including its topography and electrochemical information [START_REF] Bard | Scanning electrochemical microscopy. Introduction and principles[END_REF][START_REF] Bard | Scanning electrochemical microscopy[END_REF]. So far, thousands of papers related to SECM on the research of its instruments and methodology have been published for the application in variety of fields including chemistry, energy, kinetics, biology, corrosion [START_REF] Polcari | Scanning electrochemical microscopy: a comprehensive review of experimental parameters from 1989 to 2015[END_REF][START_REF] Amemiya | Scanning electrochemical microscopy[END_REF][START_REF] Bertoncello | Advances on scanning electrochemical microscopy (SECM) for energy[END_REF].

The basic principle of SECM is that it employs an ultramicroelectrode (UME, "tip") to scan in the vicinity of the surface of the substrate which immersed in the solution and to probe and collect the information from the tip and the substrate. The unique advantage of SECM of its ability to probe the diffusion layer of the substrate surface with high special resolution makes it powerful and useful in many applications.

Moreover, SECM has been combined with other techniques or energy to extend and complement its applications. For example, the combination of SECM to atomic force microscope (AFM) can benefit from ① the AFM tip for a high-resolution topographical imaging and the controlling of the desired tip-substrate distance, ② the SECM tip to investigate and obtain electrochemical activities [START_REF] Macpherson | Combined scanning electrochemical-atomic force microscopy[END_REF][START_REF] O'connell | Combined electrochemical-topographical imaging: a critical review[END_REF]. Furthermore, Shear-force positioning SECM fulfills the simultaneous electrochemical-topographical imaging by a laterally vibrated probe [START_REF] Beaulieu | Biological scanning electrochemical microscopy and its application to live cell studies[END_REF]; Scanning ion conductance microscope (SICM) and SECM coupling can improve the sensitivity of the measured current to the tip-surface separation via nanopipette [START_REF] O'connell | Combined electrochemical-topographical imaging: a critical review[END_REF][START_REF] Takahashi | Simultaneous noncontact topography and electrochemical imaging by SECM/SICM featuring ion current feedback regulation[END_REF].

In addition, the integration of the SECM and illumination system such as a Xenon lamp generated the concept of scanning photoelectrochemical microscopy (SPECM) available for the study of photocatalysts. Bard et al. firstly employed SECM and replace the UME with an optical fiber connected to Xenon lamp for rapid screening bimetallic and trimetallic photocatalyst [START_REF] Lee | Combined scanning electrochemical/optical microscopy with shear force and current feedback[END_REF][START_REF] Lee | Screening of photocatalysts by scanning electrochemical microscopy[END_REF]. So far, SPECM has been booming in many applications [START_REF] Wain | Scanning electrochemical microscopy for combinatorial screening applications: A mini-review[END_REF].

This chapter introduces the techniques, instruments, operation modes and methodologies of SECM and SPECM, and summarizes their recent and advanced applications in electrochemistry. 

Experimental Device of SECM

Ultramicroelectrode (UME)

The most important part in the SECM equipment is the ultramicroelectrode, with the dimension from a few nanometers to 25 µm (radius). Its size and shape define the lateral spatial resolution of the SECM experiment together with the resolution of the position controller and/or the tip-to-substrate distance [START_REF] Bard | Scanning electrochemical microscopy[END_REF][START_REF] Amemiya | Scanning electrochemical microscopy[END_REF]. There are various shapes and dimensions of UME specific to different applications such as microdisk UME [START_REF] Danis | Fabrication of carbon, gold, platinum, silver, and mercury ultramicroelectrodes with controlled geometry[END_REF]. conical UME [START_REF] Fan | STM on wet insulators: electrochemistry or tunneling?[END_REF], ring/ringdisk UME [START_REF] Lee | Scanning electrochemical microscopy. 41. theory and characterization of ring electrodes[END_REF], spherical/hemispherical UME [START_REF] Mauzeroll | Scanning electrochemical microscopy. 48. Hg/Pt hemispherical ultramicroelectrodes: fabrication and characterization[END_REF] and some others [START_REF] Mirkin | Scanning electrochemical microscopy part 13. Evaluation of the tip shapes of nanometer size microelectrodes[END_REF][START_REF] Zoski | Ultramicroelectrodes: design, fabrication, and characterization[END_REF]. One of the most common used UMEs in SECM is the microdisk UME, which is the only focus and introduced in detail in this chapter.

Figure 1.9 shows a typical disk UME composed by the metal wire in the middle and the surrounding insulating sheath. The preparation procedures of a disk UME have been reported

in detail [START_REF] Bard | Scanning electrochemical microscopy[END_REF][START_REF] Amemiya | Scanning electrochemical microscopy[END_REF][START_REF] Zoski | Handbook of electrochemistry[END_REF] and will be introduced concisely here. Firstly, a Pt/Au wire (of µm) is put in the end of a capillary glass with one end sealed and the other connected to a vacuum pump, the capillary is fixed perpendicularly inside the helix Ni-Cr coil whose temperature is increased for melting the capillary until the wire is sealed. Secondly, a Cu wire is inserted and electrically connect with the metal wire by silver paint in the capillary, the open end is sealed with epoxy for strain relief of the wire. Finally, the sealed end is polished by sandpaper to expose the cross section of the metal wire, which is then polished by (0.3 ~ 0.05 µm) alumina slurry for a mirror surface. (Figure 1.9a) for a reliable and reproducible data in the experiment. The glass sheath around is sharpened to a conical shape (Figure 1.9b) until the radius of the metal (a) is 10 times less than that of the disk (rg) (RG = rg/a ≤ 10). The prepared disk UME can be used for approaching curve and SECM imaging. Unlike the current in the STM which origins from the electron tunneling in a tunneling distance (less than1 nm) of the tip and the conductive substrate, the current in SECM comes from the electrochemical reactions of the sample and flows by the dissolved active species between the UME and the sample, making the possibility of a larger tip-to-substrate distance (up to several µm) so that expanding the applications of SECM [START_REF] Wittstock | Scanning electrochemical microscopy for direct imaging of reaction rates[END_REF]. Moreover, the mass transfer within the diffusion layer (the electrolyte region in the vicinity of WE in which the redox species diffuse) occurs by semi-infinite linear diffusion at a normal macroelectrode (Figure 1.10a, inset). The type of the diffusion changes as the electrode size and shape changes. In UME, as the size decreased, mass transfer happens by hemispherical diffusion including axial and radial diffusion (Figure 1.10b, inset), which increases the rate of mass transport and reaches the steady-state fast [START_REF] Bard | Scanning electrochemical microscopy[END_REF][START_REF] Walsh | Ultramicroelectrode voltammetry and scanning electrochemical microscopy in room-temperature ionic liquid electrolytes[END_REF]. Furthermore, the steady-state diffusion limiting current density is much larger than that in a macroelectrode if under the convection so that the tip movement has negligible contribute to the Faradaic current (the current generated by the reduction or oxidation of some chemical substance at an electrode) [START_REF] Wittstock | Scanning electrochemical microscopy for direct imaging of reaction rates[END_REF]. The different behavior between the UME and macroelectrode are shown on the cyclic voltammograms (CV):

the rapid depletion of the reactive species in the macroelectrode surface causes a peak-shaped CV response (Figure 1.10a), whereas with an UME, the rate of mass transfer is high to compensate to a certain extend the depletion of the species reacted on the surface, the current is finally controlled by the mass transfer and reaching a steady-state current response in a short time, shown S-shape plot in CV (Figure 1.10b). The steady-state diffusion current of disk UME tip (iT,∞) is given by (Equation 1-2):

i T,∞ = 4nFDca 1-2
In the equation, n is the electron number transferred in the redox reactions; F is the Faraday constant (96485 C/mol); D is the diffusion coefficient of the mediator (cm 2 /s), c is the bulk concentration of the reactant (mol/cm 3 ), a is the radius of the active part of the UME (cm). show the predominant mode of mass transfer to the electrode surface: (a) Semi-infinite linear diffusion to a macroelectrode; (b) Hemispherical diffusion to an UME. Adapted from ref [START_REF] Walsh | Ultramicroelectrode voltammetry and scanning electrochemical microscopy in room-temperature ionic liquid electrolytes[END_REF].

Overall, given the properties and the principles of disk UME previously mentioned, it shows several advantages. Because of the small size, the current obtained is small (pA to nA), which lowers the Ohmic drop (IR) in the solution so that it can be used in solutions with low supporting electrolyte concentration (or no supporting electrolyte); moreover, with the high spatial resolution, it can probe the information in small volumes; the rapid charging current decreases the time constant (RC) for the possibility of studying transient electrochemistry. As the popularity of UME, it has been developed and improved by miniaturization and combination with other instruments for widespread applications [START_REF] Kranz | Recent advancements in nanoelectrodes and nanopipettes used in combined scanning electrochemical microscopy techniques[END_REF]. So far, the size of the UME reaches a few nanometers [START_REF] Zoski | Electrochemistry at ultramicroelectrode arrays and nanoelectrode ensembles of macro-and ultramicroelectrode dimensions[END_REF][START_REF] Katemann | Fabrication and characterization of needle-type Ptdisk nanoelectrodes[END_REF], and multiple and functional UMEs such as Au ring optical fiber electrode [START_REF] Cho | Metal doping of BiVO4 by composite electrodeposition with improved photoelectrochemical water oxidation[END_REF], and dual optical fiber-UME [START_REF] Badets | Combined local anodization of titanium and scanning photoelectrochemical mapping of TiO2 spot arrays[END_REF], cavity-microelectrode [START_REF] Morandi | The cavity-microelectrode as a tip for scanning electrochemical microscopy[END_REF], shear force-SECM nano-disk [START_REF] Danis | Development of nano-disc electrodes for application as shear force sensitive electrochemical probes[END_REF] have been used making the UME and SECM more and more important in many fields.

The Operation Modes of SECM

SECM has been developed many operation modes for desired applications, including feedback mode, generation/collection mode, redox competition mode, direct mode, potentiometric mode, penetration mode, equilibrium perturbation mode, ion transfer feedback mode, constant high mode etc. The instruction is restricted to the most common used operation modes in electrochemistry: Feedback mode (FB), generation/collection mode (Tip Generation-Substrate Collection mode (TG/SC) and Substrate Generation-Tip Collection mode (SG/TC)), redox competition mode and constant high mode. To illustrate the principle of each mode, "R" is adopted to represent the reduced form of the initially added redox mediator (electroactive species) in the solution.

Feedback mode (FB)

Feedback mode is the most common mode because of its versatility, it has been widely used in the research of electron transfer kinetics [START_REF] Liu | Electron transfer at self-assembled monolayers measured by scanning electrochemical microscopy[END_REF][START_REF] Lefrou | Analytical expressions for quantitative scanning electrochemical microscopy (SECM)[END_REF]. The principle is shown in Figure 1.11.

R is reduced to O (the oxidized form of the mediator) according to the reaction (Equation 1-3) on the biased tip which is far from the substrate (≥ 5 tip diameters), the mass transfer belongs to hemispherical diffusion and the measured current is iT,∞ (Figure 1.11a). As the tip approaches near to an insulating substrate (glass or plastic), the diffusion of R is hindered by the substrate resulting decreased concentration and iT (iT < iT,∞), the closer the tip to substrate, the smaller of iT until zero, which is called negative feedback mode as shown in Figure 1.11b.

R -e -→ O 1-3

In contrast, if the tip probes a conductive substrate (Fluorine-doped tin oxide (FTO), Indium tin oxide (ITO), and metal surface), although the blockage still exists, O diffused to the substrate and is reduced to R in turn causing an increased flux of R and a contribution to iT (iT > iT,∞). This is referred to positive feedback mode (Figure 1.11c). The value of iT will be very large as the tip to substrate distance (d) decreased. The plot of iT vs. d is called approach curve [START_REF] Bard | Scanning electrochemical microscopy[END_REF]. Figure 1.12 shows the approach curve of positive feedback (a) and negative feedback (b).

Thereinto, the dimensionless IT = iT/iT,∞ and L = d/a are normalized to eliminate the effect of concentration and diffusion coefficient. The recording of the approach curve helps to study the real tip-substrate distance and the property of the substrate [START_REF] Bard | Scanning electrochemical microscopy[END_REF]. Feedback mode provides possibilities to study kinetics on various substrate. In the GC mode, the currents and potentials are measured both on the tip and the substrate.

Compared to FB mode, the biggest difference of GC mode is that it doesn't need an original concentration of the reactants and the products instead it produces the mediator on the tip or substrate for further reactions. Moreover, it needs a good controlling of the tip-substrate distance, that's why it always firstly combines FB mode to position the tip and control d with another mediator (like ferrocenemethanol) different with that of the GC mode.

In the TG-SC mode, the tip current is controlled as a constant flux of reactants [START_REF] Amemiya | Scanning electrochemical microscopy[END_REF]. The collection efficiency is defined by iS/iT (iS is the substrate current), as the products O generated on the tip and diffused to the substrate reaching a high collection efficiency (CE, > 0.99) when d is small (L ≤ 2) [START_REF] Zhou | Scanning electrochemical microscopy. 16. study of second-order homogeneous chemical reactions via the feedback and generation/collection modes[END_REF]. TG/SC is widely used as a high throughput methodology in the research of rapid screening electrocatalysts and quantify reaction intermediators such as the oxygen reduction reaction (ORR) [START_REF] Sá Nchez-Sá Nchez | Scanning electrochemical microscopy for studying electrocatalysis on shape-controlled gold nanoparticles and nanorods[END_REF] and formic acid oxidation [START_REF] Jung | Electrocatalytic activity of Pd-Co bimetallic mixtures for formic acid oxidation studied by scanning electrochemical microscopy[END_REF].

SG-TC mode is more applicable than TG-SC mode because it is not confined in a thin diffusion layer between the tip and substrate rather than a thicker diffusion layer the because of the big size of the substrate. The collection efficiency (iT/iS) is related to a, d, and rg, which can be quantified and calibrated by a simulation method [START_REF] Sá Nchez-Sá Nchez | Scanning electrochemical microscopy. 60. quantitative calibration of the SECM substrate generation/tip collection mode and its use for the study of the oxygen reduction mechanism[END_REF]. It can be applicable in the detection of ORR at various electrodes [START_REF] Shen | Detection of hydrogen peroxide produced during electrochemical oxygen reduction using scanning electrochemical microscopy[END_REF][START_REF] Sá Nchez-Sá Nchez | Imaging structure sensitive catalysis on different shape-controlled platinum nanoparticles[END_REF] and electrochemical CO2RR [START_REF] Narayanaru | pH dependent CO adsorption and roughness-induced selectivity of CO2 electroreduction on gold surfaces[END_REF]. The drawbacks of SG-TC mode, the background current is relatively big because of the large substrate, making the difficulty of O to be collected by the tip and the low CE.

However, some neural species cannot be generated electrochemically on the tip by TG-SC mode such as formic acid and methanol. Then a suitable modification of the TG-SC tip to a micropipet for delivering these species to the substrate has been invented and developed to study the ion / electron transfer across liquid/liquid interfaces, which is called Micropipet Delivery-Substrate Collection mode (MD-SC) [START_REF] Walsh | Scanning electrochemical microscopy. 55. fabrication and characterization of micropipet probes[END_REF][START_REF] Zhan | Scanning electrochemical microscopy. 58. application of a micropipet-supported ITIES tip to detect Ag + and study its effect on fibroblast cells[END_REF][START_REF] Lin | Micropipet delivery-substrate collection mode of scanning electrochemical microscopy for the imaging of electrochemical reactions and the screening of methanol oxidation electrocatalysts[END_REF]. The pipet is full of immiscible solvent with outside containing the interest species, which can be used for electron/ion transfer across liquid/liquid surface, on the other side, it can be also filled with the same solvent inside and outside for the application of SICM.

Redox competition mode (RC)

The redox competition mode (RC) was first introduced by Schuhmann's group to study the catalytic activities of the metal catalysts on the substrate for ORR simultaneously decreasing the big background current from the large substrate [START_REF] Eckhard | Redox competition mode of scanning electrochemical microscopy (RC-SECM) for visualisation of local catalytic activity[END_REF]. The principle is shown in Figure 1.13c: both the tip and the substrate are applied a potential at which R can be reduced. Once R is reduced at the tip, its following diffusion to the substrate with an inactive part will be blocked (like the negative feedback mode). On the contrary, if R diffuses to an active catalysts spot on the biased substrate where it can be reduced, the concentration of R in the tip-substrate gap will decrease and induces a diminished tip current. Hence, the information of the catalysts on substrate can be visualized by the changes of the iT, making the system independent of the size of the substrate. RC mode has been used to study the local degradation of the coated-metal [START_REF] Santana | Visualization of local degradation processes in coated metals by means of scanning electrochemical microscopy in the redox competition mode[END_REF], the bio-electrocatalytic activity in biofuel cell cathodes [START_REF] Karnicka | Visualisation of the local bio-electrocatalytic activity in biofuel cell cathodes by means of redox competition scanning electrochemical microscopy (RC-SECM)[END_REF] and the reduction of H2O2 by microstructure film [START_REF] Guadagnini | Visualization of electrocatalytic activity of microstructured metal hexacyanoferrates by means of redox competition mode of scanning electrochemical microscopy (RC-SECM)[END_REF] etc. Although SECM has many operation modes, in the practical, more than one mode is usually adopted and even other techniques are combined as mentioned previously for studying complicated systems.

Experimental Devices of SPECM

Since the combinatorial techniques was firstly reported by Maier's group for highthroughput screening photocatalysts (i.e. semiconducting oxide) under irradiation of visible light in 2001 [START_REF] Lettmann | Combinatorial discovery of new photocatalysts for water purification with visible light[END_REF], various researches have been implemented to develop advanced combinatorial equipment for high throughput screening efficiency photocatalytic materials.

Among that, Lee et al. firstly combined SECM with optical fiber (OF) to locally illuminate and scan the photocatalytic activities of various metal oxides spots by measuring their photocurrent. This locally illumination overcomes the drawbacks of the mixed photocurrent and photodegradation because of the global illumination on the entire sample surface [START_REF] Fonseca | Direct observation of oxygen depletion and product formation during photocatalysis at a TiO2 surface using Chapter 1 Introduction 62 scanning electrochemical microscopy[END_REF][START_REF] Zigah | Quantification of photoelectrogenerated hydroxyl radical on TiO2 by surface interrogation scanning electrochemical microscopy[END_REF].

After that, SECM has been widely applied for photoelectrochemical catalysis in the abbreviation of SPECM [START_REF] Badets | Combined local anodization of titanium and scanning photoelectrochemical mapping of TiO2 spot arrays[END_REF][START_REF] Conzuelo | Highresolution analysis of photoanodes for water splitting by means of scanning photoelectrochemical microscopy[END_REF][START_REF] Berglund | Screening of transition and post-transition metals to incorporate into copper oxide and copper bismuth oxide for photoelectrochemical hydrogen evolution[END_REF][START_REF] Lee | Visible light photoelectrochemical properties of PbCrO4, Pb2CrO5, and Pb5CrO8[END_REF][START_REF] Nam | Compositional screening of the Pb-Bi-Mo-O system. Spontaneous formation of a composite of p-PbMoO4 and n-Bi2O3 with improved photoelectrochemical efficiency and stability[END_REF][START_REF] Park | Factors in the metal doping of BiVO4 for improved photoelectrocatalytic activity as studied by scanning electrochemical microscopy and first-principles density-functional calculation[END_REF]. In this part, various SPECM experimental configurations are introduced. In the configuration of the electrochemical cell, the light introduction ways are of vital importance in the photoelectrochemical catalysis. Figure 1.16 Schematic representation of the SPECM configurations adopted in literature: (a) The light is incident from the back side of the photocatalysts [START_REF] Fonseca | Direct observation of oxygen depletion and product formation during photocatalysis at a TiO2 surface using Chapter 1 Introduction 62 scanning electrochemical microscopy[END_REF]; (b) The light beam is introduced to the entire surface and orientated with the UME in acute-angle [START_REF] Zigah | Quantification of photoelectrogenerated hydroxyl radical on TiO2 by surface interrogation scanning electrochemical microscopy[END_REF]; (c) The tip is an OF core coated with Au ring UME sealed in the glass sheath [START_REF] Cho | Metal doping of BiVO4 by composite electrodeposition with improved photoelectrochemical water oxidation[END_REF]; (d) The tip is an UME coupled with an OF at the end to provide light trough a glass sheath [START_REF] Conzuelo | Highresolution analysis of photoanodes for water splitting by means of scanning photoelectrochemical microscopy[END_REF]; (e)The parallel combination of dual OF and UME in a capillary [START_REF] Badets | Combined local anodization of titanium and scanning photoelectrochemical mapping of TiO2 spot arrays[END_REF].

Applications of SECM in Electrochemistry and Photoelectrochemistry

The SECM is capable to locally induce and detect electrochemical activities in a micro/nanoscale regime and able to qualitatively and quantitatively analyze the reaction kinetics and the properties of the sample, with the advantages of small IR drop, high mass transfer rate, low time constant, high signal to noise ratio and current density, making it unique among other scanning probe technique and employed in many applications. It has been used

to analyze the electrocatalytic activities of different electrochemical catalysts in electrochemistry [START_REF] Wain | Scanning electrochemical microscopy for combinatorial screening applications: A mini-review[END_REF], and adapted to monitor the structures and process in the nanoscale such as the nanoparticles [START_REF] Hynek | Monitoring of the surface modification of nanoparticlesby electrochemical measurements using scanning electrochemical microscope[END_REF]. It can also analyze the biological process in the studies of enzymes, DNA, proteins, and living cells [START_REF] Huang | Recent advances in scanning electrochemical microscopy for biological applications[END_REF]. In this part, the content is restricted to the applications related to electrochemistry.

Applications of SECM in Electrochemistry

The SECM has been intensively utilized in many aspects of electrochemical with different operation mode: it can image the morphology of the substrate such as the circuit board by feedback mode [START_REF] Han | A leveling method based on current feedback mode of scanning electrochemical microscopy[END_REF]; it can investigate corrosion mechanism and mitigation methods [START_REF] Niu | Application of scanning electrochemical microscope in the study of corrosion of metals[END_REF];

it can detect the O2 evolution reaction in the water splitting [START_REF] Minguzzi | Screening of oxygen evolution electrocatalysts by scanning electrochemical microscopy using a shielded tip approach[END_REF], formic acid oxidation [START_REF] Jung | Electrocatalytic activity of Pd-Co bimetallic mixtures for formic acid oxidation studied by scanning electrochemical microscopy[END_REF] etc.. Here the ORR and CO2RR applications with various operation modes are especially illustrated as examples.

The energy conversion is a hot topic and numerous researches have been carried out to find efficiency catalysts. Various SECM operation modes have been widely adopted in ORR for the development of the fuel cells. Bard's group studied ORR with SECM feedback mode in which the O2 was produced at a gold tip by oxidation of OH -and reduced at a Pt substrate in alkaline medium [START_REF] Liu | Scanning electrochemical microscopy. 45. study of the kinetics of oxygen reduction on platinum with potential programming of the tip[END_REF]. Moreover, they also adopted TG/SC mode to expand the pH range to acidic environment on Pt/Ru electrodes, as shown in Figure 1.17a. The O2 generated on the tip diffused and war reduced back to H2O on the biased substrate, by comparing the current in the imaging of the Pt and Ru spots loaded on the glass carbon substrate, the materials with good catalytic performance can be fast screened by SECM [START_REF] Ferná Ndez | Scanning electrochemical microscopy. 47. imaging electrocatalytic activity for oxygen reduction in an acidic medium by the tip generationsubstrate collection mode[END_REF]. Meanwhile, with TG/SC mode, Sá nchez-Sá nchez et.al investigated the catalytic activities of shape-controlled Pt nanoparticles (Pt NPs) for ORR and found that hexagonal Pt NPs shown the highest catalysis than tetrahedral-octahedral, spherical and cubic one. (Figure 1.17b) [START_REF] Sá Nchez-Sá Nchez | Imaging structure sensitive catalysis on different shape-controlled platinum nanoparticles[END_REF] Alternatively, they also tried SG/TC mode and Comsol simulation to quantify intermediators ORR generated at small substrate [START_REF] Sá Nchez-Sá Nchez | Scanning electrochemical microscopy. 60. quantitative calibration of the SECM substrate generation/tip collection mode and its use for the study of the oxygen reduction mechanism[END_REF]. The experimental and simulation results are coincident. Figure 1.17c

shows the simulation results on half of an axial 2D symmetric tip of the concentration profile of active species. As mentioned previously, CO2 conversion is of vital importance for the environment and the energy crisis. Excepted for ORR, various SECM operation modes also serve for CO2RR.

Phani et al. raised a new insight of the selective reduction in electrochemical CO2RR on Au substrate in KHCO3 solution saturated with CO2. As shown in Figure 1.18a, SG/TC mode was used to sense the products generated from the reduction CO2/HCO3 -on the Au substrate by a Pt UME tip. They showed that the formate originates only from the reduction of bicarbonate rather CO comes from the reduction of CO2 (under low pH and high overpotential), which directs a way for the CO2RR products selectivity [START_REF] Sreekanth | Selective reduction of CO2 to formate through bicarbonate reduction on metal electrodes: new insights gained from SG/TC mode of SECM[END_REF]. Numerous researches revealed that the vital intermediator of radical anion CO2 •-formed at the first step in the CO2RR then converted to other products. Nevertheless, its lifetime is short because of the easy dimerization with protons leading to the difficult detection. Recently, TG/SC mode of SECM has been implemented to successfully generate and detect this radical.(Figure 1.18b) A hemisphere-shaped Hg/Pt UME works to reduce CO2 to generate CO2 •-, which will diffuse to and oxidized at the Au substrate back to CO2 then feed back to the tip, companied by their dimerization during the diffusion in the nanogap [START_REF] Kai | Detection of CO2 •in the electrochemical reduction of carbon dioxide in N,N-Dimethylformamide by scanning electrochemical microscopy[END_REF].

Nagy et al. explored the electrode passivation in 30% monoethanolamine (MEA) solution during catalyzing CO2RR with SECM. Firstly, the approach curve in feedback mode is used to study the surface change on the Cu electrode, which was negatively polarized to reduce the oxide films on its surface. As the oxide film was reduced, the negative feedback characterization changed to positive feedback, providing a suitable potential range where the 

Applications of SPECM in Photoelectrochemistry

The development of photoelectrochemical catalysts has grasped tons of attention recently because of their high efficiency on converting sustainable energy (like solar energy) to useful products. The SPECM takes a place in the research of photoelectrochemistry among other techniques.

The SPECM provides an efficient high throughput screening method for fast screening photoelectrochemistry catalysts. Bard et al. employed SG/TC mode for screening photoelectrochemical catalysts on HER and ORR. Among the Pb-Bi-Mo trimetal oxide catalysts, different atomic ratio of the 3 elements shown different photoelectrochemical current, which implies the property of the photoelectrochemical catalysts. The highest current originated from the ration of Pb:Bi:Mo = 1:1:1 (p-PbMoO4/n-Bi2O3), illustrating its best photoelectrochemical catalysis (Figure 1.19a and b) [START_REF] Nam | Compositional screening of the Pb-Bi-Mo-O system. Spontaneous formation of a composite of p-PbMoO4 and n-Bi2O3 with improved photoelectrochemical efficiency and stability[END_REF] They also conducted SPECM for probing photoelectrochemical performance under the visible light which is more common and easier to harvest in nature than Ultraviolet-visible light on different combination of Pb-Cr oxides [START_REF] Lee | Visible light photoelectrochemical properties of PbCrO4, Pb2CrO5, and Pb5CrO8[END_REF]. Similar study was carried by Mullines' group [START_REF] Berglund | Screening of transition and post-transition metals to incorporate into copper oxide and copper bismuth oxide for photoelectrochemical hydrogen evolution[END_REF].

The SPECM has been popular in accelerating electrolysis process. As shown in Figure 1.16a, the redox competition mode was used for ORR on the n-type photocatalysts TiO2 [START_REF] Fonseca | Direct observation of oxygen depletion and product formation during photocatalysis at a TiO2 surface using Chapter 1 Introduction 62 scanning electrochemical microscopy[END_REF].

The PEC and photocatalytic water splitting are hot topics for the renewable H2 energy. Pan et al. adopted SPECM for fast detecting coupled p-and n-type heterojunction photoelectrodes Cobalt doped BiVO4 (Figure 1.19c), the 3D data shows the best doping concentration of Co is 6% because of an enhancement in the water oxidation kinetics by the surface formed Co3O4 [START_REF] Shinde | Rapid screening of photoanode materials using scanning photoelectrochemical microscopy technique and formation of Z-scheme solar water splitting system by coupling p-and n-type heterojunction photoelectrodes[END_REF]. In addition, Bard's group studied the Bi2WO6 catalyst for improved photocatalytic water oxidation [START_REF] Bhattacharya | Rapid screening by scanning electrochemical microscopy (SECM) of dopants for Bi2WO6 improved photocatalytic water oxidation with Zn doping[END_REF].

Perovskites possess excellent properties for photovoltaic cell. Different ratios of PbI2 were doped to methylammonium lead iodide (MAPbI3) and rapidly screened by SPECM to find optimal ratio. Figure 1.19d shown the ratio of 2.5% PbI2/MAPbI3 exhibited the highest photoelectrochemical current which means the best PEC catalysis [START_REF] Hsu | Optimization of PbI2/MAPbI3 perovskite composites by scanning electrochemical microscopy[END_REF]. 

Introduction of RTILs

CO2RR in aqueous solution such as KHCO3 solution is accompanied with a competitive HER which happens in the similar thermodynamic potentials with CO2RR leading to a low conversion efficiency [START_REF] Gattrell | A review of the aqueous electrochemical reduction of CO2 to hydrocarbons at copper[END_REF]. Moreover, the solubility of CO2 is low in aqueous solution which unfavors the its availability on catalyst surface during the reduction reaction. Given that, conventional nonaqueous solvents such as acetonitrile (AN), dimethyl formamide (DMF) and dimethyl sulfoxide (DMSO) have been adopted for their HER suppression and higher CO2

solubility, Yet the high toxicity, volatility, flammability and non-recyclability restrained their popularization. However, a series of non-aqueous solvents as promising candidates in electrochemistry have been widely applied called ionic liquids (ILs), which is composed entirely of cations and anions. Normally, the strong ionic bond in ionic compounds (such as NaCl) confined the vibration of cations and anions leading to a high melting point, so liquid state of the ionic compounds is possible under high temperature. However, if the cation and anion are asymmetric and with high molecular weight, the interaction between the ions is weaken and the lattice energy decreases by steric hindrance, and following the decreased meting points. The ILs which melt at or below 100 °C are called room temperature ionic liquids (RTILs). They are formed totally by organic cations and organic / inorganic anions. in air and water with low melting point [START_REF] Wilkes | Air and water stable 1-ethyl-3-methylimidazolium based ionic liquids[END_REF], RTILs started to cascade in various field, in particular in electrochemistry.

Classification and Properties and of RTILs

Classification and abbreviations

There are a huge amount of combinations of cations and anions in RTILs (> 10 6 ) [START_REF] Plechkova | Applications of ionic liquids in the chemical industry[END_REF].

Classifications are various according to different criteria. Normally, RTILs can divide into two branches depending on the availability of proton in the cation: protic ionic liquids [START_REF] Greaves | Protic ionic liquids: properties and applications[END_REF] and aprotic ionic liquids [START_REF] Hapiot | Electrochemical reactivity in room-temperature ionic liquids electrochemical reactivity in room-temperature Ionic liquids[END_REF]. In terms of the water solubility, they are classified to water-miscible and water-immiscible ionic liquids. On the base of the category of cations, there are imidazolium, pyridinium, pyrrolinium, phosphonium pyrrolidimium cations based RTILs and so on; regarding to the category of anions, there are inorganic anions such as Br ¯, Cl ¯, BF4 ¯, PF6 ¯, AuCl4 ¯ etc., and organic anions including CH3COO ¯, C6H5SO3 ¯( = OTs ¯), C(CF3SO2)3 ¯, CF3SO3 ¯( = OTf ¯), N(SO2CF3)2 ¯( = NTf2 ¯) etc. Table 1.1 shows some cations and anions of commonly used RTILs. As for the complicated structure of RTILs, disunity of the abbreviations of the same RTIL can be find in research. Take the imidazolium cation based RTILs as example, Sá nchez-Sá nchez summarized the abbreviations of 4 kinds of imidazolium cation based RTILs as shown in Table 1.2, 1-Ethyl-3-methylimidazolium can be abbreviated as [C2mim] + ,

[EMIm] + /[Emim] + and [C2C1Im] + . In this thesis, all the used RTILs are abbreviated by

[C2mim] + . Here, in 1-Ethyl-3-methylimidazolium, "Ethyl" and "methyl" represent the alkyl chains joint to the "N" of the imidazolium ring at position "1" and "3", respectively. (Figure 1.20).

Table 1.2 Nomenclature for imidazolium based cations [START_REF] Sá Nchez-Sá Nchez | Electrocatalytic reduction of CO2 in imidazolium based ionic liquids[END_REF].

The synthesis methods of RTILs divide to two kinds: "one-step" and "two-step". The onestep method can transfer the imidazole to imidazolium cation by protonation via acid-base neutralization reaction or quaternization to form alkyl chain on the N atom of the imidazolium ring, which can lead directly to the desired imidazolium cations efficiently and with high yield.

Figure 1.20 Quaternization reaction of the imidazole nucleus. Adapted from ref [START_REF] Khalil | Electrodé position de ZnO en milieux liquides ioniques: etudes physicochimiques des diffé rentes é tapes[END_REF] Nevertheless, some of the complicate cations are not available by the direct "one-step" synthesis but need "two-step" method which means a metathesis after the "one-step" process [START_REF] Gutel | Les liquides ioniques, leur utilisation et leur role comme solvants de ré action catalytique[END_REF].

Properties of RTILs

Composed only by cations and anions in a liquid state, RTILs possess special properties compared to other solvents [START_REF] Hapiot | Electrochemical reactivity in room-temperature ionic liquids electrochemical reactivity in room-temperature Ionic liquids[END_REF][START_REF] Mu | Structures and thermodynamic properties of ionic liquids[END_REF]. The optional anions and designable alkyl chains of the cations providing tunable physicochemical properties of RTILs.

1. High thermal and chemical stability. These allow RTILs work in a wide temperature range (-40°C ~ 300 °C), one remains liquid even down to -96 °C [START_REF] Seddon | Influence of chloride, water, and organic solvents on the physical properties of ionic liquids[END_REF].

2. High conductivity and wide electrochemical window (4 ~ 6 V). The oxidation of the anions and the reduction of the cations in the RTILs confined the potential limits of the electrochemical window [START_REF] Hapiot | Electrochemical reactivity in room-temperature ionic liquids electrochemical reactivity in room-temperature Ionic liquids[END_REF]. Figure 1.21a and b show the electrochemical window of [EMIM][BF4] under dry and with a bit of water respectively, which indicated the effect of the impurity on the properties [START_REF] Schröder | Water-induced accelerated ion diffusion: voltammetric studies in 1-methyl-3-[2,6-(S)-dimethylocten-2-yl]imidazolium tetrafluoroborate, 1-butyl-3methylimidazolium tetrafluoroborate and hexafluorophosphate ionic liquids[END_REF]. The high conductivity guarantees the role of solvent as well as a supporting electrolyte [START_REF] Galiński | Ionic liquids as electrolytes[END_REF].

3. Outstanding electrocatalysis. Imidazolium based RTILs have been widely used as cocatalyst for promoting CO2RR via different catalytic mechanisms [START_REF] Lin | Ionic liquid co-catalyzed artificial photosynthesis of CO[END_REF][START_REF] Lau | New insights into the role of imidazolium based promoters for the electroreduction of CO2 on a silver electrode[END_REF].

4. High dissolving capacity. They can dissolve many organics and inorganics (including H2, O2, CO2, etc.) and even high molecular polymer. For example, the CO2 solubility in [C4mim][BF4] is 3 times than that in 0.5 M H2SO4 [START_REF] Sá Nchez-Sá Nchez | Electrocatalytic reduction of CO2 in imidazolium based ionic liquids[END_REF].

5. Low melting point and volatility, because the vapor pressure is almost undetectable [START_REF] Rogers | CHEMISTRY: Ionic liquids-Solvents of the future?[END_REF]. So, they can be used in the high vacuum systems and decreasing the environment pollution caused by the solvent volatilization.

6. high heat capacity and cohesive energy density.

7. Low toxicity and non-flammability.

8. High viscosity. This can be a drawback in the application of electrochemistry because of the inhibition on the mass transfer rate. 

Applications of RTILs in Electrochemistry and Photoelectrochemistry

Possessing various excellent properties, RTILs have shown promising capability as novel green solvent and catalysis in numerous fields such as energy, materials, medicine, gas captures, analytical chemistry [START_REF] Wang | A new ionic liquid electrolyte enhances the conversion efficiency of dye-sensitized solar cells[END_REF][START_REF] Smiglak | Ionic liquids for energy, materials, and medicine[END_REF][START_REF] Gurkan | Molecular design of high capacity, low viscosity, chemically tunable ionic liquids for CO2 capture[END_REF][START_REF] Sun | Ionic liquids in analytical chemistry[END_REF][START_REF] Bates | CO2 capture by a task-specific ionic liquid[END_REF], especially in electrochemistry such as electrocatalysis, electrodeposition, electrochemical sensors, electrosynthesis, fuel cells, solar cells and so on [START_REF] Armand | Ionic-liquid materials for the electrochemical challenges of the future[END_REF][START_REF] Buzzeo | Non-haloaluminate room-temperature ionic liquids in electrochemistry-A review[END_REF][START_REF] Silvester | Electrochemistry in room temperature ionic liquids: a review and some possible applications[END_REF][START_REF] Dí Az | Progress in the use of ionic liquids as electrolyte membranes in fuel cells[END_REF][START_REF] Wei | Applications of ionic liquids in electrochemical sensors[END_REF][START_REF] Zhang | Ionic liquids in electrocatalysis[END_REF].

Applications of Pure RTILs and RTILs-based Binary and Ternary Solvent Mixtures in Electrochemical CO2RR

Since RTILs can work as solvent [START_REF] Kumar | Renewable and metal-free carbon nanofibre catalysts for carbon dioxide reduction[END_REF] and electrolyte [START_REF] Galiński | Ionic liquids as electrolytes[END_REF] simultaneously, they are popular in the electrocatalysis and electrosynthesis. The capability of RTILs exists in either CO2 capture from the post-combustion gases emission or CO2 conversion to value-added products. The most mature methods in the sequestering of CO2 is the application of cyclic chemical absorption/desorption by aqueous solution such as monoethanolamine, which, however, is confined by the corrosive and volatile properties of amines. Given that RTILs are developed to be a substitution and more effective CO2 capture solvents because of the outstanding nature mentioned previously [START_REF] Kenarsari | Review of recent advances in carbon dioxide separation and capture[END_REF][START_REF] Macfarlane | Energy applications of ionic liquids[END_REF]. On the other hand, RTILs play a vital role in the electrochemical CO2RR to generate value-added products. Benefited from the chemisorption of the CO2 on the electrode surface, RTILs possess remarkable CO2 solubility as an electrolyte to meet the reactant transport demand [START_REF] Neubauer | Alkalinity initiated decomposition of mediating imidazolium ions in high current density CO2 electrolysis[END_REF][START_REF] Rosen | In situ spectroscopic examination of a low overpotential pathway for carbon dioxide conversion to carbon monoxide[END_REF]. Normally, the CO2 solubility is greatly relied on the nature of the anions because of its strong affinity with CO2 [START_REF] Cadena | Why is CO2 so soluble in imidazolium based ionic liquids?[END_REF]. In addition, the formation of complex with CO2 and RTILs cations enhances the solubility.

Among all the common RTILs, [START_REF] Kumar | Renewable and metal-free carbon nanofibre catalysts for carbon dioxide reduction[END_REF], together with the study of the dependency of CO2 reduction efficiency on the [MIM + ] alkyl chain [START_REF] Wang | Effect of alkyl chain length of imidazolium cation on the electroreduction of CO2 to CO on Ag electrode in acetonitrile[END_REF], illustrated the feasibility of the role of supporting electrolyte and cocatalyst of imidazolium based RTILs. However, the high viscosity of pure RTILs inhibits the mass transportation rate and also the current density, moreover, the hygroscopicity of some imidazolium based RTILs (containing Cl -) are sensitive to the impurities such as water, which may trigger changes in the properties and catalytic behavior via proton-coupled electron-transfer pathways [START_REF] Lau | New insights into the role of imidazolium based promoters for the electroreduction of CO2 on a silver electrode[END_REF]. Given this, some researches mixed the RTILs with molecular solvents like AN or water to affect the viscosity and 

or [EMIM][BF4] (dashed line). The label CO2 -refers to the intermediate that forms when the first electron is transferred during the reaction [159]; (b) Current density (at the highest CO2 reduction potential) for carbon nanofiber catalyst with respect to water mole fraction (%) in [EMIM][BF4] [153]; (c) Cyclic voltammograms recorded for effect of different anions and water concentrations in 0.1 M [TBA][PF6] AN solution on the electrochemical reduction of CO2 1a,1b,1c stand for [EMIM][BF4], [EMIM][TFSI] and [EMIM]

[OTf] [START_REF] Lau | New insights into the role of imidazolium based promoters for the electroreduction of CO2 on a silver electrode[END_REF].

Many studies adopted AN solvent containing imidazolium cations as supporting electrolyte and/or cocatalyst (RTIL/AN), some of them also introducing tetrabutylammonium 

) Effect of [BMIM][PF6] content as a part of the ternary [BMIM][PF6]/AN/H2O (5 wt.%) mixture on the current density and products Faradaic efficiency in

CO2 electrolysis at -2.2 V vs. Ag/Ag + at Pb electrode [START_REF] Zhu | Efficient reduction of CO2 into formic acid on a lead or tin electrode using an ionic liquid catholyte mixture[END_REF].

Mechanisms and Pathways of Imidazolium based RTILs in Electrochemical

CO2RR

Imidazolium based RTILs contribute to enhance the CO2 reduction process ether as a supporting electrolyte or as cocatalyst. However, the mechanism and the pathways on how they play a role are attractive and researchers have controversial perspectives. This section concentrates on some most popular theories about the reaction mechanisms related to imidazolium cations on electrochemically catalyze CO2 reduction to various value-added products in literature, trying to depict a clear and macroscopic outline for the research background of this thesis.

It is well known that the one electron transfer process of the first step in CO2 electrochemical conversion to the radical anion CO2 •-(Equation 1-4, M represents metal electrocatalyst [18]) represents high energy barrier and requires very negative equilibrium potential. Rosen's theory mentioned above proved the cocatalyst role of imidazolium cation on lowering the overpotential and the free energy needed to form CO2 •-by the formation of EMIM-CO2 complex. Numerous studies endorsed this cocatalyst role yet proposed different rational mechanism regarding the combination of imidazolium cation with CO2 based on the detection of the intermediates and products. Here some mainstream mechanisms are introduced and discussed for the imidazolium cation cocatalyst.

M + CO 2 + e -→ M•••CO 2 •-

1-4
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A significant research was reported on various RTILs about their ability to promote electrochemical CO2RR at Ag electrode [START_REF] Zhao | Is the imidazolium cation a unique promoter for electrocatalytic reduction of carbon dioxide?[END_REF]. Among 20 different RTILs, many have catalytic activity on CO2RR indicating that the cocatalyst role is not restricted to imidazolium cations.

However, their catalytic mechanisms were different with imidazolium cations. As shown in Figure 1.25a, only the imidazolium cations worked as cocatalyst by forming complex by imidazolium radical and CO2, others made impact by modifying the double layer. As for the imidazolium cations, it was first reported to combine directly with CO2 •-to lower the free energy of the following the Scheme 1-5 [START_REF] Rosen | In situ spectroscopic examination of a low overpotential pathway for carbon dioxide conversion to carbon monoxide[END_REF]. Akin to this scheme is the study of Kumar in the electrocatalysis of metal-free CNFs (Figure 1.25b) [START_REF] Kumar | Renewable and metal-free carbon nanofibre catalysts for carbon dioxide reduction[END_REF]. The EMIM-CO2 complex was absorbed on the reduced C atom and electrochemically catalyze CO2 to CO. [START_REF] Kumar | Renewable and metal-free carbon nanofibre catalysts for carbon dioxide reduction[END_REF].

) an intermediate (EMIM-CO2 complex) formation, (2) adsorption of EMIM-CO2 complex on the reduced carbon atoms and (3) CO formation

𝐸𝑀𝐼𝑀 (𝑎𝑑) + + 𝐵𝐹 4 -+ 𝐶𝑂 2 + 𝑒 -→ [𝐸𝑀𝐼𝑀 -𝐶𝑂 2 ] (𝑎𝑑) --𝐵𝐹 4 - 1-5
In general, the C2 between two N atoms is the most electron deficient atom in the 1,3dialkyl-imidazolium ring hence the reduction site [START_REF] Lane | Electrochemical reduction mechanisms and stabilities of some cation types used in ionic liquids and other organic salts[END_REF]. [EMIM + ] accepted one electron and transferred to two different intermediates depending on the reactive conditions such as the applied potentials [START_REF] Hanc-Scherer | Surface structured platinum electrodes for the electrochemical reduction of carbon dioxide in imidazolium based ionic liquids[END_REF]. At -1. 4) more negative of the PZC. PZC represents potential of zero charge [START_REF] Zhang | Extending the shell-isolated nanoparticle-enhanced Raman spectroscopy approach to interfacial ionic liquids at single crystal electrode surfaces[END_REF].

(b) Possible binding modes of 1-ethyl-2,3-dimethylimidazolium cation with CO2 •-on Ag surface. Red dashed line

represents hydrogen bonds [START_REF] Lau | New insights into the role of imidazolium based promoters for the electroreduction of CO2 on a silver electrode[END_REF].

Overall, the benefit of imidazolium based RTILs on promoting CO2 conversion to various products lie in 4 aspects: 

UV-vis absorption spectra of (a) The dependence of the wavelength of incident light on the gas evolution rate of CO and H2 from the CO2 photoreduction system in [EMIM][BF4]/H2O [139]; (b) [BMIM][TFSI] and (c) [BMIM][PF6] in the liquid phase in a thin optical cell [173]; (d) changing concentrations of 1-octyl-3-methylimidazolium dodecylsulphate ([OMIM][DS]) in water.

The inset shows magnified version of the spectra in the wavelength range 24 ~ 360 nm [START_REF] Rather | Determination of cmc of imidazolium based surface active ionic liquids through probe-less UV-vis spectrophotometry[END_REF].

In fact, imidazolium cations are expected to have strong absorption peak about 200-400 nm wavelength because of the aromatic carbons in the imidazolium ring [START_REF] Katoh | Absorption spectra of imidazolium ionic liquids[END_REF]. 

methylimidazolium dodecylsulphate ([OMIM][DS]/H2O) respectively. The relationship between the absorption and the concentration of [OMIM][DS] is linearly and in accordance

with Lambert-Beer's law. However, the wavelength of the strongest absorption peak in the absorption spectrum can be affected by the impurities present in the RTILs such as water or other species left after the synthesis process [START_REF] Gutowska | HPLC coupled with a spectrophotometer as a reliable setup for the study of absorption properties of imidazolium ionic liquids using bmimBF4 as an example[END_REF]. Thus, researchers need to purify the RTILs regarding to the specific task. 

Applications and Present Limitations of Transition Metal-Nitrogen Doped Carbon (M-N-C) Catalysts in Electrochemical CO2RR

The CO2RR conversion to CO can carry out at the surface of noble metals (Ag ad Au) which are expensive and scarce. Alternatively, the cost-effective pyrolyzed catalysts of transition metal-nitrogen-doped carbon (M-N-C) materials have been extensively studied for electrochemical CO2RR to form C1 products [START_REF] Varela | Electrochemical reduction of CO2 on metal-nitrogen-doped carbon catalysts[END_REF], HER [START_REF] Roy | Nanostructured metal-N-C electrocatalysts for CO2 reduction and hydrogen evolution reactions[END_REF] and oxygen reduction reaction [START_REF] Zúñiga | Elucidating the mechanism of the oxygen reduction reaction for pyrolyzed Fe-N-C catalysts in basic media[END_REF] because of their high selectivity, stability and activity, huge catalytic surface area and low-cost. Varela et al. reported the use of Fe/Mn-N-C for the first time on CO2RR to CO with a FE of 80% in 2015 [START_REF] Varela | Metaldoped nitrogenated carbon as an efficient catalyst for direct CO2 electroreduction to CO and hydrocarbons[END_REF] since then there have been several attempts to explore different metals in M-N-C to catalyze CO2RR such as Fe, Co, Ni, Mn, Cu, Cr, etc. [START_REF] Roy | Nanostructured metal-N-C electrocatalysts for CO2 reduction and hydrogen evolution reactions[END_REF][START_REF] Pan | Identification of champion transition metals centers in metal and nitrogen-codoped carbon catalysts for CO2 reduction[END_REF][START_REF] Li | Volcano trend in electrocatalytic CO2 reduction activity over atomically dispersed metal sites on nitrogen-doped carbon[END_REF][START_REF] He | Atomically dispersed metal-nitrogen-carbon catalysts for fuel cells: advances in catalyst design, electrode performance, and durability improvement[END_REF].

In general, M-N-C catalysts are prepared by heat treatment of the mixture of metal salts, high surface area carbon precursors (citric acid, chitosan, etc.) and nitrogen precursors (N2, NH3, urea and phenanthroline). The synthesis process and the structure were shown in Figure 1.30a [START_REF] Varela | Electrochemical reduction of CO2 on metal-nitrogen-doped carbon catalysts[END_REF]. The N atom located in the high surface carbon structure forming 3 kinds of chemical functionalities: pyrrolic, graphitic and pyridinic N. The metal atom combined with the surrounding N atoms to form M-Nx moieties as active sites which were influenced by the adjacent C atoms [START_REF] Varela | Electrochemical reduction of CO2 on metal-nitrogen-doped carbon catalysts[END_REF][START_REF] Pan | Atomiclevel active sites of efficient imidazolate framework-derived nickel catalysts for CO2 reduction[END_REF]. [START_REF] Chen | Fe and N co-doped porous carbon nanospheres with high density of active sites for efficient CO2 electroreduction[END_REF].

(a) General synthesis strategy of M-N-C catalysts and their obtained structure [178]; (b) CO2RR to CO on the surface of M-N-C catalysts, the balls in grey, red and blue are C, metal and N atoms, respectively; (c) CO Faradaic efficiencies at different metal-N-C catalysts [182]; (d) Linear sweep voltammetry curves of Fe-N-PC, op-Fe-N-PC and N-PC in CO2-saturated 0.5 mol L -1 KHCO3 solution (scan rate = 10 mV/s) PC is porous carbon nanosphere. Op-Fe-N-PC is the samples without the addition of NH3•H 2O and tetraethylorthosilicate to form the SiO2 shell

The M-N-C possess extraordinary product selectivity simultaneously with high FE. It is stated that Fe-N-C materials derived from Fe(SCN)3 (denoted as SMFeSCN) are responsible for an improved FE to CO up to 99% at a moderate overpotential of 0.44 V [START_REF] Yang | Superior selectivity and tolerance towards metal-ion impurities of a Fe/N/C catalyst for CO2 reduction[END_REF]. Likely, sulfur (S) incorporation in the micropoles containing Fe-N-C can promote CO generation with FE of 98% because the combination of S with Fe-N4 changed the Fermi level and charge density [START_REF] Pan | Boosting CO2 reduction on Fe-N-C with sulfur incorporation: synergistic electronic and structural engineering[END_REF].

Although M-N-C catalysts have exhibited inspiring FEs to electrochemically convert CO2 into CO at low overpotentials, the real mechanisms of catalysis still remain controversial. So far, generation of C2+ products from CO2RR is not possible on M-N-C catalysts because those are considered single active site catalysts and do not allow carbon-carbon coupling.

Furthermore, the long-term stability of M-N-C materials is still an issue because relevant leaching of the metal center is produced under reaction conditions during CO2RR [START_REF] Zhang | Electrochemical CO2 reduction reaction on cost-effective oxide-derived copper and transition metal-nitrogencarbon catalysts[END_REF]. To conclude, the exploration of M-N-C needs more efforts and attention to meet the updated demands.

Introduction of p-type Semiconductors for PEC CO2RR

Semiconductors (SCs) have displayed extraordinary role for photoelectrochemical reduction since Fujishima firstly reported the photoelectrocatalysis ability of semiconductor TiO2 powder on water splitting to H2 and O2 [START_REF] Inoue | Photoelectrocatalytic reduction of carbon dioxide in aqueous suspensions of semiconductor powders[END_REF]. SCs are capable to absorb light and produce photovoltage to facilitate electrochemical CO2RR to lower the overpotential. The mechanism of SCs catalyze CO2RR is complicate and different from metals as photocathodes, usually explained by energy band theory in literature. In this section, the band theory and mechanism of SCs on how they function are introduced.

The Energy Band Theory and Photoelectrocatalysis of Semiconductors

Semiconductors are materials with a conductivity between conductors and insulators, including inorganic SCs and organic SCs. Unlike the conductors with continuum energy states where electrons can move among delocalized empty orbitals with small energy, SCs possess discontinuous energy states thus different bands: valence band (VB, EV) is a low-energy band filled with electrons and are composed with the highest occupied molecular orbital (HOMO), as well as conduction band (CB, EC) represents higher energy band where almost absent with electrons but can jump up into from the VB and composed by lowest unoccupied molecular orbital (LUMO). Between the VB and the CB is the Band gap (Eg) where no energy states exist.

Absorbing the light (hν ≥ Eg) electrons are activated from VB and excited to CB, leaving photogenerated positive charged holes in the VB and freely moving electrons in the CB. These electron-hole (h + ) pairs then separate and move to the catalyst/electrolyte interface as charge carriers and subsequently participate in the redox reaction [START_REF] Rajeshwar | Environmental electrochemistry: fundamentals and applications in pollution sensors and abatement[END_REF][START_REF] Sze | Physics of semiconductor devices[END_REF]. Fermi level (EF) is the energy level at which the probability of an electron exist in a continuum of electronic state is ½ at 0 K, it usually lies between the VB and the CB [32]. Intrinsic SCs has the equal number of electrons and holes, doping impurities can change their conductivity because of the charge carrier change. Introducing acceptor impurities to form p-type SCs because the positive holes are more than the electrons and work as the main charge carrier. In contrast, n-type SCs are available by doping donor impurities since more electrons are brought in [START_REF] Rajeshwar | Environmental electrochemistry: fundamentals and applications in pollution sensors and abatement[END_REF][START_REF] Neamen | Semiconductor physics and devices: basic principles[END_REF]. The Fermi level lies near the VB in p-type SCs rather near to the CB in n-type SCs.

Electron transfer occurs at the interface of SC/electrolyte to eliminate the difference between EF and ER (the redox potential of the electrolyte) when SC is immersed in the electrolyte. EF changes accompanied by the VB and the CB bending at the interface until realizing an equal EF both sides at the equilibrium state. Figure 1.31a and b shown the band bending diagram of p-type SCs immersed in electrolyte before and at equilibrium. The EF moves upward and so do the VB and the CB. Typically, p-type SCs are widely used in the photoelectrochemical reduction because the increase of EF can move the excited electrons in the CB to the SC/electrolyte interface and captured by the following reduction reaction [START_REF] Pang | Semiconductor-based photoelectrochemical conversion of carbon dioxide: stepping towards artificial photosynthesis[END_REF].

However, the electron-hole recombination is a dramatically fast process and common in the SCs, suppressing the electron transfer at the interface and, subsequently, the reduction current density. The application of electricity power can promote the separation of electronhole pairs thus increase the light harvesting efficiency [START_REF] Sze | Physics of semiconductor devices[END_REF]. The typical configuration of PEC CO2RR used p-type SC is shown in Figure 1.3. The SC photocathode under illumination photogenerated electron-hole charge carriers, the separated electrons moves to SC/electrolyte interface for the CO2RR half reaction whereas water oxidation occurred at the counter electrode.

The detail mechanism in the SC was shown in Figure 1.31c [START_REF] Pang | Semiconductor-based photoelectrochemical conversion of carbon dioxide: stepping towards artificial photosynthesis[END_REF]. The biased photocathode SC under illumination was immersed in the electrolyte, the Fermi level as well as the VB and CB upward bended leading to a band-bending gradient, the photogenerated electrons and holes hence were separated also along with the external electric field, the electrons transferred to the interface and reduced CO2. This combination of electrochemical and photocatalysis can surprisingly lower the overpotential and increasing the light harvesting efficiency in PEC CO2RR. The final goal is that utilize SCs to harvest the solar (visible light) and applied a small overpotential to drive the PEC CO2RR meantime maintain a high catalytic activity [28].

Figure 1.31 Energy band diagrams of the interface between p-SC and electrolyte with redox potential ER (a) before equilibrium and (b) at equilibrium; (c) Energy band diagram of a p-type SC photocathode and electron transfer pathways in PEC CO2RR system. Semiconductor (SC); NHE

(normal hydrogen electrode) [START_REF] Pang | Semiconductor-based photoelectrochemical conversion of carbon dioxide: stepping towards artificial photosynthesis[END_REF].

The Applications of p-type Semiconductor: Oxide-Derived Cu Catalysts for PEC CO2RR

Photoelectrochemical CO2RR based on semiconductors represents an inspiring method to mitigate CO2 unbalance and harvests sunlight. Especially, some of the oxide-derived Cu (OD-Cu) catalysts belongs to p-type semiconductors and possess the commonly photoelectrolytic properties of p-type semiconductors, hence popular in the PEC field [START_REF] Rajeshwar | Review-copper oxide-based ternary and quaternary oxides: where solid-state chemistry meets photoelectrochemistry[END_REF]. In general, Cubased electrocatalysts represents a promising ability to generate C2+ products (hydrocarbons and alcohols) with high energy density from CO2RR. Nevertheless, Cu atoms mobility is common and provokes surface restructuring, which affects the electrode activity and product selectivity. For this reason, (OD-Cu) electrocatalytic materials have been widely studied because OD-Cu electrodes provide better long-term stability and keep similar product selectivity under reaction conditions.

Copper (Ⅰ)-based p-type transition metal oxides were studied for photoelectrochemical and photovoltaic solar energy conversion. The incorporation of filled d 10 configurations of Cu(Ⅰ) can semiconducting modify the transition-metal oxides thus extending the absorption of visible light from UV absorption only [START_REF] Joshi | Semiconducting oxides to facilitate the conversion of solar energy to chemical fuels[END_REF]. Semiconductor Cu2O has been widely evaluated for PEC studies [32]. Thin films of electrodeposited Cu2O on Cu electrode allowed to photoelectrochemically convert CO2 to CH4 and C2H4 under visible light illumination. The comparison of p-type Cu2O had better performance than n-type Cu2O under the same morphology with a 33% current efficiency to C2H4, yet required high overpotential (-2.0 V vs Ag/AgCl) [START_REF] Ba | New way for CO2 reduction under visible light by a combination of a Cu electrode and semiconductor thin film: Cu2O conduction type and morphology effect[END_REF].

In addition, the spinel ternary transition metal oxides (such as CuCo2O4, BiCo2O4, FeCo2O4 and MgCo2O4) isomorphic to Co3O4 crystal structure are promising for photoelectrochemical CO2RR because they possess stable crystal structure, multi redox state and hierarchical structure helping electron-hole pair separation [24]. In fact, copper cobaltite CuCo2O4 has been attractive in various applications such as catalysts, capacitor, humidity sensors, anodes in lithium battery [START_REF] Rahmatolahzadeh | Facile co-precipitationcalcination synthesis of CuCo2O4 nanostructures using novel precursors for degradation of azo dyes[END_REF][START_REF] Jeghan | Fabrication of flower-like copper cobaltite/graphitic-carbon nitride (CuCo2O4/g-C3N4) composite with superior photocatalytic activity[END_REF]. Trari et al. [START_REF] Saadi | Photoassisted hydrogen evolution over spinel CuM2O4 (M=Al, Cr, Mn, Fe and Co)[END_REF] studied the photocatalytic ability of spinel CuM2O4 and identified CuCo2O4 as a promising p-type semiconductor material for HER, proved that cobalt enhanced the electron affinity. Interestingly, the addition of Sn 2-and S2O6 2-competed for photoelectrons which indicated that CuCo2O4 was also applicable in PEC (3) In situ detect the photoelectrochemical CO2RR products with dual tip of optical fiberultramicroelectrode, and analyze those products after bulk electrolysis by GC and IC.

(4) Synthesize and screen transition metal-nitrogen-carbon materials for electrochemical CO2RR.

The outline of the thesis is as following:

In Chapter 2, all the chemical reagents and materials and instruments involved will be introduced. Besides, some synthesis processes and general operations will be described.

Furthermore, the characterization methods and techniques used will be introduced, including instrument type and configuration.

In Chapter 3, several transition metals adopted and combined to form different p-type metal oxide semiconductors as catalysts for photoelectrochemical CO2RR will be introduced.

SPECM will be applied to locally illuminate these p-type semiconductor materials immersed in different electrolytes solutions for evaluating their performance for PEC CO2RR, CuCo2O4

will be appointed as model catalysts for its high photoactivity performance. Furthermore, sodium thiocyanate (NaSCN) will be explored as a probe agent to understand the role of Fe moieties for identifying the active sites of 25%Fe25%Co-N-C for CO2RR.

In Chapter 6, general conclusions and outlook will be discussed. Although CuCo2O4 exhibited promising PEC catalysis ability, its degradation under the super high light power inhibited its large-scale application. Thus, developing synergetic methods to enhance the longterm stability is imperative. Alternatively, CuBi2O4 will be evaluated and compared with other spinel ternary transition metal oxides, which shown better stability under the UV-visible light, deserving a deep investigation in the application of PEC CO2RR.

Materials and Experimental Methods
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Chapter 2 Materials and Experimental Methods

This chapter presents all the chemical reagents, materials and instruments used in the thesis.

In addition to this, experimental procedures and synthesis processes are described in detail.

Finally, the characterization methods and techniques used are introduced including their instruments type and configuration.

Chemical Reagents

All chemical reagents used for synthesis or analysis are analytical grade and were used without any further treatment. Water used in all experiments is ultrapure with a resistivity > 18

MΩ·cm. Table 2.1 shows all the chemical reagents used in experiments. (2) Two kinds of Fluorine-doped tin oxide (FTO) -coated glass were used in the thesis as a current collector:

• FTO (A), Sigma-Aldrich, L × W × thickness 100 mm × 100 mm × 2.3 mm, which was cut to small piece of 18 mm × 18 mm × 2.3 mm, surface resistivity ~7 Ω/sq.

• FTO (B), Solems, L × W × thickness 18 mm×18 mm×3 mm each piece. The conductive layer thickness and the surface resistivity of FTO thin-film are 600 nm and 6 ~ 8 Ω/sq, respectively. The total transmission is 70 ~ 80% (400 ~ 800 nm).

The FTO glass was cleaned with ultrapure water for 1 min and dried under a stream of air before used. FTO was used for the preparation of spot array substrate electrode in the SPECM experiment.

( (18) Photoelectrochemical bulk electrolysis were performed using a 280 W lamp (Newport Instruments), high pressure Xe arc lamp (lamp power: 10 mW/cm 2 ). The beam was passed through a water infrared filter and a collimating lens (Asahi Spectra).

(19) Three kinds of electrolyte solutions were used in the thesis: aqueous solution, binary RTIL/H2O and pure RTILs as shown in Table 2.2, the structure of RTILs is shown in Figure 2.1. 

- 0.1 1.0 - Na2SO4 - 0.1 1.4 - Pure RTILs 100% [C2mim][BF4] - - - - 100% [C4mim][BF4] - - - - 100% [C2mim][NTf2]
Immiscible in water --

100% [C4mim][NTf2]
Immiscible in water -- For this study, the array substrate electrode was prepared using a similar and simplified methodology previously reported by the Bard's group [3,4] and Lewis' group [5]. and stirring the new solution well to blend. This mixed solution is used as the precursor solution, which is locally dispensed on FTO glass using the jet device of the solution dispenser. The common parameters used at dispenser are a pulse amplitude of 100 V, pulse duration of 60 µs, pulse period of 10 ms, 30 drops per spot, and a spot spacing of 800 µm from center to center.

Binary RTIL/H2O mixtures [C2mim][BF4]/H2O
Then, the FTO glass with the spots array was annealed in the furnace at 500 °C for 1 hour in air atmosphere with a heating rate of 10 °C/min after which the array followed a natural cooling down staying at the furnace resulting in flattened and adhered spots of CuCo2O4. In the thesis, 9 kinds of metal/mixed-metal oxides were synthesized by this methodology which will be compared and discussed in detailed for their performance on In this thesis, all the earlier synthesis of different p-type semiconductors were done on the FTO A (Aldrich). For the reproducibility and the configuration requirements of the experiment, FTO B (Solems) was chosen to prepare the model catalyst CuCo2O4 array substrate. However, the dispenser parameters and the annealing parameters needed to be changed and optimized for the new FTO in order to obtain nice catalyst spots with reproducible size and morphology.

The solvent of the precursor solution is ethylene glycol, which is necessary owing to its high viscosity and low volatility to ensure reproducible spots and also prevent the precursor solution drying before the annealing process.

After comparing different combination of dispensing and annealing parameters for FTO (B), the final set of parameters are: pulse amplitude of 100 V, pulse duration of 60 µs, pulse period of 10 ms, 30 drops per spot, and a spot spacing of 800 µm from center to center. Then, the FTO glass with the spots array is annealed in the furnace at 500 °C for 1 hour in air atmosphere with a ramp of 10 °C/min, after which the array follows a natural furnace cooling down step resulting in flattened and adhered spots of CuCo2O4 on the FTO glass surface. 

Experimental configuration

The SPECM configuration shown in Figure 2.4a, (adapted from the image of ref [8]) was the mainly used equipment for photoelectrochemical measurements in this work. The configuration consisted in four parts: (1) a data acquisition system controlling each component to carry out the experiment, (2) a 3D-positioner with stepper and piezoelectric motors to control the movement of SPECM tip/optical fiber along XYZ directions in order to scan the substrate,

(3) a bipotentiostat (CHI 920D) operated by the data acquisition system, which can apply and measure the currents and potentials at both the SPECM tip and the substrate, (4) a conventional 4-electrode electrochemical cell built in Teflon with the array substrate in the bottom acting as the working electrode (WE). At one corner of the substrate, a copper tape was used for ensuring the electrical connection between the WE and the bipotentiostat. 2.4. Ag/AgCl (3 M KCl) was connected to the cell through an agar bridge containing agar saturated with of 0.5 M KHCO3 when purely aqueous solutions or binary RTIL/H2O mixtures were used. However, building a solvent independent reference scale in nonaqueous electrolyte is necessary to maintain a stable and electrochemically defined system.

Ferrocene/ferricenium (Fc/Fc + ) potential scale is a well-accepted redox potential reference scale in RTILs. Therefore, unlike the aqueous and the binary RTIL/H2O mixtures, a 0.5 mm in diameter Pt wire directly immersed in solution (quasi-reference electrode) was used when electrochemical measurements were performed in pure RTILs. Then, a small amount of Fc was added in solution at the end to calibrate the Fc/Fc + potential scale. Potentials measured in pure

RTILs have been converted to the ferrocene/ferrocenium (Fc/Fc + ) potential scale, as shown in 

SPECM Experimental Procedure

SPECM imaging

In Figure 2.4b, an optical fiber (silica core of 50 µm in diameter) was adopted and set up perpendicularly to the substrate electrode for introducing UV-visible or visible light provided by the Xenon lamp (75 W). The optical fiber provided local illumination of the substrate and was scanned in the X-Y plane meanwhile the array substrate electrode was held at a constant potential where CO2RR may take place. The distance between the optical fiber and the substrate (distance OF-subs) was 150 µm. Electrochemical control during fiber approach curves using the optical fiber is not possible because of the absence of UME tip. For this reason, the fiber was positioned by physical contact with the substrate and then, retracted 150 µm in Z axis. The optical fiber was approached towards the substrate by the position controller until a slight bending on the fiber indicated its contact with the substrate, which means distance OF-subs = 0. Then the optical fiber was withdrawn 150 µm from the FTO surface and maintained at a constant height during the scan. The fiber-substrate distance effect was already evaluated by previous PhD students and no significant decrease in photocurrent was reported for fibersubstrate distance ≤ 200 µm . For this reason, this distance OF-subs guarantees a constant and local photons flow without touching the semiconductor spots. However, when large samples are scanned, the tilt of the substrate must be corrected as much as possible. Thus, to ensure a horizontally placed substrate, 3 different approach are performed with the fiber at 3 points above the substrate to evaluated the tilt, then, this is corrected by the leveling screws on the substrate platform until the height difference (Δz) between each pair of points is smaller than 25 µm.

An additional long pass filter (8 mm diameter and 2 mm thickness), which only transmits higher wavelengths than 400 nm, was inserted within an in-line filter holder between the lamp and the optical fiber in order to remove UV contribution and perform visible light illumination experiments. A light power meter was set vertically under the OF at distance of 150 µm to measure the light power coming out of the fiber, but only visible light was in the range of the instrument 15.84 µmol m -2 s -1 (≈ 0.34 mW/cm 2 ). Unit transfer was according to 1 W/m 2 ≈ 0.46 µmol m -2 s -1 .

All SPECM images in chapter 3 are presented simultaneously in 2D and 3D projection in order to present a clearer representation of the photocurrent calculated as a function of fiber position. It is important to highlight that 3D image does not correspond to topography of the spot. 1. Clamp knob, location where glass is placed and fixed by tightening down the clamping knob.

2. V-groove, confines the glass in horizontal position. The LCD display in Figure 2.8a shows the program information and 5 parameters. The longer the DELAY, the cooler the glass will be when the hard PULL starts. When the value of PULL is 0 or a very small value, the DELAY value has relative slight influence on the capillary tip size. Overall, each parameter has effect on the fabrication process and the morphology of the capillaries or micropipettes. Then, suitable parameters should be precisely adjusted to obtain reproducible micropipettes.

Fabrication Procedure of Dual Tip OF-UME

The dual tip OF-UME consists of 3 most important elements: noble metal wires (Pt or Au)

as the UME, optical fiber (diameter of 50 µm in our case) and the outer surround glass capillary.

The metal wire should be embedded in the glass, which is heated to reach the softening point.

Therefore, it is necessary to choose glass capillary materials with a matched softening point and expansion coefficient with the metal wires to taper the glass meanwhile no deformation is induced [11].
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°C) (×10 6 K -1 ) 25 
Pt [11] 1769 9

Au [11] 1064 14

Borosilicate glass [12] 785 5.5

Quartz [13] 1670 0.55

In order to seal the metal wire in the glass, the sealing temperature should be higher than the softening point of the glass and lower than the melting point of the metal to avoid deformation. Thus, the softening point of the glass should be lower than the melting point of the metal wire. In addition, a higher thermal expansion coefficient of glass than that of metal is expected for a good fabrication. The dual tip OF-UME fabrication process includes the following 5 steps:

1. Cleaning the Pt/Au wire (25 µm in diameter) with ethanol and ultrapure water successively, each for 3 min. 4.0% KOH solution (4 g KOH/100 g H2O) was prepared and mixed with the precipitate to increase the surface area of M-N-C catalysts (25 mL KOH solution per 1 g of precipitate). In this step, it is better to grind the precipitate using an agate mortar for a better dispersion in KOH solution. Then, the mixture was stirred in 2 consecutive steps: 5 h at room temperature and 1 h at 50 °C. Afterwards, the mixture was totally dried at 100 °C for 5 h and ground to powder. Finally, the compound was pyrolyzed at 600 °C for 2 h with a heating ramp of 

Electrode Preparation and Electrochemical Characterization

All electrochemical measurements were performed in a conventional electrochemical cell using a glassy carbon electrode (GC, active surface area: 0.126 cm 2 ) as a working electrode, a Ag/AgCl (3 M KCl) electrode as a reference immersed in a Luggin capillary, filled with 0.1 M KHCO3, and a graphite rod as the counter electrode. All the potentials were converted to RHE considering the corresponding pH value.

To modify the GC surface, the electrode was polished with an alumina suspension (0.05 µm) for 3 min and sonicated in methanol and ultrapure water for 3 min sequentially. The catalytic inks were prepared as follows: 6 mg of the catalyst dispersed in 0.5 mL DMF (N,Ndimethylformamide) were ultrasonicated for 15 min. Then, Nafion (7 µL, 5wt% in alcohols, Sigma-Aldrich) was added into the suspension and it was ultrasonicated for another 30 minutes.

The GC electrode was modified by spin coating: 7 µL of the catalytic ink was dropped on the surface of GC electrode, following solvent evaporating while the electrode rotated at a speed of 300 rpm under a flow of N2 to form a catalyst film on the GC electrode surface. The total amount of catalysts in the electrode was the same for all the samples and correspond to 0.67 mg/cm 2 (mass loading).

Evaluation Methods of Electrochemical CO2RR Performance on Different M-N-C catalyst by RDE

The 

Scanning Electron Microscopy (SEM)

For obtaining the morphology and structure of the p-type semiconductor materials and M-N-C materials, Field emission gun scanning electron microscopy (FEG-SEM) (Zeiss, Supra 55 microscope) was used.

Energy-Dispersive X-ray Spectroscopy (EDS)

The chemical composition of synthesized p-type semiconductor materials and M-N-C materials were quantified by energy dispersive X-ray spectroscopy (EDS) (Bruker QUANTAX).

Gas Chromatography (GC) and Ionic Chromatography (IC)

Electrolysis products yields are reported as Faradaic efficiency (FE), which is defined as the ratio between the charge consumed to form each reaction product and the total circulated charge. Gas products from the bulk electrolysis were quantified by gas chromatography (Model 8610C SRI Instruments) from 50 µL aliquots of the headspace of both compartments. In particular, photoelectrochemical CO2 reduction reaction (PEC CO2RR) on photoelectrocatalysts driven by ultraviolet (UV) or visible light fulfills a synergetic role of both photovoltage and electrical bias to promote CO2 conversion process [2,3].

The activity and product selectivity in PEC CO2 conversion are affected by many factors including the chemical composition of the electrochemical catalysts and the properties of the electrolytes used [4]. Considering the role of electrolytes, PEC CO2RR in aqueous solution is confined by two main drawbacks: i) CO2 presents much lower solubility in aqueous solution than in nonaqueous solvents [5]; ii) Some competitive side reactions such as hydrogen evolution reaction (HER) from water reduction takes place at a similar thermodynamic potential than CO2 conversion, which causes low selectivity and efficiency of the conversion process [6]. Conventional nonaqueous solvents such as acetonitrile or dimethylformamide show high toxicity and flammability and this represents a severe limitation as well. Room temperature ionic liquids (RTILs) have been proposed as suitable non-conventional solvents to perform CO2 conversion and to overcome all those limitations [7]. They are widely used in different electrochemical applications due to their physicochemical advantages such as suitable ionic conductivity, low volatility, high thermal stability, wide electrochemical potential window [8]. Amongst RTILs, imidazolium based RTILs ([Cnmim] + ) show high conductivity and CO2 solubility and they have been extensively studied for electrochemical CO2RR [9].

However, the use of pure RTILs as electrolyte requires a lot of precautions, since the amount of impurities (especially H2O) present in the RTIL significantly affect the electrochemical response [10,11]. Moreover, the maximum current achieved at the electrode surface is limited However, some p-type semiconductors suffer from low stability in aqueous solutions because the conduction band energy is more negative than the reduction potential of the metal ion in the lattice, thus resulting in a degradation of the semiconductor surface and then inactivating the photoelectrocatalytic efficiency. Furthermore, compared to single metal oxide semiconductor, multi-metal semiconductors can provide suitable band gap energies and increase the separation of electron-hole pairs by inhibiting their recombination through the etc. due to their catalytic activity and selectivity, low-cost and earth-abundance. Several p-type metal oxide semiconductors have been reported for their abilities in electrochemical or photoelectrochemical catalysis for CO2RR or HER including CuOx [16], CuCo2O4 [17],

AgCoO2 [18], NiMn2O4 [19], CuNiO [20]. We adopted and combined above mentioned metals 

. SEM and EDS Analysis of p-type Semiconductor CuCo2O4

In order to know the morphology and the composition of the synthesized compounds, SEM and EDS spectrum were measured on CuCo2O4. Figure 3.7a shows a representative SEM image of the prepared CuCo2O4 microparticles in an individual spot synthesized on FTO glass.

The spot exhibited rough morphology and was formed by semi-spherical shape microparticles with a diameter of ca. 2 µm which were dispersed homogeneously without aggregation on FTO glass. showing the element atomic ratio of Cu to Co being about 1:2.1 (See all the elements content and atomic ratio in Table 3.3), which is in agreement with the expected ratio of the initial precursor solution (Co:Cu = 2:1). To gain insight in the elemental distribution of the CuCo2O4 spots, EDS elemental mapping analysis was carried out and the corresponding images (Figure 3.7d) clearly elucidate homogeneous distribution of Cu, Co, and O elements in the whole spot.

These observations further confirm the formation of CuCo2O4, in agreement with the literature, which reported that the coexistence of Co and Cu in the oxide favors the formation of CuCo2O4 microparticles [22,23].

Effect of the Electrolyte Nature and Composition in CuCo2O4 Photoactivity

In addition to the properties and the behavior of catalysts, the activity and selectivity performance of PEC CO2RR are also affected by the nature and the compositions of the electrolytes. Typically, electrochemical CO2RR mainly takes place in neutral or moderately acid or basic aqueous solutions such as Na2SO4, NaHCO3/KHCO3 or phosphate buffers. Cheap and environmentally friendly 0.1 ~ 0.5 M bicarbonate solution is the most common electrolyte with a pH value about 7 after CO2 saturated, since it can act as a buffer to maintain the pH value by the pathways shown in Equation 3-1. Besides, as the proton is indispensable in the PEC CO2 conversion process to form various products through protonation, bicarbonate solution can also act as proton source. Furthermore, bicarbonate was reported to increase CO2 concentration near the interface by building equilibrium with dissolved CO2 [24], making it a good choice in the electrochemical CO2RR [25].

CO 2 (g)+ H 2 O ↔ CO 2 (aq)+H 2 O ↔ H 2 CO 3 pK a1 =6.35 ↔ HCO 3 -+H + pK a2 =10.33 ↔ CO 3 2-+2H + 3-1
Moreover, imidazolium based RTILs were adopted to form binary mixture with water to immiscible in water) as shown in Table 2.2, in all cases purged with either CO2 or Ar gas for The role of different RTILs dissolved in H2O acting as simultaneous supporting electrolyte and cocatalyst for photoelectrochemical CO2 reduction is studied here by SPECM imaging.

This approach allows to screen the effect of altering the photocatalyst environment by the presence of dissolved species in solution. Initially, Figure 3.12 shows the response of the model semiconductor electrode in aqueous solution of 0.1 M KHCO3/CO2 (pH = 6.9) as a function of applied potential. This is the electrolyte of choice in most CO2RR studies reported in literature. In spite of the fact that most pure RTILs exhibit high viscosity values, which represents an important drawback for electrochemical applications, pure RTILs working as solvent as well as supporting electrolyte were evaluated in the PEC CO2RR by SPECM imaging as well. 3.1), which should offer a higher photocurrent. Thus, other factors besides viscosity may play a key role in the promotion of the reduction reactions in pure RTILs. The semiconductor compound CuCo2O4 has been reported very stable when working as supercapacitor, catalyst, and Li-ion batteries in literature. However, photodegradation of the CuCo2O4 material occurs under the illumination when the substrate is biased and exposed to irradiation for several minutes. Figure 3.17 were synthesized to study in more detail this degradation phenomenon. Thus, it is necessary to figure out which effect plays the main role on inducing the photodegradation of the CuCo2O4. Illumination, polarization or the synergetic effect of both the photo illumination and the external bias. Given this, some additional experiments were performed to detect whether or not the illumination by itself could produce any damage on the CuCo2O4 spots. Figure 3.19 shows SEM images and EDS analysis of 4 CuCo2O4 spots on the same FTO sample under UV-vis light illumination for 0 s, 100 s, 300 s, 500 s, respectively. All 4 spots form a square shape and are located at the 4 vertexes with a center to center distance of 8 mm. Such a large distance avoids any interference from other illuminated spots. that the photodegradation is mainly caused by either the negative potential applied on the semiconductor material instead of the photo irradiation or the combination of both effects.

In fact, the effect of low stability of copper oxides as photocatalysts is well known in aqueous solution as photo-corrosion or photodegradation [30]. For instance, it was reported that this type of p-type semiconductor electrodes are somewhat unstable when acting as photocathodes for HER in aqueous solution. In most cases, this is because the conduction band potential is more negative than the reduction potential of the metal ion in the lattice, which induces the reduction of the semiconductor and inactive the photocatalysis [15]. Even if CuCo2O4 presents to a certain extent some photodegradation, it can still work as model photoelectrochemical catalyst in this thesis due to its good photoactivity compared to other evaluated semiconductors. In order to minimize photocatalyst degradation during amperometric photoactivity quantification experiments, five independent points within each studied CuCo2O4 spot were chosen to record individual chronoamperometries as shown in This SPECM approach for evaluating photoactivity performance does not allow to separate CO2RR contribution in the total photocurrent from other reaction contributions. Nevertheless, it is possible to provide some information by comparing the photocatalytic activity in the presence and absence of CO2 in solution. The reactions to be considered as potential contributions to the total photoreduction current obtained in Figure 3.22 are: PEC CO2RR and/or HER and/or the reduction of the semiconductor CuCo2O4, and/or the RTIL cation reduction when it is present in solution. The only case where bubbling Ar does not ensure the absence of CO2 in solution is when KHCO3 is acting as electrolyte, because bicarbonate anion might become a source of CO2 in solution.

It has been reported that CO product was detected in Ar-saturated KHCO3 solution, which was produced from the CO2 molecules originated from the equilibrium with bicarbonate anions in the solution [31]. However, more photocurrent was collected in CO2-saturated KHCO3 than that with Ar in the entire potential window investigated, but at different pH (Figure 3 Proper comparison of any semiconductor performance must be done at constant pH.

However, solution pH changes as a function of CO2 presence in same aqueous solutions. For this reason, we have used two different aqueous solutions (0.1 M KHCO3 and 0.1 M Na2SO4) in order to compare the photocurrent produced in the binary RTIL/H2O mixtures under the same pH conditions than in aqueous solution (see Table 3.2). Thus, thanks to the fact of using a constant semiconductor material, the photocurrent production enhancement shown in Figure 3. The results shown in this chapter have already proved that the presence in solution of some particular imidazolium based ionic liquids plays a cocatalytic role by enhancing the photoelectrochemical activity of the studied semiconductor. However, it is not enough to illustrate its role for CO2RR. For this reason, chapter 4 in this thesis is devoted to identity the reaction products formed when [C2mim][BF4] is present in solution. The detection and analysis of those products was performed by SPECM using a dual tip optical fiber-UME and bulk electrolysis. Then, more details about products detection and some reasonable mechanism will be discussed in the following chapter.

To sum up, several transition metals were adopted and combined to form different p-type metal oxide semiconductors as catalysts for photoelectrochemical CO2 reduction reaction. 
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Chapter to locally illuminate the p-type semiconductor material under study. Simultaneously, the biased UME (Pt or Au) can detect the electrochemically active generated products (H2, CO and/or HCOOH) by electrochemical oxidation at the UME and distinguish among them depending on the oxidation potential required. Thus, the SG-TC operation mode of SPECM was employed.

The dual OF-UME tip serves simultaneously as a light source for locally illuminate the p-type semiconductor under study, on the other side, as an electrochemical probe for the detection of the products collected on the biased UME tip. All results reported in this chapter were done using dual tips fabricated by my own. Experimental details in home-made fabrication of dual tips OF-UME are provided in chapter 2. Finally, some bulk electrolysis under illumination were carried out in addition to the in-situ detection experiments performed with the dual tip OF-UME in SPECM configuration. Actually, bulk electrolysis allowed to accumulate significant amount of photoelectrochemically generated products for being quantified by gas and/or ionic chromatography. The conventional 4-electrode electrochemical cell presented is filled with the electrolyte saturated with CO2. The Pt probe acts as the working electrode 1 (WE1) and the semiconductor CuCo2O4 supported on FTO as working electrode 2 (WE2), Pt wire (500 µm) and Ag/AgCl (3 M) are counter and reference electrodes, respectively. The OF-UME was setup perpendicularly above the WE2 (Tip-substrate distance = 20 µm). The dual tip OF-UME was scanned along the X-Y plane and introduced UV-vis light locally on the WE2, which was usually biased, through the OF and this might convert CO2 into CO, HCOOH or other products on the photocatalyst surface. At the same time, the WE1 was biased at potentials at which the oxidation of the CO2RR products occurs, hence, the oxidation current can be collected therein.

As a result, two independent current signals could be plotted as a function of dual tip position in the (X-Y) plane. On the one hand, the photocurrent produced on the semiconductor and on the other hand, the oxidation current collected at the UME probe, which corresponded to the 143 electrochemical sensing of products. Therefore, the use of dual tip OF-UME required the SG-TC operation mode of SECM, which allowed both to trigger photocatalytic reactions and detect the corresponding generated products by electrochemical oxidation. The dual tip OF-UME needed to be located within the diffusion layer of the products photoelectrochemically generated on the semiconductor surface. For this reason, the tipsubstrate distance must be relatively small. Thus, the substrate electrode tilt must be reduced as much as possible in order to fulfill the condition of Δz /Δx (or Δy) < 1.5 µm/1 mm [5].

Initially, the tip-substrate distance could be controlled by the ratio between the steady-state current and the final current collected by the Pt UME present in the dual tip. However, the control of this distance was not possible by conventional approach curves and the corresponding fitting curves due to the huge RG value of the OF-UME. Instead of that, the OF-UME was moved downwards to the substrate and stopped when the current at the Pt UME present in the dual tip reached the turning point indicating the contact of the surrounding glass with the substrate. Then the OF-UME was withdrawn for a given distance (20 µm in most cases). This distance was within the diffusion layer of the products generated in spite of the fact that the UME part in OF-UME was not exactly above the illuminated area on the semiconductor, but it was inside the diffusion layer range, so the detection of the products was available, making it a powerful and worthy detector in local electrochemistry. Moreover, the large RG value in the dual tip played a positive role for our products detection system because it confined the diffusion of the products in a narrow gap between tip and substrate. In contrast, this fact also provoked a decrease in the diffusion of reactants towards the semiconductor surface and then, in photocurrent. The sharp part of the OF-UME tip was so slender and fragile that it could not be polished properly to a mirror surface, leading to a rough surface. The same dual tip was used to obtain each set of data. For this reason, current instead of current density is used to illustrate the detection of the photoelectrochemically generated products.

The dual tip OF-UME was capable of triggering and mapping PEC reactions on semiconductors and simultaneously detecting and mapping the photoelectrochemically generated products. Our main goal was detecting products generated from the PEC CO2RR and HER, which must be electrochemically active. It means that it must be possible to oxidize them electrochemically on the Pt UME surface. Then, CO, HCOOH and H2 were the only detectable products considered here and the most likely ones. First of all, the detection potential applied on the UME for electrochemically sensing those products needed to be selected. For this purpose, the corresponding CVs on OF-UME (Pt) of a standard solution containing different concentrations of NaCOOH is presented in Figure 4.2. Formic acid oxidation reaction (FAOR) on Pt electrode may follow two different reaction pathways: (1) Direct CO2 formation by dehydrogenation, which is desired and (2) Indirect dehydration pathway, where firstly strongly adsorbed CO is formed, which blocks the Pt electrode surface, and secondly the completely oxidation of the COads is only achieved at more positive potentials [6]. Thus, Figure 4.2 shows the oxidation peaks corresponding to both pathways. On the one hand, the oxidation peak appeared in the positive-going scan at 0.15 V, which corresponds to the COads oxidation and on the other hand, the oxidation peak centered at 0 V in the backwards negative-going scan, which corresponds to the direct oxidation pathway. Thus, ≥ 0.4 V seemed to be a positive enough potential to perform the oxidation of all interesting products (CO, HCOOH and H2) on Pt under those conditions, since hydrogen oxidation reaction (HOR) on Pt takes place at more negative potential values because its low overvoltage (E 0 H+/H2 = -0.6 V vs. Ag/AgCl at pH = 6.9). FAOR on Pt were displayed. In particular, a peak centered at 0.4 V in the positive-going scan, which was associated to COads oxidation and another peak centered at 0.1 V in the negativegoing scan, which was associated to the direct oxidation of formic acid to CO2. Furthermore, both peak currents were almost identical. This particular voltammetric feature of FAOR on Pt in this medium could help distinguish between CO formed during FAOR and PEC produced CO, since no significant oxidation peak could be expected in the negative-going scan in the latest case, as is shown in Figure 4.7 [8].

PEC products detection by the dual tip OF-UME located in close proximity of the substrate V vs. Ag/AgCl) [7]. Thus, a clear oxidation peak centered at 0.4 V only appeared under illumination and it was assigned to the COads stripping oxidation. 

Bulk Electrolysis and Products Analysis by Chromatography

CO detection was further supported by bulk electrolysis. For that purpose, several bulk electrolysis under illumination were carried out to analyze the reaction products from the photocurrent generated on CuCo2O4 spots in the presence of CO2 and 25 vol.%

[C2mim][BF4]/H2O solution as solvent-supporting electrolyte system. The experimental configuration and the operating steps were described in chapter 2.8.

The bulk electrolysis under illumination were carried out under different conditions: at OCP and different applied potentials. Some of the photocurrent results obtained as a function of electrolysis duration were shown in Figure 4.10, the corresponding parameters including Faradaic efficiencies (FE) for various products and the comparison of a similar case reported in literature were listed in Table 4.2.

In Figure 4.10a, the currents obtained in bulk electrolysis with and without illumination at -0.35 V vs. Ag/AgCl were compared, the electrolysis duration were 2 h (light) and 5 min (dark), respectively. The current generated after 5 min without illumination (-10.6 µA) is half of that produced when semiconductor illumination was taking place for 5 min (-20.9 µA), which confirmed the presence of a photocatalytic process. The results of bulk electrolysis performed on high-density arrays of CuCo2O4 spots were shown in Table 4.2. In particular, CO production was confirmed by gas chromatography in several electrolysis. For instance, under UV-vis illumination for 17 h at photovoltage (0 V, entry 1) and biased potential at -0.35 V vs. Ag/AgCl (entry 2). However, only 25% of the CO quantified in entry 2 was detected in entry 1. This fact confirmed that PEC CO2RR could be UV light driven, but the CO production was significantly increased when an external potential bias was imposed to the semiconductor. In addition to this, H2 4.2 (entries 1 and 2) exhibited the formation CO at potentials more positive than the thermodynamic value (0.56 V and 0.21 V more positive than thermodynamic potential for CO production, respectively), which clearly pointed out that direct CO2 reduction on the electrode surface was not the mechanism taking place and that CO was underpotential photoelectrochemically produced [10]. Thus, we proposed a possible reaction scheme for the PEC CO2RR mediated by [C2mim] + . The electrochemical reduction of [C2mim + ] have been already demonstrated on Pt single crystals [11,12]. Two possible pathways have been proposed (Figure 4.11): Either the formation of the imidazolium carbene (2a) when a very negative potential is applied, which allows electrochemical reduction and simultaneous hydrogen abstraction from the imidazolium molecule, or the formation of the imidazolium radical (2b) at moderate cathodic potentials.

Our results show CO2 photoelectrochemical reduction taking place near open circuit potential and for this reason, we preferentially consider the reaction of CO2 with the imidazolium radical (2b) to form an imidazolium carboxylate radical as the activated CO2 intermediate (3b), which was initially proposed from DFT calculations [13] and have been recently detected by Raman spectroscopy on Cu electrodes [14]. Then, the imidazolium carboxylate radical is further reduced to yield CO and to regenerate the initial 1,3-dialkylimidazolium cation (1a) [13].

Nevertheless, some controversy is still going on regarding the exact nature of the activated CO2 intermediate, since some other reports in the literature suggested the formation of imidazolium carboxylate (3a) formed between the carbene (2a) and CO2 as a key intermediate for imidazolium mediated CO2 reduction [9,15]. We support the formation of activated CO2 intermediate (3b) because imidazolium carboxylate (3a) is not an electroactive species under those conditions [11,16]. UV-vis light irradiation of the p-type semiconductor electrode surface plays a major role on achieving effective underpotential CO2RR [17]. Actually, entry 1 in Table 4.2 exhibits CO formation only using the light-induced photovoltage (0 V vs. Ag/AgCl), which is established on the semiconductor electrode upon illumination. In contrast, entries 2, 3 and 4 also include an external cathodic bias to drive faster the CO2RR. It is well-known that all imidazolium based RTILs are characterized by significant light absorption in the entire UV region and a long absorption tail that extends into the visible region [18]. These absorption characteristics are attributed to the imidazolium moiety and might be responsible for the formation of imidazolium radical (2b) as is described by Shkrob et al. [19]. In addition to this, photolysis of a similar imidazolium carboxylate to 3a and 3b for producing CO has been recently reported in the literature [20].

Finally, surface-adsorbed electrogenerated CO from CO2RR has been recently detected at very low overpotential by in situ sum-frequency generation (SFG) spectroscopy on Pt electrodes using [C2mim][BF4] and 1.5 M H2O as solvent [15]. A strong dependence of the CO intensity on the applied potential is also reported. Actually, the CO band decreases by increasing the cathodic potential applied due to the competing HER, which perfectly fits the behavior reported in our electrolysis (Table 4.2). In contrast, no CO was detected when using Nonetheless, there are still many challenges to be addressed to reduce the energy barrier or overpotential of CO2RR. In addition, multiple electrons, protons and pathways are involved in the process of CO2RR, leading to various and mixing products, which increase the difficulty in controlling the selectivity of CO2RR on present electrocatalysts [3]. Efficient electrocatalytic materials with high catalytic efficiency, strong stability and high product selectivity must be further exploited with the purpose of lowering the high overpotential of CO2RR, avoiding also the effect of the competitive HER, which negatively affect the selectivity of the reaction toward the target product [4]. Molecular catalysts such as transition metal-nitrogen-carbon complexes (M-N-Cs) exhibit high selectivity, stability and activity, huge catalytic surface area and lowcost for HER or CO2RR to C1 compounds (CO) production. Here M can be monometal (Fe, Cu, Co, Mn, Ni) [5] or bimetallic combination (Mo-Ni-N-C, Fe-Co-N-C) [6,7]. In M-N-Cs materials, metal atoms are coordinated to nitrogen (pyridinic or pyrrolic) forming M-Nx active sites, which act as catalytic site for CO2RR, by either reducing the overpotential or promoting CO formation and reaction rates [8].

Chitosan is a product from partial deacetylation of chitin, the most abundant biopolymer after cellulose [9]. Thanks to the presence of amine groups, it is reported that chitosan can be used as a carbon-nitrogen precursor via pyrolysis and prefer to form N-doped carbon based 2D graphene-like materials in literature [10]. Owing to high specific surface area, chitosan has been adopted to form complexes with metals ions and dope with hybrid atoms such as nitrogen and sulfur [11]. The basicity of the surface improves capacitive behavior and catalytic activity [12]. The addition of metal salts into the N-doped carbon materials leads to the metal aggregation impeded in the structure, which are promising alternatives to metallic catalysts on electrochemical CO2RR. It has been widely accepted that the primary active sites are the M-Nx moieties since the presence of metal dramatically increases the catalytic activity of CO2RR.

However, the N-C moieties were also proved to be active on CO2 conversion to CO and HCOOH etc. [13]. Furthermore, the carbon structure also has effect on the catalytic activity, for example, porous structure can minimize the mass transport limitations of electroactive species [14]. Hence, acquisition of desirable carbon structure by tuning the starting precursor and the synthesis conditions is of vital importance.

Rotating disk electrode (RDE), working as a hydrodynamic working electrode, is one of the few convective electrode systems for which the hydrodynamic equations and the convective-diffusion equation have been solved rigorously for the steady state [15]. RDE provides good reproducibility and stable polarization curve because the diffusion layer thickness is controlled by the rotation speed. What's more, the RDE system can reach the steady state very fast thanks to the electrode rotation. As a result, it is widely used in different electrochemical fields [16,17].

In this thesis, chitosan was adopted as a nitrogen-carbon precursor via pyrolysis to These M-N-Cs were evaluated about their performance for electrochemical CO2RR with RDE.

In addition, NaSCN was used as a probe agent by poisoning the Fe-related moieties to understand the role of active sites in the CO2RR. coupled by HER due to the high overpotentials applied, as can be observed previously by Huan's group [21], they proved that this behavior mainly ascribed to proton reduction, which is promising for exploiting materials for generating syngas (H2/CO).

Structure Morphology and Composition of M-N-Cs

In addition, Figure 5.4c shows of the electrochemical CO2RR performance of metal free-N-C, Co-N-C, Fe-N-C and bimetal doped 25%Fe25%Co-N-C materials, displaying that the presence bimetallic Fe and Co present more positive onset potential and provides more CO2 reduction current compared to the others (Table 5.1). This could be associated with the presence of Co, which provided synergic effect for the generation of distributed microcubes in the structure of 25%Fe25%Co-N-C. These nanostructures will act acted as the active sites in electrochemical CO2RR and illustrated better performance for the bimetal doped M-N-C.

In addition, the comparison of the behavior of 25%Fe25%Co-N-C with other N doped carbon materials reported in literature was shown in Table 5.1. For example, Fe-NS-C [22] exhibited a more positive onset potential together with a higher CO2 reduction current, which represented a better catalytic efficiency than 25%Fe25%Co-N-C. In contrast, the Fe-N-C [22] and Ni-N-C [23] shown a poorer CO2 reduction performance compared with 25%Fe25%Co-N-C because of more negative onset potentials and lower current, illustrating that 25%Fe25%Co-N-C ranks as a relatively good catalyst among the studied catalyst. In order to identify the active sites of 25%Fe25%Co-N-C for CO2RR, sodium thiocyanate (NaSCN) was used as a poisoning agent to understand the role of Fe, since SCN -has high affinity and selectivity with Fe, it can form a complex with Fe and block the Fe-Nx moieties (act as active sites and play a vital role on the catalytic efficiency) and the iron based nanoparticles, which decreased the catalytic performance of the Fe doped catalyst [24]. We In this thesis, chitosan with the presence of amine groups was adopted as a nitrogen-carbon Compte tenu de ce qui pré cè de, les principaux objectifs de cette thè se sont dé crits comme suit :

(1) Synthé tiser des é chantillons miniaturisé s de diffé rents semi-conducteurs de type p dé jà dé crit dans la litté rature, pré sentant une forte activité catalytique pour les ré actions photoé lectrochimiques et sé lectionner parmi eux, un semi-conducteur modè le par SPECM.

(2) Étudier par SPECM l'effet de la modification de l'environnement du photocatalyseur par la pré sence de RTIL à base d'imidazolium pur et de ceux dissous dans H2O agissant 

Chapitre 2

Dans le chapitre 2, les ré actifs chimiques, les maté riaux des é lectrodes, l'é quipement et les instruments utilisé s dans cette thè se sont pré senté s. En outre, les procé dé s de synthè se et les procé dures expé rimentales sont é galement dé crits, y compris la synthè se de 9 types de diffé rents semi-conducteurs de type p de mé taux de transition dé rivé s d'oxydes, dé posé s sur de l'oxyde d'é tain dopé au fluor (FTO) sous la forme d'un ré seau de spots (Figure 1) ; la configuration du SPECM pour é valuer le photocourant gé né ré par ces semi-conducteurs de type p (Figure 2b) et la dé tection in situ des produits gé né ré s par photoé lectrochimie (Figure 2c). À cette fin, la combinaison d'une fibre optique et d'une UME (OF-UME) agissant simultané ment comme source de lumiè re et capteur pour les ré actions de PEC a é té jugé e pratique et applicable [12]. Le mê me type de sonde double OF-UME « fait-maison » (Figure 3) a é té construit dans cette thè se pour é tudier les produits des ré actions photocatalytiques par SPECM. Enfin, les mé thodes et techniques de caracté risation physique employé es ont é té introduites, y compris la description correspondante du type et de la configuration de l'instrument. La ré ponse de l'é lectrode semi-conductrice modè le en solution aqueuse de 0,1 M KHCO3/CO2 (pH = 6,9) en fonction du potentiel appliqué illustre que le courant de photoré duction augmente lorsque le potentiel va vers des valeurs plus né gatives (Figure 5). La Cependant, aucun exemple précédent de ce type d'interaction n'a été rapporté jusqu'à présent dans la litté rature. 

Chapitre 4

Dans le chapitre 4, la double sonde OF-UME a é té utilisé e dans la configuration du SPECM capable de dé clencher des ré actions de PEC et de dé tecter simultané ment les produits de ré duction gé né ré s par voie photoé lectrochimique. La configuration est illustré e sur la 
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  photoé lectrochimiquement à des potentiels infé rieurs, ce qui place cette approche prè s de la photosynthè se artificielle. Un sché ma de ré action possible pour la PEC CO2RR par l'intermé diaire de [C2mim] + est proposé . Ainsi, nos ré sultats ont dé montré pour la premiè re fois le rôle cocatalytique de [C2mim] + pour le PEC CO2RR.En outre, la CO2RR é lectrochimique a é galement é té é tudié e sur divers catalyseurs de mé taux de transition, d'azote et de carbone (M-N-Cs) par é lectrode à disque tournant. 25%Fe25%Co-N-C a montré la meilleure performance sur la CO2RR é lectrochimique parmi les M-N-Cs é tudié s dans cette thè se. La pré sence de sites Co dans ce catalyseur a fourni un effet synergique pour la gé né ration de microcubes distribué s riches en Fe, qui agissent comme des sites actifs dans la CO2RR é lectrochimique.

Figure 1 . 1

 11 Figure 1.1 Illustrations of the (a) carbon cycle [2] and (b) carbon recycling by artificial way poweredby renewable electricity sources of wind and solar[10].

Figure 1 . 3

 13 Figure 1.3 Photoelectrochemical cell under illumination, with a p-type SC working electrode immersed in an electrolyte containing CO2. (Inset) Bent SC bands at the electrolyte interface and the separation of the photogenerated electron and hole [32] .

Figure 1 .

 1 Figure 1.6(a) Schematic representation of an H-type PEC CO2RR into value-added products[START_REF] Kumaravel | Photoelectrochemical conversion of carbon dioxide (CO2 ) into fuels and value-added products[END_REF];(b) Electrochemical CO2RR system with gas diffusion electrode under flow conditions for electrochemical CO2RR[28]; (c) Schematic representation of metal catalyst deposited onto a polytetrafluoroethylene (PTFE) hydrophobic fiber support. A flat ionomer layer conformally coats the metal[START_REF] Garcí A De Arquer | CO2 electrolysis to multicarbon products at activities greater than 1 A cm -2[END_REF].

Figure 1 .

 1 Figure 1.7 (a) Products distributions as a function of CO2 pressure [54]; (b) Absolute product formation rates of CH4 as a function of applied electrode potentials in CO2 saturated 0.05 M KHCO3 (blue), 0.1 M KHCO3 (red) 0.2 M KHCO3 (black) [55]; (c) Stationary Faradaic selectivity of CH4 of the CO2RR as a function of electrode potentials after 10 min of bulk CO2 electrolysis at a constant potential, in CO2 saturated 0.1 M KHCO3 (black) and 0.3 M KX (X means halides) [56]; (d)(e)(f) Faradaic efficiency of methane, ethylene and ethanol, carbon monoxide and formate on different catalysts at different potentials, respectively. Different catalysts Cu-10, CuO-1, CuO-10, and CuO-60 are Cu-based catalysts electrodeposited for 1 min, 10 min, and 60 min, respectively, which are shown in color of orange, green, red and blue, respectively. Error bars in (d)-(f) represent the standard deviations of three independent measurements [35].

Figure 1 . 1

 11 Figure 1.8 shows (a) the picture and (b) the schematic representation of a commercial SECM instrument. It consists of five components: ① An UME tip (or probe) with a micrometer or nanometer surface can induce or collect the reactions in the solution, it also

Figure 1 .

 1 Figure 1.8 (a) Illustration of the commercial CH Instruments model 920C [60]; (b) Schematic representation of a SECM instrument [61]; (c) Picture of the overview of the whole electrochemical cell of CH Instruments 920D [71].

Figure 1 . 9

 19 Figure 1.9 Optical microscope images of a normal disc UME: (a) top view, (b) side view [72].

Figure 1 .

 1 Figure 1.10 Typical cyclic voltammograms of (a) macroelectrode (Pt disk, 2 mm diameter) and (b) UME (Pt disk, 1.3 mm diameter) in 1 mM ferrocenemethanol + 0.1 M KCl. RE: Ag/AgCl and CE: Pt were used in each case and the scan rates were (a) 100 mV/s and (b) 5 mV/s. The insets in each figure

Figure 1 .

 1 Figure 1.11 Schematic representation of SECM operational modes: (a) Steady-state diffusion when the tip is far from the substrate in bulk solution, (b) negative feedback over an insulating substrate, (c) positive feedback over a conductive substrate.

Figure 1 .

 1 Figure 1.12 Steady-state diffusion tip current as a function of tip-substrate distance: (a) positive feedback mode, (b) negative feedback mode[START_REF] Bard | Scanning electrochemical microscopy[END_REF].Generation/Collection mode (GC)

Figure 1 .

 1 Figure 1.13 Schematic representation of the SECM operation modes: (a) Tip Generation-Substrate Collection (TG/SC) mode, (b) Substrate Generation-Tip collection (SG/TC) mode, (c) Redox competition mode.

Figure 1 .

 1 Figure 1.14a shows a schematic representation of SPECM instrument developed by Mullins et al. Each composition is resembled with SECM (Figure 1.8) except for the tip. In SPECM, the UME tip in the SECM is replaced with an optical fiber connected to a Xenon

Figure 1 .

 1 Figure 1.14 Schematic representation of SPECM instrument: (a) An optical fiber works as the tip [109]. (b) The tip is a combination of UME and optical fiber. Adapted from ref [108].

Figure 1 . 1

 11 photoelectrochemically scan the surface firstly and subsequently detect the photoelectrochemically generated O2 (Figure1.16e)[START_REF] Badets | Combined local anodization of titanium and scanning photoelectrochemical mapping of TiO2 spot arrays[END_REF]. This configuration will be illustrated and adopted in the work of chapter 4 of this thesis.

Figure 1 .

 1 Figure 1.15 Schematic side-views of several SPECM configurations for investigating photoelectrode surfaces. The light green regions represent the photon absorption/charge carrier generation volumein the semiconducting photoelectrode[START_REF] Esposito | Methods of photoelectrode characterization with high spatial and temporal resolution[END_REF].

Figure 1 .

 1 Figure 1.17 (a) Scheme of the modified TG-SC mode (up), and the SECM image of an array of Pt (left spot and right row) and Ru (middle row) spots supported on glassy carbon (down) for ORR in acidic medium [120]. (b) SECM TG/SC images displaying the reduction current collected for ORR tetrahedral-octahedral, hexagonal, spherical and cubic Pt NPs array. The color represents the measured photocurrent shown in the scale bar of the SECM image [96]. (c) Schematic representation of the nonsimulated portion (left-half tip) and the simulation (right-half tip) result for the concentration profile of species O near the surface of an axial 2D symmetry model of a SECM tip [94].

Figure 1 .

 1 Figure 1.18 (a) Schematic representation of the SG-TC mode for bicarbonate reduction-formate oxidation [121]; (b) Schematic representation of the collection of the CO2 •-radical in TG/SC mode of SECM [122]; (c) Z approach curves in towards copper electrode. the electrolyte was 30% monoethanolamine with 0.1 M KCl and 1.25 mM ferrocene-methanol. The applied potential to the tip (Pt disc: 25 µm diameter) was 600 mV; (d) Distribution of Cu 2+ and (e) pH above the copper electrode after 30 min exposure to 30% monoethanolamine solution [123].

  CO2RR can be fulfilled (Figure1.18c). The following is the employment of ion-selective microelectrodes of SECM for the local investigation of the Cu 2+ concentration (Figure 1.18d) and the pH changes profile in the surrounding electrolyte of the Cu electrode by the SECM imaging (Figure 1.18e), giving a deep understanding in the local change of the reactive interfaces.

Figure 1 .

 1 Figure 1.19 (a) Dispensed pattern of photocatalyst arrays with three components. The top corner is pure Pb, the bottom left corner is Bi, and the bottom right corner is Mo. Spots A and B represent Pb-Bi-Mo at 3:3:3 and 4:2:3 atomic ratios, respectively; (b) SECM image of a Pb-Bi-Mo oxide photocatalyst at an applied potential of 0 V vs. Ag/AgCl in 0.1 M Na2SO4 with 0.2 M phosphate buffer solution (pH = 7) [111]; (c) 3D presentation of SPECM data obtained at 0.1 V vs Ag/AgCl along with a photo of the Co-BiVO4 spots array prepared on Ti substrate. The highest photocurrent is from BiVO4 spot doped with 6% Co. The inset is the photo of 10×10 array of Co-BiVO4 spots [124]; (d) SECM images for a typical photocurrent response of PbI2/MAPbI3 composites under irradiation. The first and second seven-spot rows are pure MAPbI3 perovskites. The third seven-spot row represents the amount of excess PbI2 in each spot in the array electrode [126].

Figure 1 .

 1 Figure 1.21 Cyclic voltammograms recorded in neat [BMIM + ][BF4 ¯]at a 50 µm Pt disc electrode, (a) under "dry" conditions and (b) with a water content of approximately 3 wt.% in the ionic liquid (scan rate 100 mV/s).

  pH of the solvent system. These binary mixtures of RTIL/AN, RTIL/H2O and even ternary mixture of RTIL/AN/H2O have been investigated to facilitate efficient electrochemical CO2RR[START_REF] Sá Nchez-Sá Nchez | Electrocatalytic reduction of CO2 in imidazolium based ionic liquids[END_REF]. Binary mixture of 1-ethyl-3-methylimidazolium trifluoromethanesulfonate ([EMIM][TFO]) and water were used as electrolyte to convert CO2 to CO at lower overpotential and inhibit competing HER by modifying the concentration of [EMIM][TFO] [161]. Likewise, Kumar et al. analyzed the relationship of the water mole fraction and the current density in [EMIM][BF4]. The highest current density was obtained for a ratio of 25 mol% EMIMBF4 and 75 mol% H2O as shown in Figure 1.22b [153]. Nevertheless, there is controversy about the optimum water content. The best operation condition for [EMIM][TFO] to catalyze CO2 reduction by forming EMIM-CO2 complex on the CNFs is 50 mol%/H2O [161] rather 80 wt.% of [BMIM]Cl to convert CO2 to CO on Ag electrode with a selectivity and efficiency of ~99% [166].

Figure 1 .

 1 Figure 1.22 (a) Schematic of how the free energy of the system changes during the reaction CO2+2H + +2e -→CO+H2O in water or acetonitrile (solid line) or [EMIM][BF4] (dashed line). The label CO2 -refers to the intermediate that forms when the first electron is transferred during the reaction [159]; (b) Current density (at the highest CO2 reduction potential) for carbon nanofiber catalyst with respect to water mole fraction (%) in [EMIM][BF4] [153]; (c) Cyclic voltammograms recorded for effect of different anions and water concentrations in 0.1 M [TBA][PF6] AN solution on the electrochemical reduction of CO2 1a,1b,1c stand for [EMIM][BF4], [EMIM][TFSI] and [EMIM][OTf][START_REF] Lau | New insights into the role of imidazolium based promoters for the electroreduction of CO2 on a silver electrode[END_REF].

  [START_REF] Zhu | Efficient reduction of CO2 into formic acid on a lead or tin electrode using an ionic liquid catholyte mixture[END_REF] evaluated [BMIM][PF6]/AN/H2O ternary mixture and found that the addition of small amount water can greatly enhance the efficiency of CO2 to HCOOH compared to binary mixture [BMIM][PF6]/AN and pure [BMIM][PF6], indicated by the highest current density as shown in Figure 1.24a. Furthermore, the best operational RTIL content was identified to 30 wt.% in the ternary mixture since it shown the maximum FE to the HCOOH and current density of CO2RR (Figure 1.24b).

Figure 1 .

 1 Figure 1.23 Reaction pathways for the CO2RR in the (a) absence [EMIM][Tf2N] to oxalate and presence of [EMIM][Tf2N] to (b) CO and (c) carboxylate at a Pb electrode in AN; (d) Generalpicture of the reaction course[START_REF] Sun | Switching the reaction course of electrochemical CO2 reduction with ionic liquids[END_REF].

Figure 1 .

 1 Figure 1.24 (a) CV of in various electrolytes containing [BMIM][PF6] saturated with CO2 or N2 at Pb electrode in various electrolytes; (b) Effect of [BMIM][PF6] content as a part of the ternary [BMIM][PF6]/AN/H2O (5 wt.%) mixture on the current density and products Faradaic efficiency inCO2 electrolysis at -2.2 V vs. Ag/Ag + at Pb electrode[START_REF] Zhu | Efficient reduction of CO2 into formic acid on a lead or tin electrode using an ionic liquid catholyte mixture[END_REF].

Figure 1 .

 1 Figure 1.25 (a) Schematic diagram of different RTILs additives used as potential promoters for the electrochemical CO2RR to various products at Ag electrode [167]; (b) Schematic diagram of CO2 reduction mechanism. The CO2 reduction reaction takes place in three steps: (1) an intermediate (EMIM-CO2 complex) formation, (2) adsorption of EMIM-CO2 complex on the reduced carbon atoms and (3) CO formation[START_REF] Kumar | Renewable and metal-free carbon nanofibre catalysts for carbon dioxide reduction[END_REF].

  3 V to 1.0 V (vs Pt wire) at Pt[START_REF] Nam | Compositional screening of the Pb-Bi-Mo-O system. Spontaneous formation of a composite of p-PbMoO4 and n-Bi2O3 with improved photoelectrochemical efficiency and stability[END_REF] electrode, [EMIM + ] was reduced to radical [EMIM • ], which is quasi-reversible and can be oxidized back to [EMIM + ]; EMIM • ] may ether combine with CO2 •-to form [EMIMH-CO2 -] (Figure1.26a)[START_REF] Hanc-Scherer | Surface structured platinum electrodes for the electrochemical reduction of carbon dioxide in imidazolium based ionic liquids[END_REF] or with CO2 for [EMIMH-CO2 -] generation (Figure1.26b)[START_REF] Wang | A reduced imidazolium cation layer serves as the active site for electrochemical carbon dioxide reduction[END_REF]. The former adduct is electroactive and identified by an oxidation peak on Pt (100) and Pt[START_REF] Lee | Visible light photoelectrochemical properties of PbCrO4, Pb2CrO5, and Pb5CrO8[END_REF] surface, yet the latter is detected by Raman spectroscopy plus DFT calculation as energetically feasible intermediate.However, as the reduction potential was very negative, the intermediate of 1-butyl-3methylimidazole-2-ylidene (N-heterocyclic carbene, NHC) and ½ H2 or H(ad) were generated, followed by the combination with CO2 to imidazolium-2-carboxylate ([EMIM + -CO2 -]) (Figure1.26c)[START_REF] Sun | Switching the reaction course of electrochemical CO2 reduction with ionic liquids[END_REF][START_REF] Feroci | An electrochemical methodology for the cyclic CO2 "catch and release[END_REF]. Nevertheless, this NHC catalysis was ruled out by the researches of Wang et al.[START_REF] Wang | Activation of CO2 by ionic liquid EMIM-BF4 in the electrochemical system: a theoretical study[END_REF] and Zhao et al.[START_REF] Zhao | Is the imidazolium cation a unique promoter for electrocatalytic reduction of carbon dioxide?[END_REF] The calculated acidity constant (pKa) indicating the difficulty of deprotonation of C2 to form imidazolium carboxylate because the intermediate is too large. Instead, the proton at C2 is important to attach CO2 to form the intermediate [EMIM-COOH] -, as also proved by Niu et al. who showed that the H at C2 can stabilize the CO2 •-via hydrogen bond[START_REF] Niu | Roles of ion pairing on electroreduction of carbon dioxide based on imidazolium based salts[END_REF]. Furthermore, the carbene did appear after CO decomposition in the overall catalytic reduction pathway shown in Figure1.26d.

Figure 1 .

 1 Figure 1.26 Reaction mechanisms and pathways associated with [EMIM] + cocatalysis of the CO2RRto value-added products in literature.

Figure 1 .

 1 Figure 1.27 (a) Proposed interfacial structure of Au single crystal electrode/imidazolium based ionic liquid at different potential regions: (1) positive of the PZC, (2) near the PZC, (3) negative of the PZC

( 1 )

 1 lowering the overpotential for the CO2RR; (2) cocatalytic role on CO2RR either by forming intermediate or absorption in the reaction system; (3) suppressing the competitive HER and (4) increasing the selectivity of products such as CO formation. Applications of Imidazolium based RTILs Photocatalytic CO2RR Based on the advantage of imidazolium cation as cocatalyst on lowering free energy of electrochemical CO2RR, photocatalytic CO2RR can be fulfilled in imidazolium based RTIL/H2O combined with photocatalytic system ([Ru(bpy)3]Cl2 (bpy = 2,2'-bipyridine) and CoCl2• 6H2O, and triethanolamine (TEOA) as a light sensitizer, an electron mediator, and an electron donor, respectively) [139]. They proved the essential cocatalyst role of [EMIM + ][BF4]because no products generated when it is replaced by HBF4. Furthermore, the absorption spectrum was obtained to explore the relationship of incident light wavelength on the gas evolution rate of photogenerated CO and H2 in [EMIM][BF4]/H2O (Figure1.28a) The results shown that the CO generation performance was coincident to the optical absorption spectrum, indicating that CO2RR depended on the charge photogeneration, separation and the subsequent electron transfer in the mixture. In addition, after comparing the different photocatalytic reduction performance in various imidazolium based RTILs with different alkyl chain or anions, it is clear that the photocatalytic CO2RR relied deeply on the chemical properties of anions and the organic functional groups on the imidazolium cation.

Figure 1 .

 1 Figure 1.28 UV-vis absorption spectra of (a) The dependence of the wavelength of incident light on the gas evolution rate of CO and H2 from the CO2 photoreduction system in [EMIM][BF4]/H2O [139]; (b) [BMIM][TFSI] and (c) [BMIM][PF6] in the liquid phase in a thin optical cell [173]; (d) changing concentrations of 1-octyl-3-methylimidazolium dodecylsulphate ([OMIM][DS]) in water.The inset shows magnified version of the spectra in the wavelength range 24 ~ 360 nm[START_REF] Rather | Determination of cmc of imidazolium based surface active ionic liquids through probe-less UV-vis spectrophotometry[END_REF].

  Katoh measured the absorption spectra of [BMIM][TFSI] in liquid state and in AN, as well as [BMIM][PF6] and found that those spectra were similar, indicating a weak electronic intermolecular interaction of imidazolium cation with others in the RTILs. The strong peaks for pure [BMIM][TFSI] and [BMIM][PF6] were at 210.5 nm and 210 nm, respectively and were assigned to π-π* transition that originates from the C = C bond of the imidazolium cation because the [TFSI] anion had negligible absorption in this range. (Figure 1.28b and c) In addition, Boutiti et al. [175] and Rather et al. [174] also obtained a maximum absorption peak at 210 nm in 1-hexyl-3-methylimidazolium chloride ([HMIM]Cl/H2O) and of 1-octyl-3-

Figure 1 .

 1 Figure 1.29 Possible species involved in the CO2 photoreduction driven by RTILs [177]. The light-absorption ability of imidazolium based RTILs can facilitate to create valuable species combined with catalysts during the photocatalytic or photoelectrochemical CO2RR process yet the mechanisms and principle research are still in the infant stage and desired study thoroughly. Here one example is shown to illustrate how the imidazolium cation functionate in the photoreduction of CO2. Qadir et al. reported an efficient method to photoconvert CO2 to CO without the presence of the photosensitizers or sacrificial agents, rather only adopt RTILs to promote CO2 •-generation by "homolytic C-C cleavage" in the cation-CO2 complex [177]. As shown in Figure 1.29, First of all, a zwitterionic RTIL 1-n-butyl-3-methylimidazolium-2carboxylate [BMIm.CO2] absorbed light and photolysis happened to form [BMIm] •+ and CO2 •-, combined with CO2 to generate CO2-dimer radical anion [C2O4] •-, which interact with the addition of another CO2 •-to form CO and carbonate. The [BMIm] + can be regenerated from [BMIm] •+ and [HCO3] •-, the generated [CO3] 2-and [HCO3] -can deprotonate [BMIm] + to form

Figure 1 .

 1 30b shown the electrochemical CO2RR to CO on the huge surface with numerous active sites of M-N-C.Each component in M-N-C catalysts for electrochemical CO2RR may have a particular impact on the overall activity performance and for this reason different types of carbon, nitrogen source, and metallic center have been explored[START_REF] Varela | PH effects on the selectivity of the electrocatalytic CO2 reduction on grapheneembedded Fe-N-C motifs: bridging concepts between molecular homogeneous and solidstate heterogeneous catalysis[END_REF][START_REF] Jiang | Isolated Ni single atoms in graphene nanosheets for high-performance CO2 reduction[END_REF][START_REF] Daems | Nickel-containing N-doped carbon as effective electrocatalysts for the reduction of CO2 to CO in a continuous-flow electrolyzer[END_REF][START_REF] Zhang | Electrochemical CO2 reduction reaction on cost-effective oxide-derived copper and transition metal-nitrogencarbon catalysts[END_REF]. But the most important element is the metallic centers and the related active sites. M-N-C exhibits superior electrocatalysis either by lowering the overpotential (such as Fe-N-C)[START_REF] Pan | Identification of champion transition metals centers in metal and nitrogen-codoped carbon catalysts for CO2 reduction[END_REF] or improving CO selectivity (like Ni-N-C)[START_REF] Hu | Selective CO2 reduction to CO in water using earth-abundant metal and nitrogen-doped carbon electrocatalysts[END_REF].The judgment of the performance of M-N-C on electrochemical CO2RR can use the Faradaic efficiency, the overpotential and the current density. Different M-N-C were evaluated by the comparison of CO FEs as a function of the applied potential (Figure1.30c)[START_REF] Pan | Identification of champion transition metals centers in metal and nitrogen-codoped carbon catalysts for CO2 reduction[END_REF]. The highest CO production efficiency is exhibited by Ni-N-C, but the lowest overpotential is achieved by Fe-N-C catalyst. In addition, to prove the indispensable catalytic role of the metal center, rotating disk electrode (RDE) was used to carry out linear sweep voltammetry (LSV) analyses to measure the electrochemical response in the presence or absence of Fe center (Figure1.30d). In this regard, the presence of Fe center notably enhances the catalytic performance by decreasing the overpotential and increasing the current density despite nitrogen moieties are already catalytically active for CO2RR. This leads to the conclusion that the Fe atom plays a vital role in the active sites of the electrocatalytic material for an efficient CO2RR[START_REF] Chen | Fe and N co-doped porous carbon nanospheres with high density of active sites for efficient CO2 electroreduction[END_REF].

Figure 1 .

 1 Figure 1.30 (a) General synthesis strategy of M-N-C catalysts and their obtained structure [178]; (b) CO2RR to CO on the surface of M-N-C catalysts, the balls in grey, red and blue are C, metal and N atoms, respectively; (c) CO Faradaic efficiencies at different metal-N-C catalysts [182]; (d) Linear sweep voltammetry curves of Fe-N-PC, op-Fe-N-PC and N-PC in CO2-saturated 0.5 mol L -1 KHCO3 solution (scan rate = 10 mV/s) PC is porous carbon nanosphere. Op-Fe-N-PC is the samples without the addition of NH3•H 2O and tetraethylorthosilicate to form the SiO2 shell[START_REF] Chen | Fe and N co-doped porous carbon nanospheres with high density of active sites for efficient CO2 electroreduction[END_REF].

CO2RR.

  Ding et al. reported the cocatalyst role of CuCo2O4 for the photochemical CO2RR together with homogeneous photosensitizer (Ru(bpy)3 2+ ) and heterogeneous semiconductor (CdS) by harvesting visible light [204]. These nanoplate microstructure CuCo2O4 with mesopores were synthesized by calcination. (Figure 1.32a) The combination of CuCo2O4 with Ru(bpy)3 2+ greatly promoted photocatalyze CO2 to CO with good current density and inhibited the proton reduction reaction. In addition, Figure 1.32b exhibited the relationship of absorption wavelength of incident light and the products activity, the trend of products yields matches well with the absorption spectrum of Ru(bpy)3 2+ . All phenomena mentioned above indicated that the catalysis started by the "visible-light-triggered excitation" of the ruthenium dye and then activated the cocatalysis of CuCo2O4. In addition, the crystallinity and the specific surface can be modified by calcination temperature hence induced different catalytic performance as shown in Figure 1.32c.

Figure 1 . 53 ( 1 )

 1531 Figure 1.32 (a) SEM image of CuCo2O4 structure; (b) Comparison of the performance of CO2RR of the CuCo2O4 synthesized at different calcination temperatures; (c) Productions of CO/H2 from the photochemical CO2RR under irradiation light with different wavelengths. The lines are the

  photoelectrochemical CO2 reduction reaction will be explored.In the Chapter 4, a home-made dual tip OF-UME fabricated for in situ detecting the products from PEC CO2RR will be introduced. The OF allows the light to locally illuminate p-type semiconductor CuCo2O4 which is biased. The OF is scanned in the X-Y direction and introduces UV-vis light locally on CuCo2O4 spot, which might convert CO2 into CO or HCOOH or other products. Simultaneously, the biased Pt UME can detect the generated
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 82769 ) In the fabrication of the dual tip OF-UME, 25 µm Pt wire (MaTeck, 99.99%) or 25 µm Au wire (GoodFellow, 99.99%) were used as the ultramicroelectrode (UME); copper tinned wire (TCW 35 301802) was purchased from Rowan cable products Ltd. (4) Silver paint (G302) was purchased from Agar Scientific. A very fine flake of silver suspended in 4-methylpentan-2-one which has high conductivity and stickiness. It was used for the electrical connection of Pt/Au wire with Copper Tinned wire in the fabrication of the dual tip OF-UME. (5) Epoxy glue (Quick set epoxy adhesive, RS) was use for sealing the end of the OF-UME. (6) Borosilicate glass capillary (1B100-4) was purchased for World Precision Instruments, Ltd., which has an outer diameter of 1 mm and an inner diameter of 0.58 mm and 100 mm length. It was used for fabrication of the dual tip OF-UME.(7) Bipotentiostat (920D) for the SPECM configuration was from CH Instruments. Solution Dispenser (Model 1550A workstation) was purchased from CH Instruments (Figure 2.2a). It is composed by a high-resolution threedimensional (3D) positioner, a piezoelectric jetting device, and a sample platform. Materials and Experimental Methods Xenon lamp (HPX-2000-HP-DUV, 75 W) from Ocean Optics was used for providing the 185 -2000 nm spectrum light with a typical output power > 150 mW for fibers d = 600 µm. This lamp was used for providing a local illumination with high power on the catalyst spots. (10) HPX-2000-HP-DUV light controller (homemade) was designed and used for the chronoamperometry in SPECM. (11) LI-A 250 Light Meter from LI-COR companied by Quantum Sensor Q40474 (PAR, in µmol of photons m -2 s -1 ) was used to measure the light power from the end of the visible light OF. (12) Laser-Based Micropipette Puller-2000 from Sutter Instrument Co. was used for processing the borosilicate capillary in the fabrication of OF-UME. (13) Tube furnace (type 301) was purchased from Carbolite and used for the annealing in air of the FTO array substrate electrode to synthesized metal oxides materials on FTO. (14) Conductivity meter (CM 230) from Radiometer analytical. It was used to measure the conductivity of 5 different solutions: 0.1 M Na2SO4, 0.1 M KHCO3, 25 vol.% [C2mim][BF4] in H2O, 25 vol.% [C4mim][BF4] in H2O, 50 vol.% [C4mim][BF4] in H2O. (15) pH meter (Five Easy) from Mettler Toledo. (16) The potentiostat SP 300 used in bulk electrolysis was from Bio-Logic Science. (17) Rotating disk electrode (WaveVortex 10) was purchased from Pine research. The connected Bipotentiostat Workstation is 760E from CH Instruments.

Figure 2 . 1

 21 Figure 2.1 Chemical structure, name and the corresponding abbreviation of room-temperature ionic liquids used in this work.

  Figure 2.2a shows the commercially available solution dispenser (CHI 1550A) used for dispensing the metallic precursor solutions on FTO. The 3D-positioner controls the movement of the jet device in XYZ directions according to a preset pattern. The jet device has a nozzle size of 60 µm, which can produce individual drops ranging from 100 to 200 picoliters, depending on the applied parameters and the properties of solvent used in the precursor solutions. Both the positioner and the jet device are connected to a controller in the workstation.To prepare the spot array on FTO, a series of independent metal precursor solutions were firstly prepared by dissolving metal nitrates in anhydrous ethylene glycol (vapor pressure: 0.12 mmHg at 20 °C, viscosity: 21 cP at 20 °C). These metal nitrates included Cu(NO3)2·3H2O, Co(NO3)2·6H2O, Fe(NO3)29H2O, Bi(NO3)3 5H2O , AgNO3 and NiSO4 6H2O. The procedure of synthesizing spot array of CuCo2O4 is shown in Figure2.2b. The array substrate was obtained by preparing independent solution of 0.3 M Cu(NO3)2 and 0.3 M Co(NO3)2 in ethylene glycol. Then, by mixing both metal ion solutions (Cu 2+ : Co 2+ ) in a volume ratio(1:2) 

Figure 2 .

 2 Figure 2.2 (a) Solution Dispenser. (b) Schematic representation of preparation of array substrate electrode synthesis.

  Using this dispensing system, different p-type semiconductors array substrates were prepared and compared for their catalytic activity and stability. Given the comparison results of different metallic combinations, the CuCo2O4 exhibited the best performance in the PEC CO2RR system, making it a model catalyst to study the role of different electrolytes in PEC reactions by SPECM.

Figure 2 .

 2 Figure 2.3a shows the CuCo2O4 array substrate on FTO (A) with an annealing process of 500 °C for 1 hour in air atmosphere with a ramp of 10 °C/min and Figure 2.3b shows the array on the FTO (B) with an annealing process of 500 °C for 3 hours in air atmosphere with a ramp of 1 °C/min. Good reproducibility and very little variations between spots in an individual array substrate were found. Each spot of the array was generally of the order of ca. 475 µm in diameter. In general, the coexistence of Co and Cu in the oxide favors the formation of CuCo2O4 microparticles [6,7].

Figure 2 .

 2 Figure 2.3 the CuCo2O4 array substrate on (a) FTO (A) with an annealing process of 500 °C for 1 hour in air atmosphere with a ramp of 10 °C/min and (b) FTO (B) with an annealing process of 500 °C for 3 hours in air atmosphere with a ramp of 1 °C/min.

Figure 2 .

 2 Figure 2.4 (a) Picture of the SPECM instrument. (b) Sketch of the SPECM for PEC activity evaluation (c) Sketch of the SPECM for PEC experiment with the simultaneous detection of generated products. The electrochemical cell limits the working electrode area in contact with the solution by an O-ring (d = 0.7 mm). A 0.5 mm Pt wire was used as a counter electrode in the electrochemical cell. The reference electrode employed in different electrolyte solutions is shown in Table 2.4. Ag/AgCl (3 M KCl) was connected to the cell through an agar bridge

Figure 2 .

 2 Figure 2.5, E(Fc/Fc+) was obtained from the formal potential ½ (Epa+Epc), being E(Fc/Fc+) = 0.45 V vs. Pt wire in pure [C2mim][BF4].

Figure 2 .

 2 Figure 2.4c shows the schematic representation of SPECM for its application in the detection of PEC CO2RR products with a dual tip OF-UME. The OF allows the light to locally illuminate p-type semiconductor materials on the biased substrate electrode (WE2). By moving the OF in the X-Y direction, a dual mapping of photocurrent and electrochemical detection was obtained. Simultaneously, the biased Pt UME (WE1) can detect and distinguish the photoelectrochemically generated products (H2, CO and HCOOH) by electrochemical oxidation.

Figure 2 . 6

 26 Figure 2.6 The diagram of the assembly and operation panel of the P-2000 micropipette puller. The diagram of the assembly and operation panel of the P-2000 micropipette puller is shown Figure 2.6. The name and the function of each assembly unit are listed as follows:
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 287456 Puller bar, works together with bumper to fix and move the glass and prevent the impact forces from breaking glass. Spring stop, prevents pipette tip collision by catching the puller bars as they rebound off. Pull cable, conducts the pulling force of the solenoid to the puller bars. Retro mirror assembly, a reflective concave mirror, which can collect and reflect the beam crossing the glass to redirect the divergent laser radiation onto the front side of the glass and thereby provides relatively uniform heating around the circumference of the glass. (See the optical pathway in Figure 2.7) 7. Finger bar, controls puller bar manually. 8. Liquid crystal display (LCD), displays program parameters. 9. Keyboard, programs parameter values and execute programs.

Figure 2 . 7

 27 Figure 2.7 Optical pathway (top view without laser housing). Reprinted from ref[10].

Figure 2 .Chapter 2

 22 Figure 2.7 shows the optical pathway of P-2000. The most important part is the CO2 laser providing the heat source, whose output power is controlled by the HEAT value in the program.(see below in details). The laser beam is projected to the glass by a rotating scanning mirror, which can provide controllable scanning area by the value of FILAMENT parameter. In addition, a retro concave mirror can reflect the laser beam onto the front side of the glass, which ensures a uniform heating distribution around the circumference of the glass.

Figure 2 .

 2 Figure 2.8 (a) LCD display with the program parameters. (b) Pull cycle when PULL is greater than 0 and DELAY is less than 128.

HEAT:

  Value range from 0 to 999. HEAT determines the output power of the laser and the micropipette tip length and size. In general, higher HEAT value means shorter melting time and longer and thinner tip. Increasing the HEAT value is necessary if the glass hasn't melted in less than 15 seconds. FILAMENT: Value range from 0 to 15. FILAMENT determines the scanning pattern and velocity of the laser beam, together with HEAT, it can also control the fabrication time. The higher the FILAMENT value is, the less power per unit length of the glass will get. A narrower FILAMENT is suggested if the melting time is too long. PULL: Value range from 0 to 255. PULL determines the strength of the hard PULL. The higher value means the smaller of the tip size. VELOCITY: Value range from 0 to 255. VELOCITY reflects the speed at which the two carrier bars are moving forced by a weak pull of the pull cable before the hard PULL. This VELOCITY is affected by the viscosity of the glass. The higher the value, the faster the puller bars moving and the smaller of the size of the tip. DELAY: Value range from 0 to 255. DELAY determines the time to start the hard PULL.

Figure 2 . 3 .

 23 Figure 2.8b shows the flow diagram of P-2000 to execute one pull cycle when PULL is greater than 0. The steps are as follows: 2. The laser beam starts according to the set HEAT and FILAMENT values.3. The glass is heated and pull weakly until the VELOCITY value (trip point). 4. If DELAY = 128, HEAT stops and hard PULL starts; If DELAY > 128, HEAT stops and hard PULL starts after (DELAY-128) ms; If DELAY < 128, hard PULL starts and HEAT stops after (128-DELAY) ms.

2 .

 2 Thinning of the borosilicate glass capillary (Figure 2.9). By placing the unprocessed borosilicate glass capillary (Figure 2.11a) in the V-groove and fixing it by the clam knobs in the puller bar of P-2000. Setup the suitable parameters in the program to start the fabrication process. The glass is heated to reach the softening point and is extended from both ends under a weak pull force until an hourglass shape is formed in the middle of the capillary. By adjusting Chapter 2 Materials and Experimental Methods91the values of HEAT, FILAMENT and VELOCITY, the size and morphology of the hourglass shape part is controlled. In order to avoid breaking down the capillary, no hard pull is applied in the program (PULL = 0), which causes a short taper part of the capillary. Because of the final polishing process, a longer taper part is necessary to ensure a sharp tip with suitable length. Therefore, based on Program A in Table2.6, firstly, the glass is heated for 20 s. Secondly, the capillary is moved right by 1.2 mm manually and the program A is repeated for another 12 s.Finally, the capillary is moved right for 0.5 mm more and repeat the same program for 8 s. In this way, a thin capillary was thinned with a long taper part is ready for the following steps (Figure2.11b).

Figure 2 . 9

 29 Figure 2.9 The sketch of the fabrication of dual tip (OF-UME) -thinning the capillary in the middle (step 2).

3 .

 3 Sealing the metal wire and the optical fiber in the capillary (Figure 2.10). By putting the metal wire and the optical fiber together in the taper part of the capillary. Place and fix the capillary in the v-groove, meanwhile, two stoppers (O-rubber ring) are used to fix the puller bar in order to avoid the weak pulling force that could further thin and break the capillary. For sealing the capillary according to Program B for OF-UME (Pt) and Program C for OF-UME (Au) (see Table 2.6), start the heating for 15 s and move the capillary right for 0.5 mm repeating the same program for another 15 s. Given this, the same position of the capillary should be reached in the thinning and sealing process. As the melting point of Au is lower than that of Pt, program designed for Au (program C) is different from Program B for Pt, which includes a lower HEAT value in order to lower the heating temperature of the glass and avoid the melting of the Au. After this step, the sealed UME and OF in the capillaries shown in Figure 2.11c (with Pt wire) and d (with Au wire) are ready for the following steps.

Chapter 2
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Figure 2 .

 2 Figure 2.10 The sketch of the fabrication of dual tip (OF-UME) -sealing the capillary with metal wire (Pt or Au) and optical fiber with stopper to avoid the weak pulling (step 3).
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 245 Figure 2.11 The optical micrographs of each step for fabricating dual tip: (a) unprocessed capillary. (b) capillary thinning. (c) Pt wire and optical fiber sealed in the capillary. (d) Au wire and optical fiber sealed in the capillary. Table 2.6 Different P-2000 programs with suitable parameters used in the fabrication of OF-UME. Program Application Parameters A Capillary thinning HEAT = 380 FILAMENT = 4 VELOCITY = 15 DELAY = 120 PULL = 0 B OF-UME (Pt) sealing HEAT = 500 FILAMENT = 4 VELOCITY = 30 DELAY = 0 PULL = 0 C OF-UME (Au) sealing HEAT = 350 FILAMENT = 4 VELOCITY = 15 DELAY = 0 PULL = 0

Figure 2 .

 2 Figure 2.12 (a) Schematic representation of a whole fabricated dual tip OF-UME. Optical images of (b) side view and (c) bottom view of the OF-UME. In general, cyclic voltammetry of reversible redox mediator species in solution such as ferrocenemethanol has been widely used for the characterization of the electrochemical properties, surface morphology and size of metallic microdisk UME, according to the steadystate diffusion current shown as Equation 1-2 in chapter 1.

Figure 2 .

 2 Figure 2.13a and b show the steady-state cyclic voltammograms obtained by OF-UME (Pt) and (b) OF-UME (Au), respectively in solution of 1 mM ferrocenemethanol and 0.05 M KCl

Figure 2 .Chapter 2

 22 Figure 2.13 Steady-state cyclic voltammograms obtained at (a) OF-UME (Pt) and (b) OF-UME (Au) (both with diameter of 25 µm) in solution of 1 mM ferrocenmethanol and 0.05 M KCl as supporting electrolyte. The potential limits were 0.05 to 0.5 V vs. Ag/AgCl initiated from 0.05 V. The scan rate was 5 mV/s.
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 2271 Figure 2.14 (a) Picture of the commercial RDE instrument. (b) Schematic representation of RDE.

Chapter 2

 2 Materials and Experimental Methods 97 furnace. Sequentially, the pyrolyzed compound was grinded for 20 min in an agate mortar. As a result, the transition metal-N doped-carbon catalyst of 25%Fe25%Co-N-C was prepared in a form of black powder (Figure 2.15c). The final ratio of the M: N: C in the catalyst has not been quantified yet. The structure of M-N-C can be represented as a 2D graphene-like structure with N and metal atoms embedded in the carbon matrix (Figure 2.15d).

Figure 2 .

 2 Figure 2.15 (a) Chemical structure of chitosan molecular. (b) Temperature program in pyrolysis process. (c) Appearance of the final product of M-N-C catalyst. (d) Model structure of M-N-C catalyst [18].

  photoelectrochemical assembly is shown in Figure2.16b. The cell has a lateral opening to which it is possible to attach the FTO substrate electrode, illuminate it from the front and

Figure 2 .

 2 Figure 2.16 (a) CuCo2O4 spots array with a patten of 26×24 spots, inset is the magnification of a portion of the array. (b) Configuration of the electrolysis cell with CuCo2O4 spots array immersed in the electrolyte (25 vol.% [C2mim][BF4]/H2O saturated with CO2), 11 mL in the cathode chamber and 6 mL in the anode chamber. the O-ring was used to seal and confine the surface area contacting the electrolyte with diameter 14 mm. (c) Configuration of the electrolysis process under illumination of
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 331053 Photoelectrochemical Activity for CO 2 RR in Different RTILs-based Solvent Media Evaluated by SPECM

Chapter 3 Photoelectrochemical

 3 photocurrent production efficiency. All other effects such as band gap, light absorption efficiency, carrier mobility and carrier recombination rate are mainly controlled by the chemical composition and morphology of the semiconductor material and will be kept constant in this work.

Figure 3 .Chapter 3 109 Figure 3 . 1

 3310931 Figure 3.1 shows some initial array tests with of CuOx (upper row) and NiOx (lower row).In Figure3.1a, 0.5 M Cu(NO3)2 was used to synthesize CuOx spot array, which presents similar diameter size under same parameters and diminishes as the dispensing number of drops decreases from 30, 20, to 10 drops, which produced spots of 385 µm, 335 µm and 270 µm in diameter, respectively. The CuOx spots are composed of black microparticle clusters, which dispersed more intensively in the border and sparse in the middle of the spot. Figure 3.1b shows the corresponding SPECM image of the 3 spots in the first row of the CuOx array substrate under UV-vis light, the potential of the array substrate is held at -0.1 V vs. Ag/AgCl. The color map in the image represents the magnitude of the photocurrent generated on the array substrate, the bright yellow part in the SPECM images represents the photocurrent generated when the CuOx spots are illuminated and the green color represents the background current of the illuminated FTO substrate. A small oxidation current (10 -10 A) was collected on the SPECM image b and e, which probably corresponds to the oxidation of CuOx and NiOx at this potential.The low photocurrent detected provokes a poor contrast between background and catalysts regions, which gives as a result a poor definition of the spots. Scanning the array substrate at different potentials (-0.1 V, -0.2 V, -0.4 V, -0.5 V and -0.7 V vs. Ag/AgCl), the CuOx spots become less dense and some of the material lost (Figure3.1c), proves that the CuOx has low stability and low catalytic efficiency.

Figure 3 .

 3 Figure 3.2a shows CuNixOy array substrate electrodes after annealing process. The precursor solution contains 0.15 M Cu(NO3)2 and less than 0.15 M Ni(NO3)2 (The solubility of Ni(NO3)2 is relatively low in ethylene glycol leading to a concentration less than 0.15 M, but this has few effect on the qualitative analysis of the performance of the compound CuNixOy). From Figure 3.2b, the CuNixOy exhibits reduction photocurrent with bright and clear spots. Moreover, the current increases with the number of drops (30). However, CuNixOy face an unstability problem during the SPECM experiment (Figure 3.2c).

Figure 3 .

 3 Figure 3.3 shows CuFe2Ox (upper row) and FeOx (lower row) array substrate electrodes. The CuFe2Ox exhibit inhomogeneous morphology indicating the different composition in elements (Figure 3.3a) and a poor reduction current because of the indistinguishing of the spots indicating no photocurrent corresponding to the catalyst activity. (Figure 3.3b) The FeOx spots display even more inhomogeneous morphology (Figure 3.3d). The SPECM image of FeOx spots array provides a good agreement with the optical image: the black part in the middle of

Figure 3 . 2

 32 Figure 3.2 Optical microscopy images of CuNixOy array substrate electrode (a) before and (c) after SPECM imaging experiment. (b) The corresponding SPECM image of CuNixOy array substrate of (a). Applied potential of -0.2 V vs. Ag/AgCl in 0.1 M Na2SO4 solution saturated with CO2 (pH = 4.3). UVvis illumination.

Figure 3 . 3

 33 Figure 3.3 Optical microscopy images of CuFe2Ox array substrate electrode (a) before and (c) after SPECM imaging experiment. Optical microscopy images of FeOx array substrate electrode (d) before and (f) after SPECM imaging experiment. (b) and (e) are the corresponding SPECM images of array substrates (a) and (d), respectively. Applied potential of -0.1 V and -0.3 V vs. Ag/AgCl respectively in 0.1 M Na2SO4 solution saturated with CO2 (pH = 4.3). UV-vis illumination.

Figure 3 .

 3 Figure 3.4 shows the CoOx spot array substrate, similar to NiOx array substrate, CoOx displayed poor dispersion morphology and have no contribution to the reduction of CO2RR.

Figure 3 . 4

 34 Figure 3.4 Optical microscopy images of CoOx array substrate electrode (a) before and (c) after SPECM imaging experiment (b) the corresponding SPECM images of array substrate (a). Applied potential of -0.2 V vs. Ag/AgCl respectively in 0.1 M Na2SO4 solution saturated with CO2 (pH = 4.3).UV-vis illumination.

Figure 3 .

 3 Figure 3.5a shows optical image of CuCo2Ox array substrate with 3 similar spots, prepared from precursor solution of 0.1 M Cu(NO3)2 and 0.2 M Co(NO3)2. After the annealing process, a homogeneous, compact and regular-shaped binary metal oxide is formed with each spot presenting a diameter of about 400 µm. Figure 3.5b is the corresponding photocurrent-based image of CuCo2O4 array substrate at a potential of 0 V vs. Ag/AgCl in CO2 saturated 0.1 M Na2SO4 solution. The 3 spots in yellow have higher photoreduction current compared to the background current under UV-vis light, which proves the good PEC performance of CuCo2O4. Furthermore, no relevant change in spot density or morphology were visually observed after the SPECM imaging experiments as shown in Figure 3.5c, proving its relatively good stability and catalytic efficiency over the experimental time scale.
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 353 Figure 3.5 Optical microscopy images of CuCo2O4 array substrate electrode (a) before and (c) after SPECM imaging experiment (b) the corresponding SPECM images of array substrate (a) Applied potential of 0 V vs. Ag/AgCl in 0.1 M Na2SO4 solution saturated with CO2 (pH = 4.2), under UV-vis light illumination. UV-vis illumination.

Figure 3 . 6

 36 Figure 3.6 Optical microscopy images of (a) AgCoOx and CuCo2O4 array substrate electrode and (b) the corresponding SPECM image of array substrates (a). Inside the yellow dash line are the area with light blocked during the middle of scan. Applied potential of 0.15 V vs. Ag/AgCl in 0.1 M KHCO3solution (pH = 6.9). UV-vis illumination.

Figure 3 . 7

 37 Figure 3.7 SEM images of CuCo2O4 spot synthesized on FTO glass (a) center area on one spot (b) magnification of one CuCo2O4 microparticle. (c) EDS spectrum analysis and (d) corresponding EDSmapping images of the CuCo2O4 spot.

Figure 3 .

 3 Figure 3.7b shows the magnification of one of these microparticles appearing with numerous porous nanostructures and voids, resulting in high specific surface area which is beneficial for catalysis. Figure 3.7c is the corresponding EDS spectrum of the compound

work as electrolyte, namely 1 -

 1 Butyl-3-methylimidazolium tetrafluoroborate ([C4mim][BF4] or [BMIM][BF4]) and 1-Ethyl-3-methylimidazolium tetrafluoroborate ([C2mim][BF4] or [EMIM][BF4]), whose structure and abbreviations are displayed in Figure 3.8. Three different electrolyte solutions were used: aqueous solution (0.1 M KHCO3 or 0.1 M Na2SO4), binary RTIL/H2O mixtures (25 vol.% [C2mim][BF4] in H2O and 25 vol.% or 50 vol.% [C4mim][BF4] in H2O), pure RTILs ([C2mim][BF4] and [C4mim][BF4]; [C2mim][NTf2] and [C4mim][NTf2]

[

  C2mim][BF4]/H2O in bulk electrolysis experiments). Figure3.9 displays the pH values evolution of a binary RTIL/H2O mixture as the CO2 purging time is extended, proving that the aerated time of 30 min can guaranty a saturated CO2 environment, which is also a common aerate duration in literature. After bubbling CO2 for[START_REF] Pander | The importance of morphology on the activity of lead cathodes for the reduction of carbon dioxide to formate[END_REF] min, the 25 vol.% [C2mim][BF4]/H2O solution is kept sealed and still. Then, its pH value changed by 9 % (from 3.67 to 3.34), which maybe because of the hydrolysis of [C2mim][BF4] to some hydroxyl ions such as [BF3OH] -, [BF2(OH)2] -and [BF(OH)3] -, which has been reported by Kumar et al. [26]. But it seems not to be related with HF formation indicated by the slight change of pH.

Figure 3 . 8

 38 Figure 3.8 Chemical structure, name and the corresponding abbreviation of room-temperature ionic liquids used in this work.

Figure 3 .Chapter 3

 33 Figure 3.9 pH values evolution with CO2 bubbling time (0 ~ 45 min) for 25 vol.% [C2mim][BF4]/H2O solution at 293 K; pH value at 270 min after bubbling CO2 for 45 min, and keeping the solution sealed and still.

Figure 3 .

 3 Figure 3.10a shows the schematic representation of SPECM experiments. The array of CuCo2O4 spots acting as substrate electrode is immersed in an electrolyte solution purged with either CO2 or Ar. The optical fiber is set up perpendicularly at 150 µm above the substrate, which allows a controlled and local illumination of each spot on the array. Applying on the substrate electrode a series of different potentials and scanning the optical fiber for introducing the UV-visible or visible light along the X-Y plane simultaneously, a SPECM image is built displaying the reduction photocurrent obtained as a function of optical fiber position.P-type CuCo2O4 semiconductor absorbs light in a wide range of wavelengths in both visible and UV regions, which indicates that CuCo2O4 has capability in photocatalytic applications[27]. Moreover, imidazolium based RTILs also presents a wide absorption light band in UV region[28]. Figure3.10b shows the principle and energy band diagram in PEC CO2RR system on p-type CuCo2O4 photoelectrocatalyst. When CuCo2O4 spot array photocathode is immersed in the electrolyte (KHCO3 or RTIL/H2O), because of the different work functions (also the Fermi levels) of the two sides, electrons transfer at the interface tending to establish thermodynamic equilibrium. However, because of the large amount of the electroactive species in the electrolyte, the redox potential (ER) remains stable compared to the Fermi level (EF) of the CuCo2O4. Illuminated by incident light with larger energy than its band

Figure 3 .Chapter 3

 33 Figure 3.10 (a) Schematic representation of SPECM experiments of photoelectrocatalyst activity evaluation for PEC CO2RR illuminated by UV-vis or visible light. (b) Principle and energy band diagram in PEC CO2RR system on p-type CuCo2O4 photoelectrocatalyst. (c) OCP evolution with or without the visible light illumination of the spot array substrate electrode (5×5 spots array; surface area of 0.07 cm 2 in 25 vol.% [C2mim][BF4]/H2O solution). Green arrows in the panel indicate when local illumination is on and off, and the purple dash arrow shows the photovoltage. gap energy (1.45 eV [29] or 1.74 eV [27]) (hν > Eg), CuCo2O4 can absorb photons to excite electrons to the conduction band and leaving positive holes on the valence band, following the separation and diffusion of electrons and holes due to the light-induced photovoltage on the semiconductor electrode upon illumination as is shown in Figure 3.10c, (0.1 V ~ 0.4 V in our system depending on the light source and the electrolyte in solution) of a CuCo2O4 spot immersed in solution and the electric field formed by the external negative electric bias.

Figure 3 .

 3 Figure 3.11a exhibits a typical SPECM image showing the substrate photocurrent (Z axis) plotted as a function of the optical fiber position (X-Y axis) when scanning the CuCo2O4 array substrate with an applied potential more negative than the open circuit potential under the illumination of UV-vis light. The lower panel is a 2D projection image where the current is represented by a color map and the upper is an actual 3D representation of reduction photocurrent collected from the substrate as function of X-Y position. The green color represents the background current. The substrate photocurrent increases when the optical fiber passes over the CuCo2O4 spots, defining the shape and the size of these catalyst spots (shown in the optical microscope image of Figure 3.11b) with high resolution and indicating their catalytic activity. An additional test was performed meanwhile the optical fiber was scanning over the middle of spot 2 and the end of spot 3, the UV-vis light source was blocked (zone inside the yellow dash lines), leading to a sharp decrease in photocurrent which became equal to the background current, and demonstrated the light driven reaction taking place on the CuCo2O4 spots.

Figure 3 .

 3 Figure 3.11 (a) SPECM image of CuCo2O4 array substrate displaying the reduction photocurrent obtained (Z axis) as a function of optical fiber position (X-Y axis) with UV-vis light blocked in the middle and end of the scan (inside the yellow dash lines). Substrate potential held constant at 0.15 V vs. Ag/AgCl. Optical fiber-substrate distance = 150 µm. Tip scan rate = 200 µm/s, using increments of 30 µm each 0.15 s. 0.1 M KHCO3 solution saturated with CO2. In the SPECM image, the lower figure is a 2D projection image where the current is represented by color map and the upper is an actual 3D representation of reduction photocurrent collected from the substrate as function of X-Y position. (b) The corresponding optical microscopy image of the array substrate scanned in (a).

  photoreduction current reached at the CuCo2O4 spots with the background current displayed on FTO allows to calculate the net photocurrent generated in each SPECM images (ΔI). The corresponding ΔIs are 21 nA (Figure 3.12a), 38.4 nA (Figure 3.12b) and 50.7 nA (Figure 3.12c), respectively. This illustrates that the photoreduction current increases as the potential goes towards more negative values. So far, the photoreduction current in the SPECM image cannot be attributed to a specific reduction reaction. Thus, the different possible reactions to be considered are: i) the CO2RR; ii) the HER and/or iii) the electroreduction of the catalyst CuCo2O4.
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 3122 Figure 3.12 SPECM images of CuCo2O4 array substrate under UV-visible light illumination in CO2 saturated 0.1 M KHCO3 aqueous solution (pH=6.9) at potentials of (a) Esubs = 0.1, (b) 0.05 and (c) 0 V vs. Ag/AgCl. Optical fiber-substrate distance = 150 µm. Tip scan rate = 200 µm/s, using increments of 30 µm each 0.15 s. It has been already shown in Table 3.2 that the natural pH reached when imidazolium based RTILs are dissolved in H2O is around 4. For this reason, Figure 3.13 shows the SPECM images of CuCo2O4 array substrate under UV-visible light illumination in different CO2 saturated solvent media at pH = 4. The corresponding ΔI values are (a) 26.8 nA, (b) 14.8 nA, (c) 18.1 nA and (d) 13.9 nA, respectively. The most relevant fact comparing all 4 media is the highest photoreduction current displayed by 25 vol.% [C2mim][BF4]/H2O solution (Figure 3.13a), which seems to point out an enhanced performance in the PEC CO2RR system when

Figure 3 .

 3 Figure 3.13 SPECM images of CuCo2O4 array substrate under UV-visible light illumination in different CO2 saturated solvent media at pH ≈ 4 of (a) 25 vol.% [C2mim][BF4]/H2O, (b) 50 vol.% [C4mim][BF4]/H2O, (c) 25 vol.% [C4mim][BF4]/H2O and (d) 0.1 M Na2SO4 at potentials 0.1 V vs. Ag/AgCl. Optical fiber-substrate distance = 150 µm. Tip scan rate = 200 µm/s, using increments of 30 µm each 0.15 s.

Figure 3 .Chapter 3

 33 Figure 3.14 shows the SPECM images of CuCo2O4 array substrate under UV-visible light illumination in different CO2 saturated 100% RTILs of (a) [C4mim][BF4], (b) [C2mim][BF4], (c) [C4mim][NTf2] and (d) [C2mim][NTf2] at similar potentials. The magnitude of ΔI in all 4pure RTILs (8.5 nA, 4.28 nA, 9.7 nA and 4.4 nA respectively) are significantly smaller than those obtained in aqueous solution and RTIL/H2O mixtures, which could be explained by the high viscosity and low conductivity of pure RTILs system, which hinders the mass transfer of the electroactive species in the electrolyte and then limits the maximum current achieved.

Figure 3 .

 3 Figure 3.14 SPECM images of CuCo2O4 array substrate under UV-visible light illumination in different CO2 saturated 100% RTILs of (a) [C4mim][BF4], (b) [C2mim][BF4], (c) [C4mim][NTf2], (d) [C2mim][NTf2] at potentials of -0.61, -0.35, -0.50 and -0.65 V vs. Fc/Fc + . Optical fiber-substrate distance = 150 µm. Tip scan rate = 200 µm/s, using increments of 30 µm each 0.15 s. As a general goal, photoelectrochemical CO2 reduction reaction is expected to take place under solar light illumination, which is more easily available and cost effective. Furthermore, UV-vis light means a strong power input for the catalyst, which may cause photodegradation of semiconductor materials. Thus, photoactivity quantification experiments were also carried out under visible light illumination. Figure 3.15 shows SPECM images of CuCo2O4 array substrate under visible light illumination in different CO2 saturated solvent media of 100% [C2mim][BF4] (a), 25 vol.% [C4mim][BF4]/H2O (b) and 25 vol.% [C2mim][BF4]/H2O (c). Pure RTILs under visible illumination (Figure 3.15a) exhibits no significant photocurrent. In contrast, CuCo2O4 spot in 25 vol.% [C2mim][BF4]/H2O solution exhibits more photocurrent than the other two electrolyte solutions, which is consistent with our previous results under
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 3334 Figure 3.15 SPECM images of CuCo2O4 array substrate under visible light illumination in different CO2 saturated solvent media of (a) 100% [C2mim][BF4]at -0.65 V vs. Fc/Fc + ; (b) 25 vol.% [C4mim][BF4]/H2O, (c) 25 vol.% [C2mim][BF4]/H2O at potentials 0.2 V and 0.1 V vs. Ag/AgCl, respectively. Optical fiber-substrate distance = 150 µm. Tip scan rate = 200 µm/s, using increments of 30 µm each 0.15 s.3.3.4. Quantification of Photoelectrochemical Activity by SPECM

Figure 3 .

 3 Figure 3.16 (a) Typical chronoresponse of the photocurrent obtained at the array substrate electrode when the optical fiber is held still at a constant tip-substrate distance of 150 µm on top of a p-type CuCo2O4 spot. (b) Chronoresponse of the photocurrent of 8 "ON and OFF" consecutive cycles on a CuCo2O4 spot. Green arrows in the panel indicate the different time intervals when local illumination is ON and OFF, the illumination duration is 50 s. The blue segments represent the photocurrent difference.

  photocurrent in Figures 3.17a and b. In contrast, the zone limited by a red circle on the other CuCo2O4 spot only exhibits background photocurrent after performing the amperometric photoactivity quantification for 500 s. Moreover, other experiments not shown here proved that this photodegradation process is independent of the electrolyte solution used.

Figure 3 .

 3 Figure 3.17 SPECM images of CuCo2O4 spots under UV-visible light illumination in a CO2 saturated 50 vol.% [C4mim][BF4]/H2O solution. Substrate potential held constant at 0 V vs. Ag/AgCl. Optical fiber-substrate distance = 150 µm. Tip scan rate = 200 µm/s, using in increments of 30 µm each 0.15 s. (a) First scan of the sample and (b) Second scan of the sample after keeping held the optical fiber locally illuminating one of the CuCo2O4 spots for 500 s. That position is marked with a red dash circle in the image. No variation can be virtually observed in the SEM image (Figure 3.18a) compared with the as-prepared array substrate (Figure 3.7a). However, after being immersed in solution, polarized and illuminated during the SPECM photoactivity quantification, the amount of Cu present in the semiconductor significantly decreases displaying a Co-richer ratio (Cu:Co atomic ratio of 1:3.9, Figure 3.18b). This seems to indicate a Cu leaching process taking place

Figure 3 .

 3 Figure 3.18 SEM images and EDS analysis of CuCo2O4 spots under UV-vis light illumination for 500 s biased with different potentials (0.1 V, 0.05 V, 0 V, -0.05 V and -0.1 V ) for photoactivity quantification. The optical fiber is held still at 150 µm above the array substrate, which was immersed in 0.1 M KHCO3 saturated with CO2.

Chapter 3 Photoelectrochemical 128 Figure 3 .

 31283 Figure 3.19 SEM images (upper row) and EDS analysis (lower row) of 4 CuCo2O4 spots at open circuit potential under UV-vis light illumination for (a) and (e) 0 s, (b) and (f) 100 s, (c) and (g) 300 s, (d) and (h) 500 s, respectively. The optical fiber is held still 150 µm above the array substrate which was immersed in 0.1 M KHCO3 saturated with CO2.Table 3.3 Cu and Co elements content from EDS spectra analysis and the corresponding atomic ratio in CuCo2O4 spots as a function of applied potential and light irradiation exposure.

Figure 3

 3 Figure 3.20.

Figure 3 .

 3 Figure 3.20 Sequential sampling order within the same spot (from position 1 to 5) used for photocurrent quantification by SPECM This strategy allows to obtain reproducible results in the photoactivity quantification by SPECM. For this reason, we operated all the photoactivity quantification experiments

Figure 3 .

 3 Figure 3.21 Comparison of photocurrent collection on CuCo2O4 in CO2 saturated 25 vol.% and 50 vol.% [C4mim][BF4]/H2O solutions.

Figure 3 .

 3 22 compares the photoreduction currentChapter 3 Photoelectrochemical Activity for CO2RR in Different RTILs-based Solvent Media Evaluated by SPECM 131 collected as a function of applied potential in different electrolyte solutions: (a) 0.1 M Na2SO4 (b) 0.1 M KHCO3, (c) 25 vol.% [C4mim][BF4]/H2O and (d) 25 vol.% [C2mim][BF4]/H2O, which are previously purged either with Ar or CO2 for 30 min. CuCo2O4 spots are illuminated by UV-vis light in all cases.

  .22b). The same case for the photocurrent in 0.1 M Na2SO4 with the presence of CO2, which surpassed that with Ar (Figure 3.22a), indicating that a portion of the photoreduction current could be related to CO2RR. In the case of 25 vol.% [C4mim][BF4]/H2O solution (Figure 3.22c), there is not a significant difference whether the solution is CO2 saturated or not. This fact seems to indicate a poor contribution of CO2RR in the collected photocurrent. The most relevant results are obtained in the case of 25 vol.% [C2mim][BF4]/H2O solution (Figure 3.22d), where a clear improvement in photocurrent is observed compared with both aqueous solutions. However, no significant difference is observed whether the solution is CO2 saturated or not, which mimics the 25 vol.% [C4mim][BF4]/H2O results, but displaying 5 times more photocurrent at -0.05 V. This relevant enhancement in photocurrent might be attributed either to the activation of HER or the reduction reaction of [C2mim] + . As the potentials change to more and more negative values, the collected photoreduction current increases in all solvent media studied, but reaching a too negative potential provokes degradation and deactivation of the semiconductor.

Figure 3 .

 3 Figure 3.22 Comparison of photocurrent collection on CuCo2O4 under UV-visible illumination as a function of applied potential in (a) 0.1 M Na2SO4 and (b) 0.1 M KHCO3 aqueous solutions (pH = 6.9); (c) 25 vol.% [C4mim][BF4]/H2O and (d) 25 vol.% [C2mim][BF4]/H2O solutions. Each solution is saturated either with CO2 or Ar. Each set of data shown in Figure 3.22 comes from the average of 2 or 3 independent experiments. As example, Figure 3.23 shows chronoresponses of the photocurrent collected at potentials of 0.1 V, 0.05 V, 0.01 V and -0.05 V vs. Ag/AgCl under UV-vis illumination in 25 vol.% [C2mim][BF4]/H2O CO2 saturated solution (Figure 3.22d).

Figure 3 .

 3 Figure 3.23 Chronoresponses of the photocurrent collected on a CuCo2O4 spot in the array substrate electrode at potentials of 0.1 V, 0.05 V, 0.01 V and -0.05 V vs. Ag/AgCl under UV-vis illumination in CO2 saturated 25 vol.% [C2mim][BF4]/H2O CO2 saturated solution. The optical fiber is held still at a constant tip-substrate distance of 150 µm on top of a CuCo2O4 spot. Sunlight wavelength spectrum includes 3 main components in a different ratio, 4% of ultraviolet (UV) rays (< 400 nm), 53% of visible light (400 ~ 800 nm) and 43% of infrared rays (> 800 nm). Thus, it is necessary to harvest, at least, a part of visible light for driving photoelectrochemical reactions by sunlight, since the presence of UV rays in sunlight is too limited. For this reason, Figure 3.24 summarizes the photoactivity of CuCo2O4 at constant pH in the presence of different RTIL/H2O compared with aqueous solution and pure RTILs on the CO2 photoreduction under the illumination of UV-vis light (Figure 3.24a). In addition to this, the photoactivity under visible light illumination is presented (Figure 3.24b). The photocurrent collected under visible light shows the same trend that the current recorded under UV-vis light. In all 4 electrolytes, it is obvious that the collected photocurrents under visible light are smaller than those under UV-vis light, whose stronger light power and broaden wavelength range strengthened the photogeneration of electron-holes pair and promoted their separation, diffusion and captured by a reduction reaction. It is noteworthy that only 25 vol.% [C2mim][BF4]/H2O solution displays a significant enhanced photocurrent under visible light illumination. The other studied electrolyte solutions present almost null photoactivity (ΔI = (1 ~ 4) nA). Overall, the CuCo2O4 photoactivity as a

Figure 3 .

 3 Figure 3.24 Photocurrent collection on CuCo2O4 in different solutions saturated with CO2 (a) under UV-visible light and (b) under visible light illumination. For 100% [C2mim][BF4], the potentials are reported versus Fc/Fc + (upper x axis scale) in pink color.

  24 can only be assigned to the presence of [C2mim][BF4] in solution and its effect on the semiconductor-electrolyte interface. However, no previous examples of this type of interaction are reported so far in the literature, only examples reporting enhancement of electrochemical CO2RR in the presence of [C2mim][BF4]/H2O solutions compared with conventional aqueous solution. Rosen et al. reported the positive effect of 18 mol% [EMIM][BF4] (or [C2mim][BF4]) in H2O on lowering the reduction overpotential of CO2 to CO on silver electrode thanks to the formation of a complex (EMIM-CO2) [12]. Lau et al. also evaluated various imidazolium based RTILs as cocatalysts to facilitate electrochemical CO2RR, and demonstrated that the C4 and C5 protons on the imidazolium ring play a vital role on stabilizing the CO2 •-on the Ag electrode surface by hydrogen bonds [13]. Enhanced photoelectrochemical activity reported in this thesis is due to the presence of [C2mim][BF4] in solution and cannot be only accounted for the increased concentration of CO2 in solution. Furthermore, imidazolium cations present strong absorption peak among 200 ~ 400 nm wavelength because of the aromatic carbons in the imidazolium ring (see Figure 1.28 in chapter 1.3.3.3). The light absorption of the imidazolium cations can contribute to capture more light and then generate more photons on the semiconductor catalyst. However, the same strong light absorption band is present in [C4mim] + and the photocatalytic activity exhibited in the presence of this cation is much lower than in the case of [C2mim] + (Figure 3.24). Thus, some additional effect is provided when [C2mim] + is in solution. Mao et al. studied the electrochemical interfaces of imidazolium based RTILs on Au single crystal electrodes and illustrated that the interfacial structure of the imidazolium cations on Au were potential dependent. Imidazolium cation started to be adsorbed on the Au surface with a flat-lying structure, as the potentials became more and more negative, the cations tend to up-leaning and finally vertical-standing on the Au surface by HC4C5H side [32]. Taking into account this, [C4mim][BF4] contains a longer carbon chain compared to [C2mim][BF4], which may have a negative steric effect on the spatial arrangement of the imidazolium cation on the catalyst surface. This may cause the different catalytic performance when comparing [C2mim][BF4] and [C4mim][BF4].

  Then, by comparing the stability and the catalytic activity of those different semiconductors, CuCo2O4 was selected as the model catalyst to explore the role of RTILs in the performance of CO2RR evaluated by SPECM. The results shown in this chapter allow to quantify and

  The dual tip OF-UME was employed in the configuration of SPECM capable of triggering PEC reactions and simultaneously detecting the photoelectrochemically generated reduction products from either CO2RR or HER. The schematic illustration of the principle of the application of dual tip OF-UME for PEC CO2RR on CuCo2O4 spots is shown in Figure4.1.

Figure 4 . 1

 41 Figure 4.1 Schematic representation of the application of dual tip OF-UME application for simultaneously screening of CuCo2O4 for PEC CO2RR and simultaneous detection of products by oxidation reaction at the UME probe.

Figure 4 . 2

 42 Figure 4.2 Cyclic voltammograms of the OF-UME (Pt) in CO2 saturated 0.1 M KHCO3 solution containing 5 mM (black line), 10 mM (red line) and 20 mM (blue line) NaCOOH at scan rate: 10mV/s. The potential limits were -0.6 to 0.8 V vs. Ag/AgCl, initiated from -0.6 V; pH = 6.9.

Figure 4 . 4 V in Figure 4 .

 444 Figure 4.3 shows two types of SPECM images obtained when the dual tip OF-UME scanned the semiconductor array. The products detection image from the UME tip (a and c), and the corresponding photocurrent image from the illuminated and biased semiconductor substrate (band d). In this case, the dual tip was positioned above the substrate with a tipsubstrate distance of 20 µm and the UME was held at a constant potential for electrochemical sensing of generated products. Then, the OF-UME was scanned above the substrate along X-Y plane meanwhile the substrate was biased and illuminated by UV-vis light through the OF.Both pair of images (a-b) and (c-d) provided good spatial resolution and matching features.The photocurrent images (b) and (d), sequentially obtained under the same bias potential, exhibited the same current difference and spot morphology, indicating the high reproducibility of the PEC reaction under study. In contrast, the different applied potential on the Pt UME (0.4 V in Figure4.3a and -0.35 V in Figure4.3b) provided results completely different. A net oxidation current was collected when the UME was held at 0.4 V (Figure4.3a). However, the current based spots position was neither exactly on the same place than in the photocurrent image nor showing a round shape. This was probably due to the tip scan direction effect and the physical separation in the dual tip between the OF and the UME, which provoked the distortion of the products diffusion layer on the spots before the products detection. In contrast,

Figure 4 . 3

 43 Figure 4.3 SPECM images of (a) and (c) the products oxidation current collected at the OF-UME tip at 0.4 V and -0.35 V, respectively. (b) and (d) The corresponding substrate photocurrent of (a) and (c), respectively and collected on the CuCo2O4 spots array substrate at applied potential of 0 V and illuminated by UV-vis light. All potentials were reported versus Ag/AgCl. Electrolyte: 0.1 M KHCO3 saturated with CO2, scan rate is 200 µm/s. Finally, if the semiconductor was not irradiated through the OF, negligible detection current was observed in the SPECM detection image at the OF-UME as shown in Figure 4.4c, in comparison with that of a biased and illuminated substrate (Figure 4.4a).
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 44414731 Figure 4.4 SPECM images of (a) the products oxidation current collected at the OF-UME tip at 0.5 V and (b) the corresponding photocurrent on the CuCo2O4 spots array substrate biased at 0 V and illuminated by UV-vis light. (c) The products oxidation current collected at the OF-UME tip at 0.5 V when the substrate was at OCP and without illumination. All potentials were reported versus Ag/AgCl. Electrolyte: 0.1 M KHCO3 saturated with CO2, scan rate is 200 µm/s.

Figure 4 . 5

 45 Figure 4.5 Chronoresponse of (a) the products oxidation currents collected at constant OF-UME tip potential (Etip = 0.5 V). (b) The photocurrent collected on a CuCo2O4 spot as a function of applied

Figure 4 . 6

 46 Figure 4.6 Cyclic voltammogram of the OF-UME (Pt) in CO2 saturated 25 vol.% [C2mim][BF4]/H2O solution with the addition of NaCOOH salt at scan rate of 1 V/s. The potential limits were -0.6 to 0.8 V vs. Ag/AgCl, initiated from -0.6 V.

(

  20 µm) and using fast cyclic voltammetry was successfully performed in CO2 saturated 25 vol.% [C2mim][BF4]/H2O solution. Figure 4.8 shows fast CVs collected by the Pt UME present in the dual tip when the CuCo2O4 semiconductor was unbiased in the dark (Figure 4.8a) and biased at -0.05 V vs. Ag/AgCl under UV-vis illumination (Figure 4.8b). No oxidation peak was observed in the positive-going of 2 consecutive scans in the dark (Figure 4.8a). In contrast, a sharp anodic peak centered at 0.4 V vs. Ag/AgCl (0.8 V vs. RHE at pH = 4), which fitted COads oxidation peak shown in Figure 4.7, was clearly observed in the first positive-going scan shown in Figure 4.8b. This sharp oxidation peak resembled the conventional well-known COoxidation on Pt surface. The possibility of detecting CO formed as byproduct from FAOR (Figure 4.6) was totally ruled out, because no peak centered at 0.1 V in the negative-going scan associated with direct oxidation of formic acid to CO2 was registered in Figure 4.8b. In addition Chapter 4 Detection and Identification of Photoelectrochemically Generated Products by SPECM and Chromatography 150 to this, Phani et al. has already reported in the literature cyclic voltammetry on Pt UME for detection of CO generated from CO2RR on Pt electrode at a similar tip potential (0.4 V ~ 0.6

Figure 4 .

 4 photoelectrochemically generated product. This clearly demonstrated that CO2RR was taking place to form CO when a CuCo2O4 spot was illuminated under UV-vis light and biased at -0.05 V. Finally, comparing the two consecutive scans shown in Figure 4.8d (3 min of CO accumulation), it is evident that collection time and resting potential of Pt UME tip were key parameters to reach CO detection.
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 47415148 Figure 4.7 CO stripping CV and CO stripping simulation-CV of the Pt/C catalyst in 0.1 M HClO4 at 20 mV/s. The CO stripping simulation-CV is performed after holding the potential at 0.1 V vs. RHE for 40 min in N2 purged electrolyte [8]. Scan rate 20 mV/s.

Figure 4 .

 4 Figure 4.9 demonstrated that the CO produced from PEC CO2RR could remain within the dual tip-substrate gap for a significant period of time. A series of 9 consecutive, but independent 2 scans cyclic voltammograms on the OF-UME (Pt) tip located at 20 µm above the substrate in CO2 saturated 25 vol.% [C2mim][BF4]/H2O was registered. Only the first scan of each voltammogram was represented in Figure 4.9 for comparing the evolution of CO oxidation peak current at  0.4 V. Thus, CO oxidation peak current increased continuously

Figure 4 . 9

 49 Figure 4.9 Only the first scan of a series of consecutive, but independent 2 scans cyclic voltammograms (scan number 1, 3, 5, 7, 9, 11, 13, 15 and 17) of the OF-UME (Pt) in CO2 saturated 25 vol.% [C2mim][BF4]/H2O is presented here. (a, blue plot) illuminated under UV-vis light, Esub = -0.05 V (Iphoto = -0.7 × 10 -5 --0.5 × 10 -5 A); (b, red plot) dark, Esub = OCP. All CVs were at a scan rate: 1 V/s. The potential limits were -0.8 to 1.2 V vs. Ag/AgCl, initiated from -0.8 V. Tip-substrate distance = 20 µm.

Figure 4 .

 4 Figure 4.10 (a) Comparison of photocurrent during electrolysis entry 2 without illumination for 5 min (blue) and with illumination for 2 h; Esub=-0.35 V vs. Ag/AgCl; (b) Photocurrent evolution during electrolysis entry 2 for 17 h, Esub=-0.35 V vs. Ag/AgCl, illuminated; (c) Photocurrent evolution during electrolysis entry 4 for 5 h, Esub=-0.9 V vs. Ag/AgCl, illuminated.

a 0. 5 M

 5 KCl is used as additional supporting electrolyte. b Applied potential versus SCE. c Overpotential calculated for CO2 reduction to CO. All electrolysis experiments were performed in a three-compartment porous glass frit divided cell. The thermodynamic potentials for HER (Equation 4-1), CO formation (Equation 4-2) and HCOOH formation (Equation 4-3) at pH = 4 (pH in 25 vol.% [C2mim][BF4] solution) are shown in Table 4.3. The electrolysis results at OCP and -0.35 V vs Ag/AgCl shown in Table
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 41564 Figure 4.11 Photoelectrochemical imidazolium mediated CO2 reduction pathway in aqueous solutions.
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 551635 either [C4mim][BF4] or [C8mim][BF4] with 1.5 M H2O as a solvent. This is probably due to the higher hydrophobicity of [C4mim] + and [C8mim] + cations with respect to [C2mim] + , which does not allow H2O accumulation at the electrode interface. This fact fits also well with our results shown in chapter 3, where much lower photocurrent was collected on CuCo2O4 by SPECM when [C4mim][BF4] was used in solution instead of [C2mim][BF4] (see Figure 3.24). In conclusion, CO was the main detectable photoelectrochemically generated product. CO production was electrochemically detected by the home-made dual tip OF-UME in SPECM configuration. The dual tip was located in close proximity of the CuCo2O4 semiconductor (20 µm) and detection was done by fast cyclic voltammetry in CO2 saturated 25 vol.% [C2mim][BF4]/H2O solution under UV-vis illumination. The linear relationship reported between biased semiconductor illumination time and peak current for CO detection at  0.4 V demonstrated that CO was continuously generated and accumulated in the gap between the dual tip and the substrate, as long as simultaneous bias potential and illumination were applied to CuCo2O4. Thus, a clear oxidation peak centered at 0.4 V only appeared under illumination and it was assigned to the COads stripping oxidation. Additionally, CO detection was further supported by bulk electrolysis. The results of bulk electrolysis, performed on high density arrays of CuCo2O4 spots, confirmed CO production by gas chromatography in several electrolysis including biased and unbiased semiconductor under UV-vis illumination. Those results also demonstrated that applying more negative potentials generated larger photocurrents, but provoked activation of HER and deactivation of CO production from CO2RR. The maximum FE achieved for CO production was 2.5% at -0.6 V Electrochemical CO 2 RR on Synthesized M-N-Cs Evaluated by RDE Electrochemical CO2RR on Synthesized M-N-Cs Evaluated by RDE Electrochemical CO2RR on Synthesized M-N-Cs Evaluated by RDE One of the alternatives to mitigate CO2 accumulation is the electrochemical CO2RR, which can convert CO2 into useful molecules. Many researches focused on studying catalysts for electrochemical CO2RR such as metallic, non-metallic and molecular catalysts [1,2].

  synthetize N-doped-carbon materials, which has numerous nitrogen-doped groups. With the addition of metal salts precursors (Fe, Co, Cu, Mn), different M-N-Cs were synthesized including monometal doped materials: Cu-N-C, Co-N-C, Fe-N-C; bimetal doped materials: Fe-Co-N-C, Fe-Cu-N-C, Co-Cu-N-C and Co-Mn-N-C; and metal free-N-C material.

Figure 5 . 1 and

 51 Figure 5.1 and Figure 5.2 show SEM images, EDS spectra and analysis of M-N-Cs of (a) 25%Fe25%Co-N-C, (b) 50%Fe-N-C and (c) 50%Co-N-C and (d) metal free-N-C, respectively. The primary bulk structure of all the M-N-Cs are constituted of carbon skeleton with huge amount of N and K atoms which were originated from the added KOH during synthesis in order to increase the surface area of the catalysts, reflected by the high peaks and atom percentages (at%) in most of the EDS spectra and element analysis. 25%Fe25%Co-N-C shows sponge structure with numerous microcubes with an average side length of 200 nm

Figure 5 . 1

 51 Figure 5.1 SEM images of different M-N-C catalysts: (a) 25%Fe25%Co-N-C, (b) 50%Fe-N-C and (c) 50%Co-N-C and (d) metal free-N-C. The inset images are the magnification of the corresponding SEM image.

Figure 5 . 2

 52 Figure 5.2 EDS spectrum and metal content analysis of the bulk M-N-Cs: (a) and (b) were obtained in the bulk and the microcubes of 25%Fe25%Co-N-C, respectively. (c) 50%Fe-N-C and (d) 50%Co-N-C.

Figure 5 . 3

 53 Figure 5.3 Cyclic voltammograms in 0.1 M NaHCO3 saturated with N2 under different scan rate with catalyst of (a) 25%Cu25%Co-N-C, (b) 50%Co-N-C and (c) 50%Cu-N-C and (d) plot showing the linear relationship between the oxidation current at 0.68 V vs. RHE and scan rate for 25%Cu25%Co-N-C.The CO2RR catalytic performance of different M-N-Cs was evaluated by LSV with the RDE. As shown in Figure5.4a, except 25%Cu25%Co-N-C, the catalytic activities of all the other studied M-N-C are remarkably higher than that of the metal free-N-C, as deduced by more positive onset potential and higher current densities (Table5.1), demonstrating the dramatical activity enhancement by the presence of metal atoms, which is in accordance with the research of Daasbjerg et al.[19]. Among all the catalysts, the bimetallic 25%Fe25%Co-N-C and 25%Fe25%Cu-N-C are the most active materials for the electrochemical CO2RR with similar catalytic activity and the most positive onset potentials, close to -0.48 V vs. RHE (0.37 mV overpotential for CO2/CO) for 25%Fe25%Co-N-C. The shapes of polarization curves for both catalysts are different from the typical sigmoidal shape for the CO2RR, since these catalysts present a diffusion-controlled region. After the initial current increase, a short

Figure 5 .

 5 Figure 5.4 (a) Linear scanning voltammograms for different metal containing M-N-Cs in 0.1 M KHCO3 saturated with CO2: 50%Fe-N-C, 50%Co-N-C, 25%Fe25%Co-N-C, 25%Co25%Mn-N-C, 25%Fe25%Cu-N-C, 25%Fe25%Cu-N-C and metal free-N-C. (b) is the magnification of LSVs in the potential range of -0.3 V to -0.8 V vs. RHE. (c) Comparison of 50%Fe-N-C, 50%Co-N-C, 25%Fe25%Co-N-C and metal free-N-C in 0.1 M KHCO3 saturated with CO2. All the measurements were at 5 mV/s with a rotating speed of 1600 rpm.

  adopted this property of SCN -to detect the role of Fe in 25%Fe25%Co-N-C catalyst. The results in Figure 5.5 shown a displacement of the onset potential to negative values and a clear decrease of the reduction current with the presence of NaSCN in the electrolyte, but almost no change was found with the metal free-N-C with or without the presence of the NaSCN, indicating that the Fe and/or the surrounding atoms play the role of the active sites.

Figure 5 . 5

 55 Figure 5.5 Linear scanning voltammograms for 25%Fe25%Co-N-C and metal free-N-C in 0.1 M KHCO3 saturated with CO2 with and without the presence of NaSCN. All the measurements were at 5 mV/s with a rotating speed of 1600 rpm.

Chapter 6

 6 photoelectrochemical microscopy (SPECM). In particular, a lot of attention has been devoted to study the effect on CuCo2O4 photocatalytic performance of altering the solution environment by the presence of imidazolium based room temperature ionic liquids (RTILs) acting as simultaneous supporting electrolyte and cocatalyst. Moreover, most imidazolium based RTILs strongly absorb photons from ultraviolet (UV) light irradiation. Nevertheless, almost no examples can be found in the literature addressing the cocatalytic role of imidazolium RTILs in photoelectrochemical (PEC) CO2 reduction reaction (CO2RR) using semiconductor materials. This highlights the novelty (and difficulty) of the topic addressed in this thesis.CO production from PEC CO2RR in the presence of [C2mim][BF4] in solution waselectrochemically detected by the home made dual tip in SPECM configuration at potentials more positive than the thermodynamic value. Additionally, CO detection was further supported by PEC CO2RR bulk electrolysis. The analysis of bulk electrolysis products by gas chromatography confirmed CO production. Thus, it was demonstrated that direct CO2RR on the electrode surface was not the mechanism taking place and that CO was underpotential photoelectrochemically produced. Finally, an original and never described before mechanism for indirect PEC CO2RR mediated by [C2mim] + acting as cocatalyst is proposed.As a part of my thesis, I had the opportunity to participate in the bilateral project of scientific cooperation between France and Chile called ECOS-Sud-Chile (2017-2020), which was headed by my supervisor (Dr. C. M. Sá nchez-Sá nchez) and Dr. F.J. Recio from Pontificia Universidad Católica de Chile. This project gave me the opportunity to spend two months in 2019 as a visiting researcher at Recio's group of research in Chile. Then, I had the opportunity to synthesize and study some transition metal-nitrogen-carbon (M-N-C) materials for catalyzing the electrochemical CO2RR. Those results are also included as a part of this thesis.Individual conclusions of each part of the thesis have been included in the corresponding chapter, general conclusions are highlighted as follows:
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 185341 photocatalyse à partir de l'é lectrolyse en masse sous illumination par chromatographie.(4) Synthé tiser et caracté riser des maté riaux de mé taux transition-azote-carbone (M-N-Cs) pour le CO2RR électrochimique en solution aqueuse que l'on évaluera avec une é lectrode à disque tournant (RDE).Chapitre 1Dans le chapitre 1, une vue d'ensemble concernant le contexte de recherche né cessaire à la ré alisation de cette thè se a é té pré senté e en dé tail. Il comprend une brè ve description de l'é tat de l'art et des principales ré alisations dans le domaine de l'é lectrochimie et de la PEC CO2RR, le principe et les applications de la microscopie (photo)é lectrochimique à balayage, les principes fondamentaux et les avantages des RTIL et un examen des é lectrocatalyseurs de faible coût à base d'oxydes de cuivre et de mé taux de transition-azote-carbone.

Figure 1 .

 1 Figure 1. (a) Distributeur de solutions CHI 1550A. (b) Repré sentation sché matique de la synthè se des é lectrodes de substrat à ré seau miniaturisé .

Figure 2 .

 2 Figure 2. (a) Photo de l'instrument SPECM. (b) Croquis du SPECM pour l'é valuation de l'activité PEC. (c) Croquis du SPECM pour le dé clenchement des ré actions PEC et la dé tection simultané e des produits gé né ré s.

Figure 3 . 3

 33 Figure 3. (a) Repré sentation sché matique d'un double embout OF-UME fait maison. Images optiques de (b) vue de côté et (c) vue de dessous de la double sonde OF-UME faite maison.

Figure 4 .

 4 Figure 4. (a) Repré sentation sché matique des expé riences SPECM é valuation de l'activité du photoé lectrocatalyseur pour PEC CO2RR é clairé par l'UV-vis ou la lumiè re visible. (b) Principe et diagramme des bandes d'é nergie dans le systè me PEC CO2RR sur photoé lectrocatalyseur CuCo2O4 de type p. (c) Photovoltage induit par l'illumination en lumiè re visible de l'é lectrode substrat du

Figure 6

 6 Figure 6 montre des images SPECM d'un ré seau de CuCo2O4 sous illumination de lumiè re UV-visible dans diffé rents solvants saturé s en CO2 à pH constant (≈ 4). Ces ré sultats montrent l'effet sur le photocourant gé né ré de diffé rents é lectrolytes en solution, le courant de photoré duction le plus é levé é tant obtenu dans une solution à 25 vol.% [C2mim][BF4]/H2O, ce qui semble indiquer une performance accrue dans le PEC CO2RR lorsque [C2mim][BF4] est pré sent en solution. Le mê me comportement est obtenu à partir de la quantification de l'activité de la PEC par SPECM (Figure 7). Cependant, aucune diffé rence significative n'est observé e que la solution soit saturé e en CO2 ou non, ce qui indique que la pré sence en solution de certains liquides ioniques particuliers à base d'imidazolium joue un rôle cocatalytique en augmentant l'activité photoé lectrochimique du semi-conducteur é tudié . De plus, cette augmentation significative du courant photoé lectrique a é té mise en é vidence dans une solution à 25 vol.% [C2mim][BF4]/H2O, soit sous é clairage UV-visible, soit sous é clairage visible (Figure 8). Enfin, l'amé lioration de la production de photocourant ne peut ê tre attribué e qu'à la pré sence de [C2mim][BF4] en solution et à son effet sur l'interface semi-conducteur/é lectrolyte.

Figure 5 .

 5 Figure 5. Images SPECM du ré seau CuCo2O4 sous illumination de lumiè re UV-visible dans une solution aqueuse de KHCO3 0,1 M saturé e en CO2 (pH = 6,9) à des potentiels de (a) Esub = 0,1, (b) 0,05 et (c) 0 V / Ag/AgCl. Distance fibre optique/substrat = 150 µm. Vitesse de balayage de la sonde = 200 µm/s, par incré ments de 30 µm toutes les 0,15 s.

Figure 6 .

 6 Figure 6. Images SPECM du ré seau CuCo2O4 sous illumination de lumiè re UV-visible dans diffé rents milieux de solvants saturé s en CO2 à pH ≈ 4 de (a) 25 vol.% [C2mim][BF4]/H2O, (b) 50 vol.% [C4mim][BF4]/H2O, (c) 25 vol.% [C4mim][BF4]/H2O et (d) 0,1 M Na2SO4 à des potentiels de 0,1 V /

Figure 2c .

 2c Figure 2c. L'OF permet à la lumiè re d'illuminer localement le maté riau semi-conducteur de type p CuCo2O4 et simultané ment, l'UME polarisé e dé tecte les produits gé né ré s par photoé lectrochimie par oxydation é lectrochimique. En balayant la double sonde à hauteur constante dans le plan X-Y, on a obtenu l'image SPECM de détection des produits à l'UME (Figure 9a), et l'image SPECM de photocourant correspondante du substrat semi-conducteur illuminé et polarisé (Figures 9b).

Figure 9 .

 9 Figure 9. Images SPECM (a) du courant d'oxydation des produits collecté s à la sonde OF-UME à 0,4 V. (b) le photocourant correspondant du substrat de (a) sur le ré seau de spots CuCo2O4 au potentiel de 0 V et é clairé par la lumiè re UV-visible. Tous les potentiels sont rapporté s par rapport à Ag/AgCl. Électrolyte : 0,1 M KHCO3 saturé de CO2, la vitesse de balayage est de 200 µm/s.

Figure 10 .

 10 Figure 10. Voltammogrammes cycliques de l'OF-UME (Pt) pour la dé tection des produits gé né ré s par la PEC CO2RR dans 25 vol.% [C2mim][BF4]/H2O saturé s en CO2, pH = 4 : (a) Deux CVs consé cutifs sur la sonde dans l'obscurité , Esub = OCP ; (b) Deux CVs consé cutifs sur la sonde, alors que le CuCo2O4 est maintenu polarisé à -0, 05 V / Ag/AgCl sous é clairage UV (Iphoto = -1,3 ×10 -5 -0,9

Figure 11 .Chapitre 5

 115 Figure 11. Voie photoé lectrochimique de ré duction du CO2 par l'imidazolium dans les solutions aqueuses.

Figure 12 . 196 Figure 13 . 6 197 Figure 14 .

 1219613619714 Figure 12. (a) Voltammogrammes en RDE pour diffé rents M-N-Cs dans 0,1 M KHCO3 saturé s en CO2 : 50%Fe-N-C, 50%Co-N-C, 25%Fe25%Co-N-C, 25%Co25%Mn-N-C, 25%Fe25%Cu-N-C, 25%Cu25%Co-N-C et sans mé tal-N-C. b) Voltammogrammes en RDE pour 25%Fe25%Co-N-C et sans mé tal-N-C dans 0,1 M KHCO3 saturé de CO2 avec et sans pré sence de NaSCN. Vitesse de balayage 5 mV/s avec une vitesse de rotation de 1600 rpm.
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Table 1 .

 1 1 Cations and anions of some common RTILs.

Table 2 .

 2 1 Chemical reagents used in experiments

	Reagent Name	Reagent formula	Reagent Grade	Brand
	Copper nitrate trihydrate	Cu(NO3)2·3H2O	99.5%	Merck
	Cobalt nitrate hexahydrate 1	Co(NO3)2·6H2O	99%	Acros Organics
	Cobalt nitrate hexahydrate 2	Co(NO3)26H2O	99.5%	Merck
	Iron nitrate nonahydrate	Fe(NO3)29H2O	98%	Sigma-Aldrich
	Bismuth nitrate pentahydrate	Bi(NO3)3 5H2O	98%	Sigma-Aldrich
	Manganese nitrate hydrate	Mn(NO3)2	98%	Merck
	Manganese chloride	MnCl2	99%	Merck
	Nickel sulfate hexahydrate	NiSO4 6H2O	98%	Sigma-Aldrich
	Iron sulfate heptahydrate	FeSO47H2O	99%	Sigma-Aldrich
	Silver nitrate	AgNO3	99%	Sigma-Aldrich
	Sulfuric acid	H2SO4	95%	Fluka Analytical
	Potassium hydroxide	KOH	85%	VWR
	Potassium bicarbonate	KHCO3	99.5%	PROLABO

Table 2 .

 2 2 Concentrations of different electrolyte solutions used in this thesis and the comparison with some selected examples from the literature.

		Electrolyte solutions	Electrolyte volume fraction (vol.%)	Electrolyte molarity (M)	Electrolyte mass fraction (wt.%)	Electrolyte mole fraction (mol %)
	Aqueous	KHCO3			
	solutions				
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  CO2RR in chapter 3. Dispensing and annealing parameters in in-situ synthesis of these different metal oxide semiconductors are shown in Table 2.3. Optimal conditions are highlighted in yellow.

Table 2 .

 2 

	3 Dispensing and annealing parameters in in-situ synthesis of different metal oxide
			semiconductors				
		Dispensing parameters		Annealing parameters
	Metal oxide semiconductors	Pulse amplitude (V)	Pulse duration (µs)	Pulse period (ms)	Drops	Temp. (°C)	Ramp (°C /min)	Duration (h)
	CuOx	100	60	10	30	500	1	4.5
	NiOx	80	25	10	30	500	1	4.5
	CuNixOy	100	60	10	30	500	1	3
	FeOx	100	60	10	30	500	1	3
	CuFe2Ox	100	60	10	30	500	1	3
	CoOx	100	60	10	30	500	1	3
	CuCo2Ox a	100	60	10	30	500	1	3
	CuCo2O4 b	100	60	10	30	500	10	1
	CuBi2Ox	100	60	10	30	500	10	1
	AgCoOx	100	60	10	30	500	10	1

a CuCo2Ox only reported in Figure

3

.5. b CuCo2O4 used as model p-type semiconductor in chapter 3 and chapter 4.

Table 2 .

 2 4 Reference electrode used in different electrolyte solutions.

		Electrolyte solutions	Reference electrode
	Aqueous	0.1 M KHCO3	Ag/AgCl (3 M)
	solutions	0.1M Na2SO4	Ag/AgCl (3 M)
		100% [C2mim][BF4]	Pt (vs. Fc/Fc + )
	Pure RTILs	100% [C4mim][BF4] 100% [C2mim][NTf2]	Pt (vs. Fc/Fc + ) Pt (vs. Fc/Fc + )
		100% [C4mim][NTf2]	Pt (vs. Fc/Fc + )
	Binary	25 vol.% [C2mim][BF4]/H2O	Ag/AgCl (3 M)
	RTIL/H2O	25 vol.% [C4mim][BF4] /H2O	Ag/AgCl (3 M)
	mixtures	50 vol.% [C4mim][BF4] /H2O	Ag/AgCl (3 M)

Figure 2.5 Cyclic voltammetry of ferrocene/ferricenium in pure [C2mim][BF4] on Pt electrode at scan rate of 100 mV/s. WE: Pt disc (2 mm diameter); CE and RE: Pt wire (500 µm diameter).

Table 2 .

 2 5 Melting/softening points and thermal expansion coefficients of Pt, Au, borosilicate glass and quartz.

		Melting /softening	Expansion coefficient,
	Material	point (°C)	(

Table 2

 2 

.5 listed melting/softening points and thermal expansion coefficients of Pt, Au, borosilicate glass and quartz. The melting point of Pt (1769 °C) is much higher than the softening point of the borosilicate glass (785 °C), which indicates that borosilicate glass is a good candidate for fabrication. However, the Au has a distinct higher expansion coefficient compared to the glass and the melting point is only ~ 300 °C higher, which makes it harder to be fabricated because of the low melting point. Compared to quartz which has been widely used to fabricate Pt UME, borosilicate glass has lower softening point and higher expansion coefficient, which are suitable properties for fabricating Pt and Au OF-UME.
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  the high viscosity displayed by most of the RTILs, which slows down the diffusion of all electroactive species in solution[7]. For this reason, mixing RTILs with molecular solvents have been proposed as a suitable strategy to overcome those limitations. The seminal work of

	Rosen et al. [12] proved the relevant synergetic effect of mixing H2O and [C2mim][BF4] to
	increase CO2 reduction on silver electrodes by lowering the energy barrier of this reaction.
	Most recent published works on this topic are devoted to explore binary and ternary mixtures
	such as RTIL/water, RTIL/acetonitrile and RTIL/acetonitrile/water, since it has been recently
	demonstrated the cocatalyst role played by the imidazolium cations in those mixtures by
	reaching remarkable results in electrochemical CO2RR on different metallic electrodes. Lau et
	al. [13] evaluated a series of imidazolium based RTILs as cocatalysts in acetonitrile containing
	0.1 M [TBA][PF6] for electrochemical CO2RR on Ag electrode. By comparing the

performance of the addition of a small quantity of water or imidazolium salts, they proved the increase of the current density should not be credited to the presence of water, but to the imidazolium cations, thus proving the cocatalyst role of imidazolium cations. In contrast, the anions have little effect on the CO2RR. Zhu et al. evaluated [BMIM][PF6]/AN/H2O ternary mixture and found that the addition of small amount water can greatly enhance the efficiency of CO2 to HCOOH compared to binary mixture [BMIM][PF6]/AN and pure [BMIM][PF6] [14].

Furthermore, owing to the extremely stable symmetric CO2 molecule, high energy of 750 kJ/mol is necessary to break the carbonyl bond. For this reason, the adoption of PEC catalysts with high catalytic activity and products selectivity, as well as long-term stability and capable of lowering the energy barrier is indispensable. Amongst numerous PEC catalysts, p-type semiconductor materials, especially metal oxide semiconductors, consisting of earth-abundant and cost-effective metallic materials present outstanding catalysis on PEC CO2RR with the ability of absorbing light and produce photogenerated electron-hole pairs as charge carriers.
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  form p-type metal oxide semiconductors as the catalysts to explore the role of RTILs in the performance of PEC CO2RR. It's worth noting that the metallic combinations should be miscible to make sure the intimate metallic contact.

	The preparation process of various arrays of substrate electrodes containing different PEC
	catalysts of oxide-derived metal materials was presented in detail in chapter 2.2. The molar
	ratio of different precursor solutions is modified according to the stoichiometry of the target
	metal oxide. For example, to obtain CuCo2O4, one single precursor solution containing of 0.1
	M Cu(NO3)2 and 0.2 M Co(NO3)2 in ethylene glycol were used, whereas 0.1 M AgNO3 and
	0.1 M Co(NO3)2 solutions drove the synthesis of AgCoO2. After the thermal treatment in air,
	the as-prepared array substrate with metal oxides catalysts were screened by SPECM, which
	experimental procedure was also explained in chapter 2.4.2.

Table 3

 3 

	.1 shows some

species. However, it also exhibits high viscosity and low conductivity, which are unfavorable for the mass transfer. Overall, a relative lower current is expected in the pure RTILs than that in aqueous solutions. For this reason, mixing RTILs with a molecular solvent such as acetonitrile or water can be a good strategy to combine the advantages of both and elude the drawbacks, that is, to increase the dissolved CO2 concentration and inhibiting HER, meanwhile keeping low viscosity and high diffusion coefficient. However, [C4mim][NTf2] and [C2mim][NTf2] are immiscible in water, therefore only 100% of these two RTILs were studied in this thesis. Table

3

.2 displays the pH and conductivity values measured at 293 K of aqueous and binary RTIL/H2O solutions saturated with CO2 or Ar used as solvent media in the PEC CO2RR. The water content in pure RTILs can affect the pH value and the viscosity.

Table 3 .

 3 1 Physicochemical properties of aqueous solution and imidazolium based RTILs as supporting electrolytes used in electrochemistry at temperature between 293 K and 298 K. Adapted from ref[7].

	Solvent supporting	Conductivity	Viscosity	CO2 Solubility
	electrolyte system	(mS/cm)	(cP)	(M)
	0.5 M H2SO4 in H2O	237	1	0.033
	[C2mim][BF4]	14	25.7	n.a.
	[C4mim][BF4]	3.5	180	0.096
	[C4mim][NTf2]	3.9	52	n.a.
	[C2mim][NTf2]	8.8	29	0.13

Table 3 .

 3 2 pH and conductivity values measured at 293 K of purely aqueous and binary RTIL /H2Osolutions used as solvent media for PEC CO2RR in this thesis.

		Conductivity	Conductivity
	pH	with CO2	without CO2
		mS/cm	mS/cm

. Photoelectrochemical Activity Evaluation by SPECM on CuCo2O4 in Different Solvent Media

  

Table 3

 3 

	Illumination	Cu		Co		Cu : Co	
	time (s)	wt%	at%	wt%	at%	(at%)	
	0		9.52	7.45	18.68	15.77	1:2.1	Figure 3.7
	biased	500	5.67	4.18	20.27	16.10	1:3.9	Figure 3.18
		0	13.02	9.80	19.70	15.98	1:1.6	
		100	14.02	10.25	21.94	17.30	1:1.7	
	unbiased							Figure 3.19
		300	10.29	7.98	18.24	15.24	1:1.9	
		500	11.53	8.57	20.91	16.77	1:2.0	

.3 for all 4 spots with different illumination times exhibit no Cu content diminution (Cu:Co atomic ratio between 1:1.6 and 1:2.0). Interestingly, the atomic ratio of Cu and Co remains stable. In contrast with the Cu diminution displayed in Figure 3.19b, where the content of Cu decreased
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  half whereas the Co content remained pretty constant (about 16 at%). The results indicate
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  AgCl, where almost no overpotential was applied (40 mV, see Table4.2)). This FE value was close to the value reported in the literature (entry 5, Table4.2) for CO production

	on FeS2 under UV-vis illumination, but in our case only applying 40 mV instead of 400 mV of
	overpotential.
	Comparison of different photocurrent density achieved in bulk electrolysis under different
	potentials was reported in Table 4.1. Geometrical surface area of WE in solution: 1.54 cm 2 ,
	CuCo2O4 weight on each high-density array supported on FTO: 0.5 mg.
	production from HER was only
	detected under biased conditions (entries 2 (3.2%), 3 (19.6%) and 4 (31.6%)) and those
	electrolysis results demonstrated that applying more negative potentials generated larger
	photocurrents (Figure 4.10 and Table 4.1), but provoked activation of HER and deactivation
	of CO production from CO2RR. The maximum FE achieved for CO production was 2.5% at -
	0.6 V vs. Ag/154

Table 4 .

 4 1 Comparison of different current density in bulk electrolysis under different potentials. Geometrical surface area of WE in solution: 1.54 cm 2 , semiconductor spots weight: 0.5 mg.

		Esub = -0.35 V	Esub = -0.6 V	Esub = -0.9 V
	Current	-33 µA/cm 2	-39 µA/cm 2	-120 µA/cm 2
	density	-102 µA/mgsemiconductor	-120 µA/mgsemiconductor	-372 µA/mgsemiconductor

Table 4 .

 4 2 Comparison of our electrolysis results for CO2RR and similar case reported in the literature.

	En tr y Photo-cathode	pH	RTIL	[IL] (M)	Ecat(V) vs Ag/AgCl	Over-potential (V) c	Light (mW/cm 2 )	Q (C) Time (h) FECO (%)	FE (%) HCOOH	FEH2 (%)	Ref
	1 CuCo2O4 4 [C2mim][BF4] 1.6	OCP (0)	-0.56	ON 10	-	17	(25% of entry 2)	-	-	This work
	2 CuCo2O4 4 [C2mim][BF4] 1.6	-0.35	-0.21	ON 10	2.58 17	1.3	-	3.2	This work
	3 CuCo2O4 4 [C2mim][BF4] 1.6	-0.6	+0.04	ON 10	0.33	2	2.5	-	19.6 This work
	4 CuCo2O4 4 [C2mim][BF4] 1.6	-0.9	+0.34	ON 10	3.08	5	0.4	-	31.6 This work
	5	FeS2 5.7 Imidazole 0.01 a	-1.1 b	+0.40	ON 890	-	-	2.4	4.9	Detected but quantified not	[9]

Table 4 .

 4 

	3 Thermodynamic potentials for direct electrochemical reduction of CO2 and hydrogen
	evolution reaction (HER) in 25 vol.% [C2mim][BF4] solution in H2O (pH = 4).
		E 0 (H + /H2)	E 0 (CO2/CO)	E 0 (CO2/HCOOH)
	pH = 0	0.00 V vs. RHE	-0.12 V vs. RHE	-0.20 V vs. RHE
	pH = 4	-0.24 V vs. RHE	-0.36 V vs. RHE	-0.44 V vs. RHE
	pH = 4	-0.44 V vs. Ag/AgCl	-0.56 V vs. Ag/AgCl	-0.64 V vs. Ag/AgCl
		2H + + 2e -→ H 2		4-1
	CO 2 + 2H + + 2e -→ CO + H 2 O		4-2
	CO 2 + 2H + + 2e -→ HCOOH		4-3

Table 5 .

 5 

	1 Comparison of onset potential and current density at -0.9 V vs. RHE of different M-N-Cs
		catalysts used in this thesis (1 ~ 8) and in literature.
		M-N-C	Eonset/V vs. RHE	j/mA/cm 2 at -0.9V vs. RHE
	1	50%Co-N-C	-1.08	-1.4
	2	50%Fe-N-C	-0.88	-2.3
	3	50%Cu-N-C	n.a.	n.a.

Used in the synthesis of p-type semiconductor CuCo2O4.

Used in the synthesis of M-N-Cs.
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Chapter 4 Detection and Identification of Photoelectrochemically

Generated Products by SPECM and Chromatography

So far, in this thesis, we have adopted SPECM to compare photoelectrochemical reduction performance in different media including pure RTILs, aqueous solution and binary RTIL/H2O mixtures. A relevant increase in photocurrent in 25 vol.% [C2mim][BF4]/H2O solution was obtained in comparison with all other media tested under both UV-visible and visible illumination, whether the presence of CO2 in solution or not. In order to explore deeply this promising performance and discover the story and the reason behind, the detection of the photoelectrochemical products generated is imperative and necessary. Actually, as it was already mentioned in chapter 3, several reactions could be responsible of producing this enhanced photocurrent on CuCo2O4: i) PEC CO2RR and/or ii) HER and/or iii) reduction of semiconductor and/or iv) [C2mim] + reduction.

Initially, a combined optical fiber-ultramicroelectrode (OF-UME) dual tip in a SPECM configuration is proposed for in-situ products detection. In fact, the principle of combining an optical fiber for triggering the photoelectrochemical reaction and a UME for detecting the products generated has been proposed and developed for several years. An Au ring coated OF core sealed in an insulating sheath (electrophoretic paint or glass) has been successfully employed for SPECM applications such as imaging interdigitated array electrode [1] or water splitting reaction [2]. However, this protocol requires metal coating, which is high-cost and needs precise control of the coated metal layer. Another alternative couples an OF at the end of the UME in a glass sheath, which can guide the light to locally illuminate the sample. This approach has been also developed to explore water splitting on n-type semiconductor-based photoanodes [3], despite UV light can be weakened by the refraction on the glass sheath.

Finally, Zigah et al. [4] proposed a dual tip configuration where an optical fiber and a gold UME (OF-UME) are combined for acting simultaneously as a light source and a sensor for photoelectrochemically generated O2.

In this thesis, a dual tip OF-UME based on Zigah et al. methodology was fabricated for studying the photoelectrochemically generated products in SPECM. The OF allows the light potential. CuCo2O4 spot was illuminated by UV-vis light within the time gap between 25 s and 50 s.

All potentials were reported versus Ag/AgCl. Electrolyte: 0.1 M KHCO3 saturated with CO2.

Using the dual tip for products detection by applying a constant potential to the Pt UME was the simplest approach, but it was a non-product selective approach, which meant that holding the Pt UME potential constant at 0.4 or 0.5 V did not allow to distinguish the different detectable products considered (CO, HCOOH and H2). For this reason, a different approach based on fast cyclic voltammetry was more deeply explored and it is described in the following section.

Fast Cyclic Voltammetry Products Detection by the Dual Tip OF-UME

An alternative and interesting approach to distinguish the detectable products considered (CO, HCOOH and H2) by electrochemical means was to run a cyclic voltammogram on the UME Pt present in the dual tip, since an independent oxidation peak located at a different potential was associated with each considered product [7]. Moreover, detection by CV at fast scan rate (e.g. at 1 V/s) provided additional advantages. This approach has been recently

proposed by E.L. Gyenge, et al., (Communications Chemistry, 2020, doi.org/10.1038/s42004-020-00399-6) and it is specifically interesting for detecting adsorbed species because increasing the scan rate in CV enhances in a larger magnitude the peak current response associated with adsorbed species (Ipeak ≈ f (V)) than associated with electroactive species in solution (Ipeak ≈ f (V 1/2 )). Thus, detecting photoelectrochemically generated products, which could be adsorbed on Pt electrode like CO, by fast CV increases the sensitivity.

The results shown in chapter 3 proved a relevant increase in photocurrent only in the case of 25 vol.% [C2mim][BF4]/H2O solution either under UV-visible or visible illumination. For this reason, only products detection by the dual tip OF-UME using fast cyclic voltammetry was performed on this medium. For this purpose, the OF-UME was positioned above the center of the catalyst spot within a tip-substrate distance of 20 µm following the same procedure previously described for constant potential products detection. Moreover, fast tip CVs (at 1 V/s) starting from -0.8 V and anodically sweeping to 1.2 V vs. Ag/AgCl were operated on the dual tip to prevent the inactivation over time reported on the Pt UME when a constant potential was used for products detection ( 

Comparison of M-N-Cs on Electrochemical CO2RR Performance

The combination of Cu and Co was introduced in chapter 3 in the form of p-type semiconductor material CuCo2O4, which was illustrated to be a good PEC catalyst for PEC CO2RR evaluated by SPECM. The bimetallic 25%Cu25%Co-N-C was synthesized to study its catalytic activity towards electrochemical CO2RR. First of all, CVs were performed to evaluate its electrochemical properties. General Conclusions and Outlook

6

Chapter interaction of the RTIL cation and anion with CO2, the solubility of CO2 should all be taken into consideration. Furthermore, RTILs are relatively more expensive compared to other kinds of electrolytes or solvents, which compromises their large-scale or industrial application. Thus, exploration and synthesis of cheap and tunable cation and anion combinations with suitable properties is the next challenge.

The model photocatalyst studied (CuCo2O4) presents both advantages and disadvantages.

Ideally, we should be able to keep the advantages and mitigate the drawbacks in future works.

Although CuCo2O4 exhibited promising PEC catalysis ability, its degradation under simultaneous potential bias and high light power illumination ruled out any potential largescale application. Thus, enhancing the long-term stability of photocatalysts is imperative.

Alternatively, p-type CuBi2O4 has been reported in the literature to present a suitable band gap of 1.5 eV and could be adopted as photoelectrocatalyst. The synthesized CuBi2O4 spots array In addition, the photocorrosion of the p-type semiconductor catalysts inhibit their application, to avoid the photocorrosion, five typical strategies were introduced by Chen's Furthermore, the long-term stability of M-N-C materials is still an issue, because relevant leaching of the metal center is usually produced under reaction conditions during CO2RR. For this reason, the future research in that field should be also concentrate on improving stability.

Many methods can be adopted to fulfill this goal, for example, synthesizing homogenous M-N-C catalysts with exclusive M-N4 active sites but without inactive and soluble metal aggregates or engineering local coordination structures to strengthen M-N bond [2].
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