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Abstract

Working electrodes (WE) are more commonly used for electrochemical analysis to determine analyte concentration, to study surface electrochemical reaction dynamics and mechanism of reactions. Conversely, the role of the counter electrode (CE) is normally to stabilize the electronic circuit by balancing the current flowing through the WE. It should also be placed at an appropriate distance from WE and being of large size so that it would not interfere with the WE reaction. As far as we are aware, the current on the WE is equal to the current on the CE in both three-electrode and twoelectrode systems. On that basis, so some researchers have converted the Faradaic current generated at WE into a remote fluorescence signal on CE to achieve visible detection of analytes. In addition, the electrochromic CE also has been used to study the local catalytical activity of WE material. It must be noted, however, that CE is still given much less attention than WE.

The main objective of this thesis is to study the electrochemical analysis from CE instead of WE. Our study focuses on two study points based on CE: one for concentration analysis based on stripping voltammetry on CE, and the other for mapping WE's electrochemical reactivity via local optical changes on CE.

As we known, electrochemical stripping analysis (anodic, cathodic, or adsorptive) is usually based on the pre-concentration of a target analyte on the WE surface and then measuring its quantity via its direct quantitative electrochemical transformation (with the electrode refreshed afterwards). However, not all analytes could be preconcentrated on the WE.

To solve this problem, in the first study point, we demonstrated a new approach to carry out electrochemical stripping analysis of non-adsorbing species, thus not based on the analyte being directly pre-concentrated on the WE, but on the signal obtained indirectly from CE where metal ions are reduced and then electrochemically stripped. Different from the CE with large surface area in classical electrochemical measurements, an ultramicroelectrode is chosen here as CE to purposely exploit the polarization effect.

The concept is based on oxidizing the analyte on WE in one compartment of the electrochemical cell while reducing Cu 2+ on CE from another compartment connected with an ionic bridge or a less common metal "bridge". The deposited Cu on CE is then analyzed by stripping in another three-electrode cell, and the charge shows good linear relationship with the concentration of analyte in the former cell. As the stripping current response (peak) is much clearer than the small current variations corresponding to the direct oxidation of the analyte, it improves the resolution of raw signal. Besides, it may also reduce the background signal from blank solution by "filtering" the non-Faradaic charge. Like in classical electrochemical stripping analysis, one may also prolong the oxidation time in exchange for higher sensitivity of analysis. This work extends the applications of stripping analysis and offers a new angle of electroanalysis by capturing signals from CE.

In addition, understanding local electrochemical reactivity of surfaces is crucial for electrode design and applications at device level, in the fields of energy storage, biosensing, electrocatalysis, etc. It is generally measured through two strategies:

scanning probe approaches and optical imaging. The former is based on scanning a probe that is close to the sample surface and measuring signals from the probe. This includes scanning electrochemical microscopy, scanning ion conductance microscopy and scanning electrochemical cell microscopy. These methods may reach high spatial resolution in nanometer range, yet are naturally slow due to the point-to-point scanning of the probe. On the other hand, optical imaging may offer much higher throughput by directly mapping the surface. A common way is to design reactions that may induce optical change of the working electrode, such as surface plasmon resonance, electrochemiluminescence and fluorescence. They may offer a balanced spatial and temporal resolution in mapping, but they require specific reactions that may not be compatible for all electrodes and electrolytes.

In the second study point, we attempt to optically map the local electrochemical reactivity of surfaces not by "looking" at the working electrode (WE), but by measuring optical change of the counter electrode (CE). The concept is based on an electrochromic CE that changes color with electron transfer accompanying ion intercalation.

Experimentally, a planar WE including some active areas is placed in parallel with a transparent conductive electrochromic CE (WO3 film on indium-tin oxide (ITO) electrode), using micro-meter spacer (made of PTFE sheet with hole), where water is oxidized locally on WE and WO3 is reduced correspondingly on CE. An optical microscope with complementary metal oxide semiconductor (CMOS) camera is used to record the color change of the CE under red light (623 nm) while applying a suitable anodic potential on WE. The results show that the optical absorption of CE reduces locally at positions corresponding to the active area of WE. The change can be captured dynamically in the form of video, which offers information on the transient behavior of the system. The signals are further analyzed by modelling for retrieving the map of reactivity of WE. The spatial resolution of CE imaging decreases as the distance between WE and CE increases, likely due to the homogenization of current distribution on CE. The reported method could avoid the modification of neither the WE nor the electrolyte, which may be generic for measuring "invisible" electrochemical reactions.

Résumé étendu en français

L'électroanalyse constitue une approche de choix pour la détection d'analytes cibles, car elle permet l'obtention par une instrumentation relativement simple et peu couteuse de signaux électrochimiques tels que le potentiel ou le courant. L'application la plus aboutie de l'électroanalyse est probablement le capteur ampérométrique de glucose, qui est commercialisé et couramment utilisé dans la vie quotidienne. Pour arriver à une méthode électroanalytique performante, il est essentiel de considérer les réactions électrochimiques ayant lieu à la surface des électrodes, la distribution du courant, ainsi que le transport de masse de l'analyte, qui sont liés au processus de mesure. Néanmoins, la plupart des recherches en électrochimie analytique se concentrent UNIQUEMENT sur l'élaboration de l'électrode de travail (WE pour « working electrode ») et sur les réactions de transfert d'électrons qui y ont lieu. La WE est le plus couramment utilisée en analyse électrochimique pour déterminer la concentration de l'analyte cible, pour étudier la dynamique des réactions électrochimiques de surface et/ou les mécanismes des réactions de transfert de charge. A l'inverse, le rôle de la contre-électrode (CE pour « counter electrode ») est normalement de stabiliser le circuit électronique en équilibrant le courant qui traverse la WE. Elle doit également se trouver à une distance appropriée (pas trop près) et être de grande taille afin de ne pas interférer avec les réactions ayant lieu à la surface de la WE. En général, on ne s'occupe que des réactions à la WE. Ceci étant, comme le courant passant au travers de l'électrode d'entrée est égal à celui traversant l'électrode de sortie, à la fois dans les systèmes à deux et trois électrodes, quelques chercheurs ont converti le courant faradique généré à l'électrode d'entrée (WE) en un signal de fluorescence à distance sur l'électrode de sortie (CE) afin de réaliser une détection visualisable des analytes. Ceci peut également être réalisé en ayant recours à une CE électrochrome, comme cela a été démontré pour l'étude de l'activité catalytique locale du matériau de la WE. Il faut cependant noter que l'exploitation des réactions à la CE restent extrêmement rares à comparer aux études menées sur celles ayant lieu à la surface de la WE.

L'objectif principal de cette thèse est de proposer de nouvelles approches électroanalytiques basées sur l'exploitation des réactions à l'EC au lieu de celles ayant lieu à la surfaced de la WE. Notre étude se concentre sur deux processus distincts à la CE : l'un exploitant le dépôt métallique à la CE pour l'analyse par redissolution anodique d'espèces habituellement impossible à détecter à la WE par cette méthode, et l'autre exploitant le caractère électrochrome de la CE pour la cartographie de la réactivité électrochimique de la WE via des changements optiques locaux sur la CE.

Comme nous le savons, la voltampérométrie par redissolution d'électrode (anodique, cathodique ou par désorption) est basée sur la préconcentration électroinduite d'un analyte cible sur la surface de l'électrode de travail, puis sur la mesure de sa quantité via sa transformation électrochimique quantitative directe par redissolution des espèces accumulées (la surface de l'électrode étant ensuite régénérée). Cependant, elle n'est pas applicable aux analytes qui ne peuvent pas se déposer ou s'adsorber sur la surface de l'électrode de travail.

Dans le premier chapitre expérimental, nous proposons une nouvelle approche et démontrons son aptitude à pouvoir réaliser une analyse par préconcentration et redissolution électrochimique, non pas basée sur la l'accumulation directe de l'analyte sur l'électrode de travail (WE), mais sur le signal obtenu indirectement à la contreélectrode (CE). Contrairement aux CE à grande surface habituellement utilisée pour les mesures électrochimiques classiques, une électrode de petite taille (microélectrode) est choisie ici comme CE pour exploiter délibérément l'effet de polarisation. Le concept est illustré à la 

Introduction

Electrochemical analysis is an important domain in electrochemistry and analytical chemistry [START_REF] Švancara | Carbon paste electrodes in facts, numbers, and notes: A review on the occasion of the 50years jubilee of carbon paste in electrochemistry and electroanalysis[END_REF][START_REF] Batchelor-Mcauley | New electrochemical methods[END_REF]. It directly converts chemical information such as concentration and reactivity to electronic signals (potential or current) that can be read by modern instrumentation [START_REF] Kissinger | Laboratory techniques in electroanalytical chemistry[END_REF][START_REF] Fan | Electrochemical detection of single molecules[END_REF][START_REF] Dungchai | Electrochemical detection for paper-based microfluidics[END_REF]. For example, potentiometry measures the equilibrium potential without any excitation signal and it is a common method for measuring pH and concentration of various ions (Na + , K + , Ca + , Cl -, etc.) using ion-selective electrodes [START_REF] Crespo | Ion-selective electrodes using carbon nanotubes as ion-to-electron transducers[END_REF][START_REF] Cattrall | Coated wire ion selective electrodes[END_REF]. Amperometry and voltammetry apply a potential signal and record the current response. Depending on the waveform of the applied potential, the electrochemical analysis can be in time (chrono methods) [START_REF] Perez | Chronoamperometry to determine differential reductions in uptake in brain synaptosomes from serotonin transporter knockout mice[END_REF][START_REF] Dickinson | Chronoamperometry and cyclic voltammetry at conical electrodes, microelectrodes, and electrode arrays: theory[END_REF], frequency (AC methods) [START_REF] Perez | Chronoamperometry to determine differential reductions in uptake in brain synaptosomes from serotonin transporter knockout mice[END_REF][START_REF] Alpuche-Aviles | Impedance feedback control for scanning electrochemical microscopy[END_REF] or potential (cyclic voltammetry) domain [START_REF] Xia | Ultrafast graphene photodetector[END_REF][START_REF] Xie | Electrochemical detection of C606and C706-: Enhanced stability of fullerides in solution[END_REF][START_REF] Ji | Smartphone-based cyclic voltammetry system with graphene modified screen printed electrodes for glucose detection[END_REF]. Pulse or square wave voltammetry is often used to improve the sensitivity of such dynamic methods of electroanalysis [START_REF] Dickinson | Chronoamperometry and cyclic voltammetry at conical electrodes, microelectrodes, and electrode arrays: theory[END_REF][START_REF] Ji | Smartphone-based cyclic voltammetry system with graphene modified screen printed electrodes for glucose detection[END_REF][START_REF] Mandler | Electroanalytical methods. Guide to experiments and applications, 2nd ed[END_REF][START_REF] Moretto | Environmental analysis by electrochemical sensors and biosensors[END_REF]. Needless to say, electrochemical analysis has been widely applied in environmental analysis and biosensing [START_REF] Moretto | Environmental analysis by electrochemical sensors and biosensors[END_REF][START_REF] Liu | A novel electrochemiluminescence biosensor for the detection of microRNAs based on a DNA functionalized nitrogen doped carbon quantum dots as signal enhancers[END_REF][START_REF] Ferapontova | An RNA aptamer-based electrochemical biosensor for detection of theophylline in serum[END_REF].

Nevertheless, electrochemical analysis is often regarded as a cheap alternative of competing analytical methods, notably chromatography and mass spectrometry. The highlight is usually on the cost and ease of operation, rather than analytical aspects of sensitivity, selectivity, and reproducibility. A typical example is household glucose sensor [START_REF] Wang | Electrochemical glucose biosensors[END_REF], which is perhaps the most successful (bio)electrochemical sensor in the market [START_REF] Juska | A critical review of electrochemical glucose sensing: evolution of biosensor platforms based on advanced nanosystems[END_REF] even though it may never provide the same information and accuracy as professional blood analysis in laboratories [START_REF] Yoo | Glucose biosensors: an overview of use in clinical practice[END_REF].

In most electroanalysis research, one cares only about the reactions on the working electrode (WE), presumably considering that the counter electrode (CE) side is negligible. This requires that the CE is stable, active and sufficiently distant from the WE with a large active surface area. However, these criteria are not always fulfilled in the design of electroanalytical devices due to practical restrictions such as size, space, sample volume and waste management. Therefore, improving the application of CE according to the design of electroanalytical devices is meaningful for solving some practical questions.

In this work, we are attempting to obtain the electrochemical information on CE instead of WE. We mainly focus on two study aspects: (1) concentration analysis, by analyzing copper stripping signal on micro-CE to indirectly determine the analytes concentration that can't be preconcentrated on the WE surface. (2) local surface reactivity analysis, by mapping the electrochromic on the CE to measure local electrochemical reactivity on the WE. Herein, the main goal of this chapter is to provide overview of related information about research aims, the related background will be introduced at here. The 

Counter electrode in electrochemistry 1.Introduction to the general role of counter electrode

In electrochemical analysis, the CE are mainly used to complete the circuit and allow current flow in electrochemical system [START_REF] Clark | Electrochemical analysis in picoliter microvials[END_REF][START_REF] Honeychurch | Printed thick-film biosensors[END_REF]. In general, CEs often have a large surface area compared to WEs due to several concerns (Figure 1.1A). Firstly, this minimizes CE polarization due to a low current density on a large electrode and, consequently, reduces the overall cell voltage required from the power source [START_REF] Maier | Plasmonics : Fundamentals and Applications[END_REF][START_REF] Westbroek | Fundamentals of electrochemistry[END_REF].

Secondly, a large CE may homogenize the current distribution in the cell, especially near the WE. This is important for weakly supported electrolyte or at high current, where the potential drop in the solution is not negligible. Moreover, if possible, CE is positioned far from WE. This is because the electroanalysis based on WE implicitly requires no cross-interference between WE and CE. However, the electrochemical potential of CE cannot be controlled, thus there is always doubt about the possible reactions on it that may locally change the electrolyte, even with a large surface area and low polarization. In this sense, inert materials such as platinum, stainless steel, and graphite are often used as CE [START_REF] Chen | Use of platinum as the counter electrode to study the activity of nonprecious metal catalysts for the hydrogen evolution reaction[END_REF][START_REF] Lee | Electrode corrosion in a compartmented flow cell by diffusion from the counter electrode[END_REF], yet none of them is perfect. Platinum is a good electrocatalyst. This may lead to the production of gas (O2 or H2, or even Cl2 when using Cl -as supporting electrolyte) and significant local pH change in aqueous media.

Stainless steel and graphite are stable under cathodic polarization, but under anodic polarization they may oxidize, causing contamination to the working electrolyte. In some circumstances, the electrochemical cell is divided in two compartments that are separated by ion exchange membrane or glass frit, as illustrated in Figure 1.1B. This could reduce the cross-contamination, although would increase the resistance of the cell. 

Application of counter electrode in electroanalysis

CE is an indispensable part of an electrochemical system even for the simplest twoelectrode configurations [START_REF] Myland | Uncompensated resistance. 1. The effect of cell geometry[END_REF][START_REF] Gao | Visible light driven water splitting in a molecular device with unprecedentedly high photocurrent density[END_REF][START_REF] Djoumer | Converting any faradaic current generated at an electrode under potentiostatic control into a remote fluorescence signal[END_REF]. As current flows through it, non-Faradaic or Faradaic processes always occur at CE interface with the electrolyte. In some circumstances, people may take this advantage to complement the reactions on the CE. For example, the CE based on different designs for materials has been applied in the dye-sensitized solar cells (DSSCs) by catalyzing the reduction of I3 -to I -ions (Figure 1.2A) to achieve a high the photoelectric conversion efficiency [START_REF] Liu | Platinum-free ternary metallic selenides as nanostructured counter electrode for high-efficiency dye-sensitized solar cell by interface engineering[END_REF]. In electrochromic devices, CE is sometimes also modified with an electrochromic material that has the same color change as WE but under opposite polarization [START_REF] He | Low-temperature thermally annealed niobium oxide thin films as a minimally color changing ion storage layer in solutionprocessed polymer electrochromic devices[END_REF]. Ruiner Engels and his co-worker synthesized organic molecules at the CE under apoptotic conditions in onecompartment cells [START_REF] Engels | Reactions at the counter electrode in electroreductions under aprotic conditions in one-compartment cells[END_REF]. To enhance the electrode materials catalytic activity toward the hydrogen evolution reaction (HER), Ji et al. [START_REF] Ji | In situ preparation of pt nanoparticles supported on N-Doped carbon as highly efficient electrocatalysts for hydrogen production[END_REF] provided a new approach by anodic dissolving of Pt CE to cathodically activate the WE material. It differs from the general requirement that CE should not cause contamination of WE. The dissolved Pt from CE diffused and deposited on the WE material surface, enabling WE material to behave good catalysis performance, although the Pt loading on the WE material is lower. Moreover, the microelectrode has been used as CE which can improve the electrochemical polarization and current density distribution on the CE. A few attempts have also been made to use CE for electroanalysis. Rabia Djoumer developed a new method to covert faradic current generated on the WE to remote fluorescence signal on micro-CE (microelectrode as CE) [START_REF] Djoumer | Converting any faradaic current generated at an electrode under potentiostatic control into a remote fluorescence signal[END_REF] (Figure 1.2B). The fluorescence signal recorded on the CE as a function of current recorded on the WE is plotted, which behaves a perfect linear correlation. The advantage of this method is that fluorescence-coupled electrochemical methodologies provide an intrinsic amplification mechanism due to the fact that one electron transfer can be correlated with thousands of easily detectable photons in a fluorescence event. Moreover, interdigitated electrodes arrays (IDEA) may increase the current response in amperometric analysis due to the redox cycle where the reactant for WE reactions is regenerated on the CE by the reversed reaction [START_REF] Yassine | H 2 S sensors: fumarate-based fcu-MOF thin film grown on a capacitive interdigitated electrode[END_REF][START_REF] Kamath | Three-dimensional carbon interdigitated electrode arrays for redox-amplification[END_REF] (Figure 1

.2C).

Furthermore, while CE is usually designed not to interfere with WE, in some cases it may also purposely regulate the electric field distribution by controlling its size and position relative to the WE [START_REF] Okumura | Effect of counter electrode in electroformation of giant vesicles[END_REF][START_REF] Pech-Canul | Influence of counter electrode positioning on solution resistance in impedance measurements of reinforced concrete[END_REF]. A typical example is direct mode SECM, where a microelectrode serving as CE is positioned close to macro-sized WE sample. This spatially localizes the electrochemical reactions in the vicinity under the micro-CE by regulating the current flux (Figure 1.2D). It is widely used for patterning surfaces by local electrochemical deposition or etching, and the shape of pattern almost replicates that of the micro-CE when the distance between the sample (WE) and the microelectrode (CE) is comparable to the radius of the micro-CE [START_REF] Wuu | High resolution deposition of polyaniline on Pt with the scanning electrochemical microscope[END_REF][START_REF] Danieli | Local surface patterning by chitosan-stabilized gold nanoparticles using the direct mode of scanning electrochemical microscopy (SECM)[END_REF][START_REF] Grisotto | Direct SECM localized electrografting of vinylic monomers on a conducting substrate[END_REF]. Similarly, by placing a planar CE in parallel with a planar WE at short distance, the current distribution on WE which reflects the local electrochemical reactivity, would also cause inhomogeneous current distribution on CE. Owen et al. [START_REF] Brace | A parallel optical screen for the rapid combinatorial electrochromic analysis of electrochemical materials[END_REF] reported that the color of WO3 electrochromic CE locally changes following the exposed area of WE, and the absorption corresponds to the catalytic reactivity of the WE. They used WE array, in which each electrode had 1 mm diameter and the gap was 3 mm between adjacent electrodes. Despite a few reports, the use of CE in the domain of electroanalysis remains rare, both for analyzing the concentration of electrolyte and for analyzing the reactivity of surfaces. 

Stripping voltammetry

Stripping voltammetry (SV) was firstly reported by Zbinden in 1931. He found that the stripping current is related to the amount of copper deposited on the surface of electrode during the oxidation of copper. After decades, the development of hanging mercury drop electrode (HMDE) arised the wide application of SV techniques in natural waters and other samples [START_REF] O'shea | Characterization of trace metal-organic interactions by anodic stripping voltammetry[END_REF][START_REF] Adeloju | Critical evaluation of some wet digestion methods for the stripping voltammetric determination of selenium in biological materials[END_REF][START_REF] Holak | Determination of arsenic by cathodic stripping voltammetry with a hanging mercury drop electrode[END_REF]. Until today, it has been extended to measure multicomponent metal ions, non-metal ions and organic molecules in conjuction with different kinds of electrodes, showing extremely low limit of detection, high sensitivity [START_REF] Jinadasa | Smart materials for mercury and arsenic determination in food and beverages[END_REF][START_REF] Zhang | Electrochemical enzyme biosensor for carnitine detection based on cathodic stripping voltammetry[END_REF][START_REF] Silva | Cathodic stripping voltammetric determination of β-cyfluthrin, a pyrethroid insecticide, using polished silver solid amalgam electrode[END_REF]. It includes two steps for eletrochemical analysis: (1) the analytes are accumulated on the WE at a constant potential, called preconcentration step; (2) the analytes preconcentrated on the WE are stripped into the solution when scanning the potential at a certain range, giving rise to the occurrence of peak, called stripping step [START_REF] Paul Worsfold | Encyclopedia of analytical sciences[END_REF]. By plotting the voltammogram (current-potential), the peak current or area is proportional to the concentration of analytes at the same potential scan rate. Moreover, the peak potential could reflect the characteristic of analytes. For couducting SV analysis, some attention should be paid: (1) the test solution, to ensure the stripping process controlled by diffusion at the condition of without stirring, the electrolyte is required to have lower resistance and migration effect. The dissolved oxygen is driven off by passing the inert gas, usually nitrogen before pre-concentration. (2) rotating the WE or stirring the sample solution at a reproducible rate to generate forced convective transport will increase the mass transfer to the WE during preconcentration. [START_REF] Kissinger | Laboratory techniques in electroanalytical chemistry[END_REF] generally, the stripping step is performed in the quiescent solution, moreover, the medium exchange procedure may be used if the matrix components interfere with the analysis. In this case, the sample solution is exchanged with a "clean" electrolyte solution. According to the difference of preconcentration method as well as measure step, the SV could be classfied to three types: anodic stripping voltammetry (ASV), cathodic stripping voltammetry (CSV), adsorptive stripping voltammetry (AdSV) [START_REF] Adeloju | Electrochemical stripping analysis of trace and ultra-trace concentrations of toxic metals and metalloids in foods and beverages[END_REF][START_REF] Obata | Determination of picomolar levels of iron in seawater using catalytic cathodic stripping voltammetry[END_REF][START_REF] Kalvoda | Adsorptive stripping voltammetry in trace analysis[END_REF]. Each of these is further introduced below.

Anodic stripping voltammetry:

ASV is commonly used for trace or ultra-trace level detection of heavy metal ions (Cd, Hg, Pb, Cu, etc.) in the fields of enviroment and food. It includes the deposition of metal ions to the surface of WE at a constant potential.

Usually, the deposition potential should be more negative than the reduction potential of metal ions to obtain efficient deposition. The deposition products are amalgam or metal based on the WE (mercury electrode or solid eletrode), The reaction is as follows:

M n+ +ne -→M(Hg) (mercury electrode)

(1.1) or M n+ +ne -→M 0 (mercury-free solid electrode) (

The time and rate of deposition as well as the WE area make an important impact to the sensitive of this method. The sensitivity is seriously influenced by the WE rotation rate or stirring solution rate under a fixed WE area. Besides, it also limited by the solubility of the metal ions in mercury eletrode. Some scientists had investigated the solubility of various metal ions in mercury by employing different study methods such as amalgam polarography, voltammetry [START_REF] Schiewe | Linear-scan anodic stripping voltammetry with thin-film electrodes: Theory of the stripping stage and experimental tests[END_REF][START_REF] Wong | Anodic stripping voltammetry at mercury films deposited on ultrasmall carbon-ring electrodes[END_REF]. It was found that the greater the solubility of the metal ions in mercury, the higher the sensitivity.

After preconcentration, the amalgam is allowed to keep several seconds at a lower potential than that of the preconcentration to enable uniform distribution of the deposited material on the mercury eletrode. But for the solid eletrode, this step is unnecessary. Then the deposited materials are oxdized at a positive potential, the reaction is shown in below: M(Hg)→M n+ +ne - (mercury electrode) (1.3) or M 0 → M n+ +ne -(mercury-free solid eletrode) (1.4) As scanning the potential to more positive potential, the anodic peak current could be obtained when the depletion of deposited or absorbed material at the surface of WE. As illustrated in Figure 1.3 for Cu(II) detection [START_REF] Agra-Gutiérrez | Anodic stripping voltammetry of copper at insonated glassy carbon-based electrodes: application to the determination of copper in beer[END_REF], the peak current increases with an increase of Cu ion concnetration, stripping voltammogram shows two key information:

the peak current and peak potential, which is helpful for both quantitative analysis and qualitative analysis. 

Cathodic Stripping Voltammetry:

The CSV method could be used to detect various types of analytes including inorganic and organic substances with low solubility in the electrode. HMDE is commonly acted as WE in CSV. Different from ASV in which analytes are reduced on the surface of mercury (Hg) to form amalgam, CSV includes the formation of insoluble compound film on the WE at a more positive potential during preconcentration step. The Hg is firstly oxidized to Hg(I), the reaction is as follows:

2Hg → Hg 2 2+ + 2e - (1.5)
Then the Hg(I) immediately combine with analytes like halide ions and selenium (X -= Cl -, Br -, I -, Se) to form unsoluble compound on the surface of WE, according to the reaction:

Hg 2 2+ + 2X -→ Hg 2 X 2 (1.6)
At last, the unsoluble compound is stripped by scanning more cathodic potential than that of the pre-concentration step, as the reduction of Hg(I) to Hg, the X -is released to solution and the cathodic current can be observed (Figue1.4), the reaction is as follows:

Hg 2 X 2 + 2e -→ 2Hg + 2X - (1.7) It has been reported that CSV is capable of detecting the halides (bromides, iodides, chlorides) [START_REF] Colovos | Simultaneous determination of bromide and chloride by cathodic stripping voltammetry[END_REF][START_REF] Shain | Application of stripping analysis to the determination of iodide with silver microelectrodes[END_REF], sulfides [START_REF] Shimizu | Determination of sulfide by cathodic stripping voltammetry of silver sulfide films at a rotating silver disk electrode[END_REF], thiol compounds (thiamine, cysteine, thiourea) [START_REF] Florence | Cathodic stripping voltammetry. Part I. Determination of organic sulfur compounds, flavins and porphyrins at the sub-micromolar level[END_REF],

selenide [START_REF] Dennis | Determination of selenium as selenide by differential pulse cathodic stripping voltammetry[END_REF], etc. By comparing ASV and CSV, it is possible to see that the stripping current in ASV is relating to the metal concentration in Hg, which means that a smaller volume could lead to improved sensitivity, whereas in CSV, the stripping current is linked to the mountings of insoluble compounds on the electrode surface, not based on the volume but on the area of the electrode. Moreover, due to the formation of insoluble thin films, the calibration curves in CSV usually exhibit nonlinear behavior at high concentrations originating from surface saturation. For low concentrations, the curves are reproducible, and can be used for analysis.

Adsorptive Cathodic Stripping Voltammetry:

The AdSV is very sensitive technology for analyzing plentiful trace elements, especially for the metal ions that can not be determinated by convential stripping methods (e.g.,ASV). Normally, for detecting the analytes, the conventional AdSV includes three steps, the reaction principle is as follows (metal ions as example) [START_REF] Abollino | Stripping Voltammetry[END_REF]:

(1) Firstly, analytes (M n+ ) and suitable ligands (AL m-) bind together to form metal complex at an optimal pH:

yM n+ + zAL m-→ M y (AL) z (y•n-z•m) (aq) (1.8)
(2) Then the metal complex is accumulated onto the electrode surface by adsorption at suitable potential, as follows:

M y (AL) z (y•n-z•m) (aq)→ M y (AL) z (y•n-z•m) (ad) (1.9)
Some factors that the ligand concentration, pH of sample solution, adsorption time, and adsorption potential need to be carefully optimized. The formation of metal complex extremely depends on the pH, so the pH of the sample solution need to be accurately controlled by pH buffer. The ligand concentration should exceed the concentration of the analytes to achieve complexation saturation. Moreover, to obtain better adsorption efficiency, the adsorption potential is slightly more positive than the reduction potential of metal complex to avoid causing the reduction of metal complex.

(3) Lastly, the metal complex adsorbed on the eletrode is reduced by scanning more negative potential, the stripping peak current could be acquired.

M y (AL) z (y•n-z•m) (ad) + e -→ yM (n-1)+ + zAL m- (1.10)

During scanning potential, stripping current is generated by the reduction of metal complex, either from the metal or from a reducible group on the ligand. Normally, some ligands include N/O donor groups (e.g., salicylaldoxime, 8-hydroxyquinoline) have aromatic rings, which easily form chelation with metal ions (Ni, Co, V, Al, etc.) [START_REF] Wang | Determination of traces of gallium based on stripping voltammetry with adsorptive accumulation[END_REF][START_REF] Legeai | A copper bismuth film electrode for adsorptive cathodic stripping analysis of trace nickel using square wave voltammetry[END_REF].

The ligands should be capable of complexing with metals and highly electroactive when adsorbed on the electrode. Furthermore, the sensitivity of AdSV can be greatly improved by including the catalytic effect. The reduction current of the adsorbed analyte complex is catalytically enhanced by adding an oxidant (e.g., nitrate, bromate, chlorite, and hydrogen ions) [START_REF] Safavi | Highly sensitive and selective measurements of cobalt by catalytic adsorptive cathodic stripping voltammetry[END_REF][START_REF] Vega | Determination of vanadium in sea water by catalytic adsorptive cathodic stripping voltammetry[END_REF]. The AdSV based on the generation of catalytic current has successfully achieved ultra-trace analysis of inorganic substances, including Co, Se, V, Sn, Se, etc [START_REF] Ensafi | Determination of tryptophan and histidine by adsorptive cathodic stripping voltammetry using H-point standard addition method[END_REF][START_REF] Den Van Berg | The determination of trace levels of iron in seawater, using adsorptive cathodic stripping voltammetry[END_REF].

Working electrodes for stripping analysis

Analysis result of ASV is highly dependent on chemical and physical properties of WE.

Therefore, an enormous amount of effort has been contributed to extend the substance types of WE that can be applied to a wide range detection of metal ions with better sensitivity, and reproducibility. and carbon fiber (B) electrodes coated with bismuth (a) and mercury (b) films [START_REF] Wang | Bismuth-coated carbon electrodes for anodic stripping voltammetry[END_REF].

Bismuth film electrodes (BFEs):

To meet the growing requirements for on-site enviromental and clinical trace metal ions analysis, different free-mercury bare electrodes have been developed for SV analysis contaning carbon [START_REF] Honeychurch | Voltammetric behavior and trace determination of lead at a mercury-free screen-printed carbon electrode[END_REF], gold [START_REF] Wang | Mercury-free disposable lead sensors based on potentiometric stripping analysis of gold-coated screen-printed electrodes[END_REF],

platinum [START_REF] Ziyatdinova | Determination of captopril in pharmaceutical forms by stripping voltammetry[END_REF], silver [START_REF] Bonfil | Determination of nanomolar concentrations of lead and cadmium by anodic-stripping voltammetry at the silver electrode[END_REF], iridium [START_REF] Feeney | Analytical characterization of microlithographically fabricated iridium-based ultramicroelectrode arrays[END_REF], etc. Though these electrodes have provided useful stripping signal for several metal ions, their performance can't close to that of the Hg based electrodes because of the lower cathodic potantial window, larger background, and easily poison by matrix components. In 2000, Wang's group [START_REF] Wang | Bismuth-coated carbon electrodes for anodic stripping voltammetry[END_REF] prepared a bismuth film coated carbon electrode (glassy carbon or carbon fiber as substrate.) that was used for the detection of trace cadmium, zinc and lead combining with ASV method. As shown in Figure 1.5, bismuth film coated glass carbon and carbon fiber both disply sharp and seperated peaks. The peak potential of zinc and lead is almost identical with the mercury electrodes, while the cadmium peak exhibits a more negative potential that is beneficial for an addition of a new selective dimension.

Subsequent work by Morfobos [START_REF] Morfobos | Simultaneous determination of nickel(II) and cobalt(II) by square wave adsorptive stripping voltammetry on a rotating-disc bismuth-film electrode[END_REF] ions to facilitate accumulation step. In stripping analysis, the BFE could be used for multiple batch measurements of sample. Therefore, to preclude some species remaining on the electrode surface, the electrode must be reactivated after each stripping by imposing an overpotential to decompose any remaining species. Pre-plating is very versatile because of independent control step for bismuth film deposition and sample analysis, but also causes complicated and time-consuming operation. For in-situ plating, the Bi (III) ions concentration is generally higher than the target analytes concentration to avert the saturation effects [START_REF] Krã | 3 licka, Bismuth-film-plated carbon paste electrodes[END_REF]. In comparison with pre-plating, it could simplify the experiment operation and shorten measurement time because it doesn't need separate bismuth plating step from a Bi (III) solution and electrode transfer from the plating solution to the sample solution. However, the bismuth film will be stripped off from the surface of substrate with target analytes after each stripping analysis at a more positive oxidation than that of bismuth [START_REF] Wang | Bismuth-coated carbon electrodes for anodic stripping voltammetry[END_REF][START_REF] Kefala | A study of bismuth-film electrodes for the detection of trace metals by anodic stripping voltammetry and their application to the determination of Pb and Zn in tapwater and human hair[END_REF]. Thus, the substrate surface needs to be redeposited with bismuth film after each stripping analysis for next bath use. In ASV analysis, some surface-active compounds are extremely easily to absorb on the surface of BFE resulting to the surface fouling. To alleviate this problem, different polymers have been modified on the BFT surface as a permselective membrane such as nafion, polypyrrole, poly-(3-methylthiophene), etc [START_REF] Kefala | A study of Nafion-coated bismuth-film electrodes for the determination of trace metals by anodic stripping voltammetry[END_REF][START_REF] Gouveia-Caridade | Influence of Nafion Coatings and Surfactant on the Stripping Voltammetry of Heavy Metals at Bismuth-Film Modified Carbon Film Electrodes[END_REF][START_REF] Jia | Nafion/Poly(sodium 4-styrenesulfonate) Mixed Coating Modified Bismuth Film Electrode for the Determination of Trace Metals by Anodic Stripping Voltammetry[END_REF]. Overall, bismuth electrodes as an ideal substitute of mercury electrodes, behave attractive peak resolution and lower signal-to-background ratio. Coupling with different surface modifications, it is attractive for application in a wide field such as clinical, environmental, and industrial applications.

Chemically modified electrodes: WEs surface are coated with a monomolecular, multi-molecular, ionic, or polymeric film, etc., which could alter the properties of interface, called chemically modified electrodes (CME) [START_REF] Durst | Chemically modified electrodes: Recommended terminology and definitions (IUPAC Recommendations 1997)[END_REF][START_REF] Kutner | Analytical aspects of chemically modified electrodes: Classification, critical evaluation and recommendations (IUPAC Recommendations 1998)[END_REF]. The aims of CME are to improve selectivity, sensitivity, and stability of electroanalysis method, as well as eliminate interference of some surface-active compounds and expand usable potential window [START_REF] Vaze | Electrochemical behavior of folic acid at calixarene based chemically modified electrodes and its determination by adsorptive stripping voltammetry[END_REF]. The popular modifiers on the electrodes include: biomolecules, polymer, ligands, n-Alkanethiols, etc. Normally, the methods of modifying the electrode surface are classified as: film-substrate attachment method (e.g., physisorption, chemisorption, covalent attachment) [START_REF] Dong | Electrode modified with Langmuir-Blodgett (LB) film of calixarenes for preconcentration and stripping analysis of Hg(II)[END_REF][START_REF] Berchmans | Self-assembled monolayers of 2-mercaptobenzimidazole on gold: stripping voltammetric determination of Hg(II)[END_REF][START_REF] Stozhko | Modified carbon-containing electrodes in stripping voltammetry of metals[END_REF], and film composition (e.g., clays, sol-gels, polymer, and DNA) [START_REF] Tonle | Preconcentration and voltammetric analysis of mercury(II) at a carbon paste electrode modified with natural smectite-type clays grafted with organic chelating groups[END_REF][START_REF] Carrington | Electrochemical deposition of sol-gel films for enhanced chromium(VI) determination in aqueous solutions[END_REF][START_REF] Hoyer | Application of polymer-coated glassy carbon electrodes in anodic stripping voltammetry[END_REF][START_REF] Liu | Electrochemical sensor for mercury(II) based on conformational switch mediated by interstrand cooperative coordination[END_REF]. In SV analysis, the biomolecules (e.g., microorganisms, cells or parts of cells, cell receptors, enzymes, nucleic acids, antibodies, peptides, etc.) are directly or indirectly modified on electrode surface as sensing element for recognizing target analytes, termed "biosensor" [START_REF] Dali | A biosensor based on fungal soil biomass for electrochemical detection of lead (II) and cadmium (II) by differential pulse anodic stripping voltammetry[END_REF][START_REF] Li | Quantum dot-based electrochemical biosensor for stripping voltammetric detection of telomerase at the single-cell level[END_REF]. Normally, these biomolecules have strong binding affinity with specific metals or proteins. DNA modified electrodes are increasing used to construct electroanalytical sensors in various fields of application, some of their bases could mismatch with specific metal ions or proteins, such as thymine-Hg 2+thymine (T-Hg 2+ -T) mismatch, cytosine-Ag 2+ -cytosine (C-Ag 2+ -C) mismatch, Pb 2+stabilized G-quadruplex, thrombin binding G-quartet conformation, enabling a specific determination of analytes [START_REF] Liu | Electrochemical sensor for mercury(II) based on conformational switch mediated by interstrand cooperative coordination[END_REF][START_REF] Ono | Highly selective oligonucleotide-based sensor for mercury(II) in aqueous solutions[END_REF].

In addition, the conducting polymers modified electrodes have also received an increasing attention due to their superior conductivity, easy for preparation and better adhesion properties [START_REF] Choi | Challenges facing lithium batteries and electrical double-layer capacitors[END_REF][START_REF] Salinas | Highly ordered macroporous poly-3,4-ortho -xylendioxythiophene electrodes as a sensitive analytical tool for heavy metal quantification[END_REF]. Some unmodified conducting polymers such as polypyrrole (PPy), polythiophene, poly(3-methylthiophene) (P3MT), poly(3,4ethylenedioxythiophene) (PEDOT), polyaniline (PANi), behave intrinsic affinity to metal ions. A lot reports have demonstrated that they could be directly modified on the electrodes surface for preconcentrating metal ions in ASV [START_REF] Guo | Mesoporous carbon-polyaniline electrode: Characterization and application to determination of copper and lead by anodic stripping voltammetry[END_REF][START_REF] Zanganeh | Polypyrrole-modified electrodes with induced recognition sites for potentiometric and voltammetric detection of copper(II) ion[END_REF][START_REF] Song | Preconcentration and electroanalysis of silver species at polypyrrole film modified glassy carbon electrodes[END_REF][START_REF] Pickup | Extraction of silver by polypyrrole films upon a base-acid treatment[END_REF]. Besides, the conducting polymers are usually functionalized by doping ligands as ion recognition sites (e.g., metallochromic indicators, neutral carrier, sulfonated macrocycles, charged carriers, etc.) to improve the ions selectivity and electron transfer in electrochemical sensors [START_REF] Mousavi | Potentiometric Ag + sensors based on conducting polymers: A comparison between poly(3,4ethylenedioxythiophene) and polypyrrole doped with sulfonated calixarenes[END_REF][START_REF] Rahman | Characterization of an EDTA bonded conducting polymer modified electrode: Its application for the simultaneous determination of heavy metal ions[END_REF][START_REF] Lin | Electrochemical detection of copper ion using a modified copolythiophene electrode[END_REF]. These ligands could be covalently bound with the conducting polymers or they may be entrapped in conducting polymers as doping ions.

The size and shape of working electrode: A conventional WE, the so-called macroelectrode, has a diameter of a few millimeters. Microelectrodes are referred to electrodes with very small dimensions (≤25 μm) in at least one dimension of the electrode geometry. To make a microelectrode, it only needs to be small enough in one dimension, so the electrode can be of various shapes, such as disk, spherical, hemispherical, column microelectrodes, etc [START_REF] Xie | The application of microelectrodes for the measurements of trace metals in water[END_REF]. Microelectrodes have attracted a great deal of attention in SV analysis, due to their excellent analytical features, such as high mass transport, lower ohmic drop, minimal charging current, etc [START_REF] Bard | Electrochemical methods: fundamentals and applications[END_REF][START_REF] Spano | Anodic stripping voltammetric determination of traces and ultratraces of thallium at a graphite microelectrode[END_REF][START_REF] Stozhko | Modified carbon-containing electrodes in stripping voltammetry of metals. Part II. Composite and microelectrodes[END_REF]. The high mass transfer enhanced by the spherical diffusion reduces the need of convective transport, thus the stirring is unnecessary during the preconcentration step. The smaller charging current is as the result of the small electrode surface area, that significantly increases the ratio of faradic to non-faradic current, and improves the sensitivity of analysis, promoting measurement in microvolumes of sample [START_REF] Sanna | Determination of heavy metals in honey by anodic stripping voltammetry at microelectrodes[END_REF][START_REF] Takeuchi | Copper determination in ethanol fuel samples by anodic stripping voltammetry at a gold microelectrode[END_REF][START_REF] De La Huebra | Determination of linuron in soil by stripping voltammetry with a carbon fiber microelectrode[END_REF]. Moreover, the lower current results in a negligible ohmic drop which is allowed to detect analytes in the high resistance medium without adding the supporting electrolyte. It is possible to detect metal ions in relatively low ionic strength media such as rivers, snows, rains, etc.

A variety of modified microelectrodes have been widely used to analyze the trace metal ions or organic substances. For example, the bismuth coated on the micro-disk electrodes was applied in the determination of trace heavy metals (Pb, Cd) by ASV in food sample [START_REF] Baldo | Anodic stripping voltammetry at bismuth-coated and uncoated carbon microdisk electrodes: Application to trace metals analysis in food samples[END_REF]. The gold nanoparticles were modified on the gold microelectrode to effectively reduce the effect of hydrogen overflow on stripping of Zn(II), shifting stripping potential to positive value. However, a drawback for using microelectrode is that the extremely low current values are problematic. An array of microelectrode is developed to address this issue. The microelectrode arrays (MEAs) could facilitate the increase of current magnitude and improvement of signal-to-noise [START_REF] Berduque | Voltammetric characterisation of siliconbased microelectrode arrays and their application to mercury-free stripping voltammetry of copper ions[END_REF][START_REF] Kokkinos | Microfabricated chip integrating a bismuth microelectrode array for the determination of trace cobalt(II) by adsorptive cathodic stripping voltammetry[END_REF]. Moreover, the distance and number, geometry of the electrode in MEAs are proved to influence the electrochemical signal in voltametric analysis. Generally, the electrochemical signal increases in proportion to the number of electrodes when MEAs (multiple parallel microelectrodes) have sufficient inter-electrode distance. The MEAs of iridium, gold, platinum, and carbon are commonly manufactured using photolithographic methods or thin film techniques originating in integrated circuit technology, which have been applied the analysis of trace metals in rain water, lake, or soil sample [START_REF] Silva | Mercuryelectroplated-iridium microelectrode array based sensors for the detection of heavy metal ultratraces: optimization of the mercury charge[END_REF][START_REF] Berduque | Voltammetric characterisation of siliconbased microelectrode arrays and their application to mercury-free stripping voltammetry of copper ions[END_REF].

Potential wave forms

The voltametric response for stripping analytes in SV will depend on the selected type of scan, containing linear sweep voltammetry (LSV), differential pulse voltammetry (DPV) etc. Linear sweep voltammetry (LSV) is the simplest one of the electrochemical voltametric methods. In LSV, WE potential is swept linearly from one to other values at a fixed scan rate, and current is measured as a function of time. A voltammogram is obtained by plotting the current vs. potential from LSV experiment (Figure1.6A and B). LSV can be used to obtain the qualitative and quantitative information of electrochemical reaction and to study the electron transfer kinetics of analytes. For example, boron-doped diamond (BDD) electrodes were used by Dragoe group to detect trace levels of lead by linear-sweep anodic stripping voltammetry, which behaved a low limit of detection (2 nM) for lead ions in tap water [START_REF] Dragoe | Detection of trace levels of Pb2+ in tap water at boron-doped diamond electrodes with anodic stripping voltammetry[END_REF]. Zhang et al. used the underpotential method to deposit arsenic (III) on macroelectrode or a Pt nanoparticle modified GCE, and followed by arsenic stripping by means of LSV [START_REF] Zhang | Arsenic (III) detection with underpotential deposition and anodic stripping voltammetry[END_REF]. The result indicated that this method has practical value for detection of arsenic (III) in drinking water. While it is beneficial for examining the voltammetric behavior of metal deposition and stripping on an electrode surface, the collected current includes faradaic current (from metal stripping) and non-faradaic current (capacitance) in the potential range. The non-faradaic current as a background signal would make interference to whole electrochemical signal, eventually causing the reduction in the sensitivity of analysis, especially for determination of lower concentration analytes.

The waveform in DPV is a series of pulses where a base potential is kept for a specified period before the application of a potential pulse. Current is sampled (time: τ′) prior to applying the step pulse. The potential is then stepped by a small amount (10-100 mV)

and current is sampled again at the end of the pulse (time: τ). The sampling period is chosen to allow sufficient time for non-faradaic currents to decay, so that the predominant current results from faradaic reactions. The potential of the electrode then steps back by a smaller value than during the forward pulse, so that the baseline potential of each pulse increases a same value throughout the sequence. The differential voltammogram is recorded as the difference between the two sampled currents, δi = i(τ)

i(τ′) plotted against the baseline potential (Figure1.6C and D). The differential pulse principle could be explained simply as follows:

O + e -→R (O is reduced in a one electron step) (1.13)

At the beginning of the experiment, the base potential is much higher than the E' of O (formal potential), no faraday current flows before the pulse, and the potential change during the pulse is too small to stimulate the faraday process, so i(τ) -i(τ′) is actually 0.

In the later stage of the experiment, the base potential moved to the diffusion limited current region, and O was reduced at the maximum possible speed during the waiting period, and the current could not be further increased by applying a pulse, and the difference between i(τ) -i(τ′) was very small. Significant differential currents are observed only around E' (for reversible systems). Generally, it is convinced that the difference between the two-sampling current can help to reduce the non-faradaic current, and improve the sensitivity of analysis. Based on this favorable advantage, it is widely applied for determination of various ultra-trace analytes (heavy metal ions, organic molecules) in the environment, food, biomedicine [START_REF] Ostapczuk | Application of differential pulse anodic stripping voltammetry to the determination of heavy metals in environmental samples[END_REF][START_REF] Adeloju | Multielement determination in biological materials by differential pulse voltammetry[END_REF][START_REF] Baranowska | Determination of selected drugs in human urine by differential pulse voltammetry technique[END_REF][START_REF] Šeruga | Determination of polyphenols content and antioxidant activity of some red wines by differential pulse voltammetry, HPLC and spectrophotometric methods[END_REF].

Interferences

There are various interferences for determination of sample types in the SV, which seriously affect the accuracy, selectivity, and sensitivity of the analysis results. The formation of the intermetallic compound (e.g., In-Cd, Cd-Tl) and overlap stripping peaks have made great impact to the determination of target element. For example, Cu(II) as a type of trace metal could be found in different kinds of analytical samples, which is easily co-deposited with other metals on the Hg electrode to form intermetallic compounds. Some reports have proved that the peak current for a fixed concentration of Zn deceased with the addiction of Cu, arising from the formation of intermetallic compound between Cu and Zn [START_REF] Gardiner | The determination of cadmium. lead, copper and zinc in ground water, estuarine water, sewage and sewage effluent by anodic stripping voltammetry[END_REF][START_REF] Copeland | Elimination of copper-zinc intermetallic interferences in anodic stripping voltammetry[END_REF][START_REF] Neiman | The third element effect in anodic stripping voltammetry[END_REF]. The stripping peak current of Cd has also been found to be suppressed due to the presence of Cu, and a significant enhancement for Cu peak. This is due to similar stripping potential between Cu-Cd intermetallic and Cu, which results in two poorly resolved peaks [START_REF] Ostapczuk | Voltammetric and potentiometric comparison of tendencies of cadmium and zinc to intermetallic compound formation with silver, copper and gold in mercury[END_REF][START_REF] Wise | The effects of Copper-Zinc and Copper-Cadmium intermetallic compounds in different systems used for anodic stripping voltammetry[END_REF]. When detecting the Sb(III), the presence of the metal ions (Ag(I), Hg(II),Cu(II), Bi(III)) have gave rise to the overlap stripping with the Sb peak [START_REF] Beng Khoo | Poly(pyrogallol) film on glassy carbon electrode for selective preconcentration and stripping voltammetric determination of Sb(III)[END_REF]. Some typical methods could eliminate the interference from intermetallic compounds: (1) an additional element is added to the sample solution, and formed a more stable intermetallic compound with non-target metal element. For instance, the addition of excess gallium (Ga) to the Zn solution containing Cu, the formation of intermetallic Cu-Ga could successfully circumvent the Cu-Zn problem [START_REF] Copeland | Elimination of copper-zinc intermetallic interferences in anodic stripping voltammetry[END_REF].

(2) the sample solution could be diluted so that the concentration of interfering ions could be below the detection limit. (3) pre-treatment processes are executed by adding ion exchange resins or interfering ionic complexing agent before SV analysis. For example, the acidic cation-exchange resin (amberlite IR-120) have been used to separate the Pb from other heavy metal ions (Cd(II), Hg(II), Cu(II), Zn(II)) from pharmaceutical formulation [START_REF] Naushad | Separation of toxic Pb 2+ metal from aqueous solution using strongly acidic cation-exchange resin: analytical applications for the removal of metal ions from pharmaceutical formulation[END_REF]. In order to inhibit interference of Cu(II), ferrocyanide was used to form complexation with Cu(II) prior to the analysis of Cd(II)

and Pb(II) in soil samples [START_REF] Zhao | A portable electrochemical system for the on-site detection of heavy metals in farmland soil based on electrochemical sensors[END_REF]. As well, the sodium oxalate was as a masking agent to mask the interfered metal ions (Cu(II), Bi(III), Pb(II) and As(III)), and the KSCN was used to remove the interferences from Ag(I) and Hg(II) [START_REF] Beng Khoo | Poly(pyrogallol) film on glassy carbon electrode for selective preconcentration and stripping voltammetric determination of Sb(III)[END_REF]. Additionally, the application of chemically modified electrodes may lessen intermetallic interferences when stripping voltammetry is performed due to the selective interaction between the modifiers and metal of interest [START_REF] Dai | Gold nanoparticle modified electrodes show a reduced interference by Cu(II) in the detection of As(III) using anodic stripping voltammetry[END_REF]. The processes of interaction generally include covalent binding, biomolecular specific recognition, complexation, etc. [START_REF] Arrigan | Tutorial review. Voltammetric determination of trace metals and organics after accumulation at modified electrodes[END_REF]. The overlap peaks of multiple analyte metals, in some cases, can be resolved by adding suitable complexing agents to sample solution so that the stripping potential can be shifted according to how stable the complexes are.

When metal ions are detected in real samples, dissolved organic compounds such as proteins, surfactants, and bacteria are extremely easily absorbed on the electrode surface to create unpredictable errors in the analysis result of SV. The CSV and AdSV have often been adversely affected by organic compounds, due to the competition between the ligand and the organic compounds for complexing with target metals. In turn, besides the target metal, other interfered metals could compete with the ligand to form complexes. The surfactant such as Triton X-305 have been reported to interfere by hindering adsorption of the Cu-adenine complex on the electrode for determination of Cu(II) by ASV [START_REF] Safavi | Determination of copper by adsorptive stripping voltammetry of its complex with adenine[END_REF]. The presence of Ta(V), As(III), Pb(II) could depress the peak current of Sb due to the competitive accumulation with Poly(pyrogallol) film modified on the WE [START_REF] Beng Khoo | Poly(pyrogallol) film on glassy carbon electrode for selective preconcentration and stripping voltammetric determination of Sb(III)[END_REF]. Therefore, great care must be paid in removing or destroying the organic compounds prior to the detection of target analytes in real sample. At present, the common methods to eliminate interference of organic compounds include acidification, microwave heating, and UV irradiation, etc. [START_REF] Feldman | Determination of lead in blood by square wave anodic stripping voltammetry at a carbon disk ultramicroelectrode[END_REF][START_REF] Harbin | Determination of ammonia in seawater using catalytic cathodic stripping voltammetry[END_REF][START_REF] Van Den Berg | Determination of tin in sea water by adsorptive cathodic stripping voltammetry[END_REF]. Moreover, the test samples containing low mounts of organic compounds, could be corrected by the standard addition method and thereby mitigating the interference of organic matters to analysis result [START_REF] Safavi | Indirect determination of cyanide ion and hydrogen cyanide by adsorptive stripping voltammetry at a mercury electrode[END_REF]. Among them, UV digestion is one of the most convenient and efficient methods, and is widely used in the pretreatment of the acidified samples solution. UV-irradiated water can produce highly oxidative hydroxyl radicals (HO•), which can oxidize most organic compounds by destroying chemical bonds in compounds (the hydrogen peroxide acts as an oxidant to assist in the breakdown of organic matter), so that organic molecules eventually become CO2 and H2O, thereby eliminating the binding ability between organic compounds with heavy metals, and improving the sensitivity and accuracy of detection of analytes [START_REF] Do Nascimento | Simultaneous determination of cadmium, copper, lead and zinc in amino acid parenteral nutrition solutions by anodic stripping voltammetry and sample digestion by UV iIrradiation[END_REF][START_REF] Mattsson | Determination of selenium in freshwaters by cathodic stripping voltammetry after UV irradiation[END_REF][START_REF] Ellis | Anodic stripping voltammetry[END_REF].The inorganic anions (Cl -, Br -, C2O4 2-, SCN -, etc.) normally also complex with metal ions which cause interference for the determination of metal ions in SV analysis [START_REF] De Carvalho | Redoxspeciation of selenium in water samples by cathodic stripping voltammetry using an automated flow system[END_REF]. Additionally, some electroactive non-metallic species (dissolved oxygen, nitrates) could generate electrochemical signal that might interfere the stripping signal. Thus, it is essential to clearly know the solution composition before detecting metal ions in sample solution.

Summary of stripping voltammetry

The stripping voltammetry originates from the analysis of heavy metal ions, where a pre-concentration is achieved by electrodeposition on the WE and then the quantity of electrodeposited metal is analyzed by the charge in anodic dissolution and can be related to the metal ions concentration in solution [START_REF] Wang | Stripping analysis: principles, instrumentation, and applications[END_REF][START_REF] Hocevar | Antimony film electrode for electrochemical stripping analysis[END_REF][START_REF] Brainina | Electroanalytical stripping methods[END_REF]. The pre-concentration can also be carried out based on electrostatic interactions or chemical adsorption between the analyte and the WE, which extends the applications also to non-metal species [START_REF] Kalvoda | Review of adsorptive stripping voltammetryassessment and prospects[END_REF][START_REF] Herzog | Stripping voltammetry at micro-interface arrays: A review[END_REF]. As the key to the method is on the pre-concentration, enormous effort has been made to push the lower detection limit by chemically modifying the WE to enhance the interactions with the analyte (e.g., via electrostatic interactions, complex formation, specific molecular recognition, or formation of sparingly-soluble species) [START_REF] Murry | Molecular design of electrode surfaces[END_REF][START_REF] Walcarius | Electrode materials (bulk materials and modification)[END_REF][START_REF] Murray | Chemically modified electrodes[END_REF][START_REF] Svancara | Electroanalysis with carbon paste electrodes[END_REF]. A prerequisite to ensure high sensitivity is also that the accumulated species must be electrochemically accessible, in a fast and quantitative way, which might be intricate in some cases (electrode modifiers based on molecularly imprinted polymers, for instance) [START_REF] Belbruno | Molecularly imprinted polymers[END_REF][START_REF] Bossi | Molecularly imprinted polymers for the recognition of proteins: The state of the art[END_REF]. So far, anodic, cathodic and adsorptive/extractive stripping voltammetry remain among the analytical standards for the detection of trace elements and organic substances in the environment or in industrial samples belonging to food or pharmaceuticals sectors [START_REF] Chen | Use of platinum as the counter electrode to study the activity of nonprecious metal catalysts for the hydrogen evolution reaction[END_REF][START_REF] Engels | Reactions at the counter electrode in electroreductions under aprotic conditions in one-compartment cells[END_REF][START_REF] Ji | In situ preparation of pt nanoparticles supported on N-Doped carbon as highly efficient electrocatalysts for hydrogen production[END_REF][START_REF] Yassine | H 2 S sensors: fumarate-based fcu-MOF thin film grown on a capacitive interdigitated electrode[END_REF][START_REF] Kamath | Three-dimensional carbon interdigitated electrode arrays for redox-amplification[END_REF].

However, it is only applicable to the analytes that can be deposited or adsorbed onto, or have strong interactions with, the (modified) WE. A question then arises: How to extend the strategy (one uses longer time to cumulate analyte on the electrode and then analyzes in a striping step) of stripping to the analytes that do not pre-concentrate on WE?

The study of local reactivity based on imaging techniques

Apart from the concentration of analyte, another main target of electroanalytical chemistry is the reactivity of electrochemical interfaces. In general, the relationship between the applied potential and the current response on electrodes was used for studying the charge transfer kinetics, which could date back from Tafel. Various electrochemical measurements have been developed for this purpose, such as cyclic voltammetry and electrochemical impedance spectroscopy. These measurements may reveal the reactivity of electrodes.

Complement to the global reactivity of electrode, the local reactivity and its distribution over the electrode surface are also highly interesting, notably for studying electrode materials at micro-and nanoscale, as well as for their engineering at device level. The local reactivity of electrodes is generally measured through two strategies: scanning probe approaches and optical imaging. The former is based on scanning a probe that is in contact or close to the sample surface and measuring signals from the probe. This includes scanning electrochemical microscopy (SECM), scanning ion conductance microscopy (SICM) and scanning electrochemical cell microscopy (SECCM) [START_REF] Amphlett | Scanning electrochemical microscopy (SECM): An investigation of the effects of tip geometry on amperometric tip response[END_REF][START_REF] Hansma | The scanning ion-conductance microscope[END_REF][START_REF] Snowden | Scanning electrochemical cell microscopy: Theory and experiment for quantitative high resolution spatiallyresolved voltammetry and simultaneous ion-conductance measurements[END_REF]. These methods may reach high spatial resolution in nanometer range by scanning the probe from one point to another point. On the other hand, optical imaging may offer much higher throughput by directly mapping the surface [START_REF] Saqib | Optical imaging of nanoscale electrochemical interfaces in energy applications[END_REF]. A common way is to design reactions that may induce optical change of the WE, such as surface plasmon resonance [START_REF] Wang | Electrochemical surface plasmon resonance: Basic formalism and experimental validation[END_REF], electrochemiluminescence [START_REF] Chen | In situ imaging facet-induced spatial heterogeneity of electrocatalytic reaction activity at the subparticle level via electrochemiluminescence microscopy[END_REF], fluorescence and other imaging based on microscopy [START_REF] Guerrette | Fluorescence coupling for direct imaging of electrocatalytic heterogeneity[END_REF]. They may offer a balanced spatial and temporal resolution in mapping. In this section, both the two strategies are introduced.

Scanning electrochemical microscopy (SECM) and related techniques

SECM is a scanning probe technique in which a microelectrode is scanned across the substance from one point to another point to obtain the surface topography and local electrochemical activity of the sample substrate by recording the current response. Thus, by using a variety of operating modes, it is possible to characterize different substrates and experimental systems. This technique is capable of investigating the local electrochemical reactivity from a surface at a high spatial resolution [START_REF] Liu | Scanning electrochemical microscopy of living cells: Different redox activities of nonmetastatic and metastatic human breast cells[END_REF][START_REF] Sun | Scanning electrochemical microscopy of individual catalytic nanoparticles[END_REF][START_REF] Snook | Rapid SECM probing of dissolution of LiCoO2 battery materials in an ionic liquid[END_REF].

Basically, SECM is equipped with a bipotentiostat that controls the potential of the probe and the substrate immersed in the electrolyte, a position controller that accurately controls the movement of the probe, a micro-or nanoscale probe, and a data acquisition system that synchronizes all the components (Figure 1.7). In SECM measurements, different operational modes have been developed for a variety of applications, including feedback mode, generation/collection modes, redox competition mode, direct mode, potentiometric mode [START_REF] Grisotto | Direct SECM localized electrografting of vinylic monomers on a conducting substrate[END_REF][START_REF] González-García | A combined redoxcompetition and negative-feedback SECM study of self-healing anticorrosive coatings[END_REF][START_REF] Cannan | Scanning electrochemical microscopy (SECM) studies of catalytic EC′ processes: theory and experiment for feedback, generation/collection and imaging measurements[END_REF][START_REF] Eckhard | Redox competition mode of scanning electrochemical microscopy (RC-SECM) for visualisation of local catalytic activity[END_REF][START_REF] Filotás | Improved potentiometric SECM imaging of galvanic corrosion reactions[END_REF]. In order to expand the scope of application of SECM, SECM instrumentation has been combined with several different techniques containing scanning force microscopy (SFM) [START_REF] Mahankali | In situ electrochemical mapping of lithium-sulfur battery interfaces using AFM-SECM[END_REF], scanning probe lithography (SPL) [START_REF] Krämer | Scanning probe lithography using selfassembled monolayers[END_REF], surface plasmon resonance (SPR) [START_REF] Xiang | Scanning electrochemical microscopy combined with surface plasmon resonance: Studies of localized film thickness variations and molecular conformation changes[END_REF], scanning ion conductance (SICM) [START_REF] Comstock | Integrated ultramicroelectrode-nanopipet probe for concurrent scanning electrochemical microscopy and scanning ion conductance microscopy[END_REF], and fluorescence microscopy [START_REF] Guerret-Legras | Combined SECM-fluorescence microscopy using a water-soluble electrofluorochromic dye as the redox mediator[END_REF], etc. On the other hand, scanning electrochemical cell microscopy (SECCM) was also reported recently by Unwin et al.

by fabricating a "quad probe" combined the SECM technique [START_REF] Nadappuram | Quad-barrel multifunctional electrochemical and ion conductance probe for voltammetric analysis and imaging[END_REF]. The probe plays an essential role in the SECM experiment, which directly determines spatial resolution of a SECM measurement [START_REF] Ge | Fabricating and imaging carbon-fiber immobilized enzyme ultramicroelectrodes with scanning electrochemical microscopy[END_REF][START_REF] Deng | Construction as well as EQCM and SECM characterizations of a novel Nafion/glucose oxidaseglutaraldehyde/poly(thionine)/Au enzyme electrode for glucose sensing[END_REF][START_REF] Horrocks | Scanning electrochemical microscopy. 24. Enzyme ultramicroelectrodes for the measurement of hydrogen peroxide at surfaces[END_REF]. It is usually a microdisk electrode, in which an electroactive core (e.g., gold, silver, platinum, carbon) is covered by an insulating shield (e.g., glass) [START_REF] Ge | Fabricating and imaging carbon-fiber immobilized enzyme ultramicroelectrodes with scanning electrochemical microscopy[END_REF][START_REF] Deng | Construction as well as EQCM and SECM characterizations of a novel Nafion/glucose oxidaseglutaraldehyde/poly(thionine)/Au enzyme electrode for glucose sensing[END_REF][START_REF] Horrocks | Scanning electrochemical microscopy. 24. Enzyme ultramicroelectrodes for the measurement of hydrogen peroxide at surfaces[END_REF] with different geometry [START_REF] Matsui | Electrochemical mutagen screening using microbial chip[END_REF][START_REF] Mauzeroll | Scanning electrochemical microscopy. 48. Hg/Pt hemispherical ultramicroelectrodes: Fabrication and characterization[END_REF][START_REF] Lee | Scanning electrochemical microscopy. 41. theory and characterization of ring electrodes[END_REF][START_REF] Nebel | Ring-disk microelectrodes for simultaneous constant-distance and constant-current mode scanning electrochemical microscopy[END_REF][START_REF] Danis | Fabrication of carbon, gold, platinum, silver, and mercury ultramicroelectrodes with controlled geometry[END_REF].

Taking reduction reaction as example, the oxidant (Ox) in solution will be reduced at the microelectrode disk surface (Figure 1.8A).

Ox + ne→ Red (1.14) When the tip-to-substrate distance (d) of the probe is more than 10 times the radius (a)

of the electroactive core (d > 10a), the probe has a steady-state current (iT,∞) which is controlled by the mass transfer of Ox:

i T,∞ = 4nFCDa (1.15)
where F is Faraday's constant, C is the concentration of Ox in solution, D is the diffusion coefficient, and a is the diameter of the microelectrode. By scanning the probe in x-y plane and plotting iT, the SECM image can be obtained. 

Surface plasmon resonance microscopy(SPRM)

The SPRM was originated from surface plasmon resonance (SPR) spectroscopy, which has been extensively used to study biomolecular binding kinetics. SPR phenomenon occurs when a beam of p-polarized light is irradiated on a metal film (e.g. Au, Ag, Cu) coated on the surface of the substrate at a certain angle through the prism, resulting in the collective oscillations of free electrons at the metal-dielectric interface. The surface electromagnetic waves (surface plasmon polaritons, SPP) generated by collective oscillations will propagate parallel to the metal-dielectric interface and form an evanescent wave, whose electric field intensity will decay exponentially. In the visible light range, the effective depth of the evanescent wave is generally 100-200 nm from the surface. As a result, the intensity of the reflected light is minimized due to the conversion of light energy into plasmon resonance at a certain SPR angle. This angle is very sensitive to the refractive index close to the metal-dielectric interface, and may differentiate small differences or changes. Based on this, the SPR have been commercialized and developed as a label-free optical detection technique that can be used to analyze binding interactions between two or more molecules in real time.

Moreover, the highly flexibility and sensitivity of the SPR technique enables researchers to characterize biomolecular interactions in binding studies and is widely applicable to a variety of molecules such as ions, molecular fragments, small molecules, proteins, viruses, etc. [START_REF] Fang | Attomole microarray detection of microRNAs by nanoparticle-amplified SPR imaging measurements of surface polyadenylation reactions[END_REF][START_REF] Nguyen | Highly sensitive sandwich-type SPR based detection of whole H5Nx viruses using a pair of aptamers[END_REF]. SPR technology also been used to provide biophysical data such as affinity, kinetics, thermodynamics, etc. [START_REF] Campbell | SPR microscopy and its applications to highthroughput analyses of biomolecular binding events and their kinetics[END_REF][START_REF] Wagner | Temperature gradient approach for rapidly assessing sensor binding kinetics and thermodynamics[END_REF].

To achieve high throughput screening, a digital camera is applied to acquire image, which enables the SPR technique to have high spatial resolution or imaging capability.

In addition, a high numerical aperture (NA) objective has been used in place of the prism, which allows SPRM to detect objects with a high spatial resolution and prevent image distortion. In SPRM, the optical system includes a laser source, an inverted microscope, and a charge-coupled device (CCD) camera. A beam of p-polarized monochromatic light is focused by the oil emersion objective and stroked to a gold film coated substance (coverslip) to generate SPPs relying on a total internal reflection (Figure 1.10A), then the intensity of reflected light is captured by the CCD camera when the incident angle of the light is controlled. The incident angle or SPR angle is given by the equation [START_REF] Orlowski | The total reflection of light at smooth and rough silver films and surface plasmons[END_REF][START_REF] Green | Surface plasmon resonance analysis of dynamic biological interactions with biomaterials[END_REF]:

Sin(θ R )= √ ɛ m ɛ s (ɛ m +ɛ s )ɛ g (1.16)
Where θR is the incident angle to excite the surface plasmon resonance in Kretschmann configuration [START_REF] Green | Surface plasmon resonance analysis of dynamic biological interactions with biomaterials[END_REF], ɛ m, ɛ s, ɛ g is the dielectric constant of the metal film (real part), sample, and the objective, respectively.

A change in the dielectric permittivity of samples in touch with a metal film will affect the surface plasma. When the refractive index of a sample region happens to change, the θR will change, as the permittivity of the dielectric is proportional to the square of the refractive index of the sample. Scanning the incident angle of the light beam in a specific range will reveal a distinct minimum in reflectivity at a discrete angle (Figure

1.10B).

As a result, the reflection attenuation from the metal film is at its maximum at a specific incident angle when given a specific set of dielectric constants. It can be clearly seen that the θR shift to a higher angle with increasing the refractive index of sample region [START_REF] Wang | Electrochemical surface plasmon resonance: Basic formalism and experimental validation[END_REF]. The SPR change originated from adsorption of species on WE may also be induced and modulated by electrochemical reactions [START_REF] Fang | Plasmonic imaging of electrochemical reactions of single nanoparticles[END_REF][START_REF] Wang | Imaging local electric field distribution by plasmonic impedance microscopy[END_REF][START_REF] Wang | Fast electrochemical and plasmonic detection reveals multitime scale conformational gating of electron transfer in Cytochrome c[END_REF][START_REF] Jiang | Optical imaging of phase transition and Li-ion diffusion kinetics of single LiCoO 2 nanoparticles during electrochemical cycling[END_REF][START_REF] Zhao | Localized surface plasmon resonance for enhanced electrocatalysis[END_REF]. This compatibility is called electrochemical surface plasmon resonance microscopy (EC-SPRM), which has been widely employed for studying local electrochemical reactions in the various fields such as energy storages [START_REF] Kitta | Electrochemical surface plasmon resonance spectroscopy for investigation of the initial process of lithium metal deposition[END_REF], catalysis [START_REF] Zhao | Surface-enhanced Raman spectroscopic investigation on surface plasmon resonance and electrochemical catalysis on surface coupling reaction of pyridine at Au/TiO 2 junction electrodes[END_REF], biomolecules [START_REF] Kurita | Electrochemical surface plasmon resonance measurement in a microliter volume flow cell for evaluating the affinity and catalytic activity of biomolecules[END_REF], etc. Note that EC-SPRM is also sometimes referred with different terminology, such as plasmonic-based electrochemical current microscopy (P-ECM) and plasmonic-based electrochemical impedance microscopy (P-EIM). The SPR signal change may reveal the surface concentration of redox active species, which can be linked to the local current density by the flux (Fick's First Law) [START_REF] Allen | Electrochemical methods: Fundamentals and Applications[END_REF].

Shan et al. [START_REF] Fang | Plasmonic imaging of electrochemical reactions of single nanoparticles[END_REF]reported a new analysis method to image the variation of local current on the WE under voltammetry based on the SPRM. The current density, i(t) could be calculated by the local SPR signal according to the equation (1.17): Where α is constant that can be calculated theoretically or calibrated experimentally.

i(t)=bnFL -1 [s 1 2 ∆θ SPR (s)] (1.17) Where b= [B (a R D R -1/2 -a o D O -1/2 )],
According to the relationship above, Wang et al. demonstrated that the P-EIM could determine the distribution of surface charges and local electric fields on the electrode surface in combination with a micro-pipet (Figure 1.12A) [START_REF] Wang | Imaging local electric field distribution by plasmonic impedance microscopy[END_REF]. When the micro-pipet was placed near an electrode, an oscillating potential was applied, which induced charge on its surface, resulting in both dc and ac plasmonic images (Figure1.12B and 1.12C).

By detecting the scattering of plasmonic waves by the micro-pipet, the former provides information about the position and size of the micro-pipet tip, while the latter offers information about the distribution of surface charges, from which the electric field (E ls ) on the gold surface could be calculated according to the equation:

E ls = σ ɛ ɛ 0 (1.22)
The results indicated that the distance between micro-pipet and gold electrode, as well as size of the orifice of the micro-pipet directly decide local charge density and electric field. In addition, considering that SPRM is sensitive to local electron density on the gold film electrode, which could be modulated by altering interfacial potential. It thus can also be used for studying distributions of interfacial potential and provides a way to image the distribution of interfacial potential of bipolar electrodes in non-faradaic conditions without using any additional active probes in the solution [START_REF] Hasheminejad | Plasmonic imaging of the interfacial potential distribution on bipolar electrodes[END_REF]. It has been shown that each nanoparticle has different electrochemical properties based on its size, shape, composition, and surface states [START_REF] Fang | Plasmonic imaging of electrochemical oxidation of single nanoparticles[END_REF]. Conventional EC methods for studying single entity is to measure the average value of a large number of particles.

However, most actual systems usually contain heterogeneous components, for example, nanoparticles of different sizes and shapes. In order to investigate the electrochemical properties of various entity simultaneously, EC-SPRM has received great attention due to its high throughput and high spatial and temporal resolution and its potential to study the electrochemical process of a single entity. Shan et al. [START_REF] Shan | Imaging the electrocatalytic activity of single nanoparticles[END_REF] studied the electrocatalytic activities of individual platinum nanoparticles by using the P-ECM technique. In this work, an array of platinum nanoparticles printed on gold film electrode surface as catalyst, which could catalyze the reduction of protons to hydrogen in the H2SO4 solution by scanning a negative potential. The refractive index near the electrode surface was decreased during the reduction process which resulted in the change of SPR signal. Therefore, electrochemical current of the multiple platinum nanoparticles could be simultaneously imaged corresponding to the applied potential.

In order to demonstrate the capability of P-ECM for quantitative analysis of the local electrocatalysis reaction, platinum nanoparticles of varying densities were printed on the gold electrode to catalyze the proton reduction. The results exhibited the electrocatalytic current increases proportionately to the nanoparticle density at a given potential (Figure 1.13A and 1.13B). Moreover, the differences between single Au NWs and bulk Au electrodes also have been studied by P-ECM images and CVs.

Discerning the composition, structure and size of single particle is very essential, especially the material applied in the lithium battery. The small size of the nanoparticle is capable of a faster charge rate and long cycle life in Li-ion batteries due to the acceleration of Li-ion diffusion and decreasing stress during phase transition [START_REF] Yoo | Large reversible Li storage of graphene nanosheet families for use in rechargeable Lithium ion batteries[END_REF][START_REF] Liu | A pomegranate-inspired nanoscale design for large-volume-change lithium battery anodes[END_REF].

Besides studying the electrochemical reaction of nanoparticles pre-immobilized on the electrode surface, the P-ECM can also be used to study the dynamic electrochemical 

Electrochemiluminescence Microscopy(ECLM)

Electrochemiluminescence microscopy (ECLM) technique is an essential analysis method which has been applied to study electrochemical reaction kinetics at a micronano level due to its outstanding characteristics such as high spatial and temporal resolution, as well as high-throughput, etc. [START_REF] Dolci | Development of a new device for ultrasensitive electrochemiluminescence microscopy imaging[END_REF][START_REF] Dong | Operando imaging of chemical activity on gold plates with single-molecule electrochemiluminescence microscopy[END_REF]. In contrast to other imaging microscopes, the imaging approach does not require an optical excitation, so there is no background noise involved, leading to a low detection limit and high sensitivity [START_REF] Ma | Recent progress in electrochemiluminescence sensing and imaging[END_REF].

Consequently, in this section, the ECL system and mechanism, ECLM setup, and ECLM application will be discussed, respectively.

ECL occurs when excited states are formed by electron transfer of active intermediates resulting from electrochemical reactions. The basic mechanisms of ECL are annihilation and co-reactant pathways [START_REF] Marcus | On the theory of chemiluminescent electron-transfer reactions[END_REF]. In the annihilation route, the oxidized and reduced species (A •+ and B • + ) are produced on the electrode surface, then these species interact each other to generate excited of luminophore A*, which can emit light by relaxing to the ground state [START_REF] Fleet | The electrogenerated chemiluminescence of pyrene and some related compounds[END_REF].

A -e → A 

A •+ + B •-→ A * + B (1.25) A * → A + hv (1.26)
The annihilation pathway emits photons by relying on simple reaction conditions containing electrochemiluminescent species, supporting electrolyte, and solvent,

However, the narrow redox potential range of water makes it difficult for the luminophore reagent to be both reduced and oxidized, this makes it necessary to shift for non-aqueous solvents. (C) ECL image of part ZnO rod [START_REF] Chen | In situ imaging facet-induced spatial heterogeneity of electrocatalytic reaction activity at the subparticle level via electrochemiluminescence microscopy[END_REF].

Summary of different imaging techniques for local reactivity analysis

Measuring local electrochemical reactivity of electrodes is highly important for fundamental understanding of the materials as well as engineering of electrochemical devices [START_REF] Ma | In situ mapping of activity distribution and oxygen evolution reaction in vanadium flow batteries[END_REF][START_REF] He | Local charge transfer within a covalent organic framework and Pt nanoparticles promoting interfacial catalysis[END_REF][START_REF] Almalla | Development of layerby-layer assembled thin coatings on aluminium alloy AA2024-T3 for high resolution studies of local corrosion processes[END_REF][START_REF] Yang | Imaging the electrochemical impedance of single cells via conductive polymer thin film[END_REF][START_REF] Momotenko | High-speed electrochemical imaging[END_REF]. This is usually achieved by scanning electrochemical probe techniques, such as SECM and SECCM. With the recent development of nanoelectrodes and nano-capillaries, the spatial resolution of SECM and SECCM could reach tens of nanometers. However, to generate a map of electrochemical signals, the probe has to scan over the sample surface, which is intrinsically slow. It may take minutes and even hours, making it impossible to map transient electrochemical processes at high temporal resolution.

On the other hand, optical imaging is much faster with modern cameras. Even without special camera, it typically takes tens of milliseconds to acquire a static image, which is already several orders of magnitude less as compared with scanning probe techniques.

Moreover, one may easily achieve good spatial resolution up to the diffraction limit of the light (<1 µm) without special optics. Thus, optical imaging is ideal for high throughput measurements and is widely used in industry [START_REF] Guerrette | Fluorescence coupling for direct imaging of electrocatalytic heterogeneity[END_REF][START_REF] Guo | Microtube electrodes for imaging the electrochemiluminescence layer and deciphering the reaction mechanism[END_REF]. Nevertheless, most of the electrochemical reactions cannot be directly "seen". It is essential to quantitatively convert the electrochemical reactions to measurable optical signals. For example, Tao and co-workers have developed electrochemical Surface Plasmon

Resonance Microscopy (SPRM), where they derived quantitative links between SPR intensity and local electrochemical signals, i.e. current density, double-layer capacitance and charge transfer resistance [START_REF] Shan | Imaging local electrochemical current via surface plasmon resonance[END_REF][START_REF] Lu | Plasmonic-based electrochemical impedance spectroscopy: Application to molecular binding[END_REF]. The technique has been used to monitor the electrocatalytical activity of single nanoparticles in real-time [201][191,192,227]. Note that SPRM is usually performed on thin gold film electrodes for the sake of getting significant SPR signals. This would limit practical applications due to the potential interference from the oxidation of gold under anodic bias and/or the instability of gold films in acidic media. Another strategy is to "look" at reactions that involve photo-responsive molecules, such as electrochemiluminescence microscopy [START_REF] Richter | Electrochemiluminescence (ECL)[END_REF][START_REF] Deb | Opportunities and challenges of electrochromic phenomena in transition metal oxides[END_REF][START_REF] Granqvist | Electrochromic oxides: A unified view[END_REF]. This is based on the excitation of luminophore that emits light [START_REF] Richter | Electrochemiluminescence (ECL)[END_REF]. In this case, the optical signal intensity is linked to the quantity of electrochemically generated photo-active species, which reflects the electrochemical reaction kinetics on the WE. Yet, it is limited to a few special reactions. To target more general "invisible" reactions, one needs to add luminophore and design special reaction routes. This would inevitably change the target system of interest. From the optical measurement aspect, all the approaches above focus on the WE sample, that is, capturing the image by directly "looking" at the optical change of WE as a result of electrochemical reactions. In that case, we need to ask: is there a generic method to in situ observe and record the electrochemical reactivity of any electrode without special design or modification of either the electrode or the electrolyte?

Electrochromic material

Electrochromism (EC) refers to color change of materials induced by reduction (gain of electrons) or oxidation (loss of electrons) following the current flow [START_REF] Deb | Opportunities and challenges of electrochromic phenomena in transition metal oxides[END_REF][START_REF] Granqvist | Electrochromic oxides: A unified view[END_REF].

According to the process of color change, it can be divided into irreversible colorchanging materials with unidirectional color change, and reversible color-changing materials with more application value that can change color in both directions. In terms of its application within a variety of technical systems, EC is of interest from both a scientific and technological standpoint, including for the creation of energy-efficient electronic devices, such as smart windows, displays, shutters, variable reflectors, and sensors [START_REF] Wang | Electrochromic smart windows can achieve an absolute private state through thermochromically engineered electrolyte[END_REF][START_REF] Jensen | Manufacture and demonstration of organic photovoltaic-powered electrochromic displays using roll coating methods and printable electrolytes[END_REF][START_REF] Sapstead | Latent fingerprint enhancement via conducting electrochromic copolymer films of pyrrole and 3,4ethylenedioxythiophene on stainless steel[END_REF][START_REF] Farahmand Nejad | Electrochromism: An emerging and promising approach in (bio)sensing technology[END_REF][START_REF] Rai | A review on recent advances in electrochromic devices: A material approach[END_REF].

The optical properties (transmittance, color) of EC materials change upon oxidation and/or reduction. As a result of switching between oxidation and reduction states, color is formed which leads to formation of new spectral peaks in the visible area. Most organic EC materials are composed of viologens, conjugated conductive polymers (CP) such as polypyrrole, polythiophene, polyaniline and their derivatives [START_REF] Mortimer | Organic electrochromic materials[END_REF][START_REF] Mortimer | Electrochromic organic and polymeric materials for display applications[END_REF][START_REF] Nicho | Synthesis of derivatives of polythiophene and their application in an electrochromic device[END_REF].

Inorganic electrochromic materials mainly refer to oxides, complexes, hydrates and heteropoly acids of certain transition metals [START_REF] Patel | All-inorganic solid-state electrochromic devices: a review[END_REF][START_REF] Gugole | Electrochromic inorganic nanostructures with high chromaticity and superior brightness[END_REF]. Among common transition metal oxide electrochromic materials, cathodic coloration is mainly found in group VI metal oxides, including tungsten oxide, molybdenum oxide, etc. [START_REF] Granqvist | Electrochromic tungsten oxide films: Review of progress 1993-1998[END_REF][START_REF] Dhanasankar | Optical, structural and electrochromic studies of molybdenum oxide thin films with nanorod structure[END_REF]; the anodic discoloration is mainly found in VIII metal oxides, such as platinum, iridium, osmium, etc., among which tungsten and vanadium oxides are commonly used [START_REF] Liu | Electrochromic and chemochromic performance of mesoporous thinfilm vanadium oxide[END_REF]. A detailed discussion of some commonly used EC follows.

Electrochromism in conjugated conductive polymers

The Organic ECs have one main advantage of fast color switching. This makes them ideal candidates for electrochemical imaging, as a direct link could be established between the electrode potential and the redox ratio by Nernst Equation. Nevertheless, the longterm stability of organic ECs is usually unsatisfied. This could sometimes be enhanced by forming composite with inorganic electrochromic materials [START_REF] Thakur | Hybrid materials and polymer electrolytes for electrochromic device applications[END_REF], which will be introduced in the following section [START_REF] Thakur | Hybrid materials and polymer electrolytes for electrochromic device applications[END_REF].

Electrochromism in transition metal oxides

In terms of EC applications, tungsten oxide (WO3) is the most studied transition metal oxide (TMO). It has high staining efficiency, high contrast, and highly chemical stability, making it an ideal material for practice. As an indirect bandgap semiconductor, its EC response is achieved by intercalation and deintercalation of H + , Li + , Na + , and K + under potential bias [START_REF] Deepa | Electrodeposited tungsten oxide films: annealing effects on structure and electrochromic performance[END_REF]. As shown in the following reaction, WO3 has reversible EC properties due to the formation of tungsten bronze (MxWO3).

WO3 (transparent) + 𝑥M

+ + 𝑥e -↔ M𝑥WO3 (blue) (1.30) 
where M represents H, Na, Li, etc. As ion insertion and electron injection under cathodic polarization, WO3 films become the blue color. Through these processes, the band gap of WO3 is altered, which affects light transmission. With the insertion of metal ions or H + into the lattice, the internal electromotive force increases, producing a colored state; similarly, electrons and metal cation (protons) are obtained by reversing the potential bias, resulting in bleaching.

In general, TMOs have band gaps between 1 and 5 eV (Figure 1.17) and thus occupy a position between semiconductors and dielectrics [START_REF] Ashrit | Transition metal oxide thin film-based chromogenics and devices[END_REF]. TMO structure influences EC behavior. The properties especially the physicochemical properties of the EC are directly impacted by structural and impurity defects. The Eg of WO3 films decreases with increasing annealing temperature from 3.62 eV to 3.30 eV. Furthermore, colored WO3 films have a lower Eg than bleached WO3 films [START_REF] Zhang | Effects of annealing temperature on optical band gap of sol-gel tungsten trioxide films[END_REF]. According to different Eg, it is illustrated that the conductivity of the WO3 film increases with decreasing Eg, while the response time of the film increases with high conductivity. Nevertheless, the coloration efficiency and the color switching speed are relatively low.

The latter could be improved by using amorphous structure, or forming composite with organic ECs that change color at the same potential range.

Research aims in this thesis

The thesis work was carried out around the main concept of measuring signals from CE for electroanalysis. This includes the analysis of concentration from a micro-CE in

Chapter II, and the visualization of local reactivity from an electrochromic CE in

Chapter III.

Stripping voltammetry is very important analysis method for detecting ultra-low concentration of analyte. To achieve the detection for those kinds of analyte that can't pre-concentrated on the WE, the CE combine with stripping voltammetry is studied in Chapter II. Some factors (size of CE, concentration, potential, time, etc.) affecting detection limit and sensitivity are evaluated. The practical application is also carried out by this CE analysis method and the result is compared with the conventional electrochemical method.

After getting familiar with the electrochemical cell design and the general concepts of CE electroanalysis, we will shift the target from concentration analysis to an unconventional "analyte", that is, the surface reactivity of electrodes. To solve some limitations (time-consuming, complicated design for WE, harsh requirement for electrolyte) by some traditional techniques (SECM, SPRM, ECLM, etc.) for analyzing surface reactivity of electrodes, we have developed a method by mapping the local optical change of CE to indirectly analyze the WE surface reactivity in Chapter III.

To improve the resolution, the distance between WE and CE, voltage, time, electrolyte type is explored. Moreover, different kinds of WE substrates are studied to verify this method with wide application value.

Chapter II

Electrochemical stripping analysis from microcounter electrode

Principle of the method

The WE is defined as the electrode at which the electrochemical reactions of interest occur [START_REF] Xu | Electrochromic sensor for multiplex detection of metabolites enabled by closed bipolar electrode coupling[END_REF]. It is often employed to study electrochemical reaction mechanisms, concentration measurement [START_REF] Ding | Imaging cell-matrix adhesions and collective migration of living cells by electrochemiluminescence microscopy[END_REF][START_REF] Xia | Label-free probing of electron transfer kinetics of single microbial cells on a single-layer graphene via structural color microscopy[END_REF], and local reaction activity [START_REF] Robinson | Detecting subsecond dopamine release with fast-scan cyclic voltammetry in vivo[END_REF][START_REF] Dungchai | Electrochemical detection for paper-based microfluidics[END_REF][START_REF] Srivastava | Microstructural and electrochromic characteristics of electrodeposited and annealed WO3 films[END_REF] in conjunction with a variety of electrochemical methods including cyclic voltammetry [START_REF] Ji | Smartphone-based cyclic voltammetry system with graphene modified screen printed electrodes for glucose detection[END_REF][START_REF] Robinson | Detecting subsecond dopamine release with fast-scan cyclic voltammetry in vivo[END_REF][START_REF] Dungchai | Electrochemical detection for paper-based microfluidics[END_REF], chronoamperometry [START_REF] Perez | Chronoamperometry to determine differential reductions in uptake in brain synaptosomes from serotonin transporter knockout mice[END_REF][START_REF] Srivastava | Microstructural and electrochromic characteristics of electrodeposited and annealed WO3 films[END_REF], differential pulse voltammetry [START_REF] Ferapontova | An RNA aptamer-based electrochemical biosensor for detection of theophylline in serum[END_REF][START_REF] Sun | The simultaneous electrochemical detection of ascorbic acid, dopamine, and uric acid using graphene/sizeselected Pt nanocomposites[END_REF][START_REF] Brocenschi | Use of a boron-doped diamond electrode to assess the electrochemical response of the naphthol isomers and to attain their truly simultaneous electroanalytical determination[END_REF]. However, the CE in electrochemical systems is often neglected as it just serves to flow current generated at WE for controlling its potential versus the reference electrode. Opening an electrochemistry textbook [START_REF] Honeychurch | Printed thick-film biosensors[END_REF][START_REF] Cottis | Electrochemical methods[END_REF], most of the theories and analysis (if not all) are built around the WE, and the CE is supposed not to interfere the WE by having sufficiently large active area, distance from WE, low polarization, homogeneous current distribution, etc.

In this chapter, we attempt to carry out electrochemical stripping analysis not based on directly pre-concentrating the analyte on WE, but indirectly extracting signals from CE.

The concept is illustrated in Figure 2.1. The electrochemical cell 1 consists of two compartments, which are denoted as Cell 1a and Cell 1b. The WE1 and the reference electrode (RE1) are placed in Cell 1a, whereas the CE1 is placed in Cell 1b. The two compartments are connected with a "bridge", which can be a salt bridge as in classical voltaic cells, or an electron conductor such as metal wire or plate. In the former case, compartments 1a and 1b are half-cells, while in the latter case they are independent electrochemical cells connected in series. The latter is often used as closed bipolar system for studying the reactions at the "bridge", but here we focus on the reactions on WE1 and CE1 (denoted as source electrodes in bipolar systems [START_REF] O'shea | Characterization of trace metal-organic interactions by anodic stripping voltammetry[END_REF]) instead. Then, the pump was attached to the top of the capillary and current was passed through the wire and increased the temperature around the capillaries when an external power supply was used. Note: to ensure even heating for the glass around Pt wire, the heating temperature should be gradually increased and keep a suitable temperature for about 1 minutes until the glass wall around Pt wire collapsed, soldering the Pt wire. Afterward, copper wire (length: ca. 15 cm) with the conductive resin was inserted inside the capillary to connect with Pt wire, then left in the oven at 60°C for a few hours to dry. The length of the copper wire needs to be longer than that of the capillary as a few centimetres needs to extend out for electrical contact.

Polishing of sealed micro-CE. The sealed microelectrode was polished by the rough sandpaper to expose the Pt tip. Then the microelectrode was polished by smooth sandpaper (0.3 um) to get smoothy surface. Finally, the prepared microelectrode was sonicated and rinsed thoroughly by deionized (DI) water, acetone and ethanol successively to remove the residue on the surface of microelectrode. Note: before use, the microelectrode should be polished gently with 0.05 um alumina powder on the soft cloth and sonicated by the deionized water, ethanol and water successively.

Characterization of microelectrode performance

To ensure that there is no infiltration between the Pt wire and capillary insulation in solution, and to measure the electrical contact between copper wires and Pt wire. The four sizes of microelectrodes were scanned from -0.2 V to 0.6 V in classical three- The steady-state mass transfer on microelectrode can be explained as follows: firstly, at sufficient short time, the δ (diffusion layer) < r 0 , this diffusion layer appears planar to a molecule at the edge of the spherical electrode. nder this condition, the electrode behaves like a macroelectrode and mass transport is dominated by linear diffusion to the electrode surface as illustrated in Figure 2.5A. Therefore, at short time, the current is given by the Cottrell equation:

i(t)= nFAD O 1/2 C O * π 1/2 t 1/2 (2.1)
Where Do is the diffusion coefficient for the active species, n is the number of electrons transferred in the redox reaction, F is Faraday's constant, A is the geometric electrode area, t is reaction time, C* is redox-active species of concentration. r 0 is the microelectrode radius.

At long times, the δ >> r 0 , the radial character of the electrode becomes important and the mass transport process is dominated by radial diffusion as illustrated in Figure 2.5B.

The current is a time independent steady-state value given by the equation:

i ss = nFAD O C O * r 0 (2.
2)

The steady-state response occurs because the electrolysis rate equals the diffusion rate of molecules to the electrode surface. 

The protocol of analysis

All electrochemical experiments were carried out on a PalmSens 4 potentiostat (PalmSens, Netherland). Before each measurement, CE1 was polished with 0. 

Results and Discussion

Proof-of-concept: Establishment of the method

As the concept is based on analyzing signals from CE, its choice is the first step to explore. Three Pt electrodes of different size are tested as CE1 for carrying out the same LSV analysis of Fc(MeOH)2 in Cell 1: a Pt sheet of much larger area than WE1, a Pt disk electrode of comparable area as WE1, and Pt ultramicroelectrode of much smaller area than WE1. CE1 is stable, which fulfils the criteria for selecting CE [START_REF] Cottis | Electrochemical methods[END_REF]. However, when a Pt ultramicroelectrode is used as CE1, the cell voltage rapidly varies from -2.0 to 0 V in the first 1 s, and then slightly increases to ca. 0.8 V with similar slope as EWE1. With the same current flowing through CE1 as seen from Figure 2.7A, the current density on Pt microelectrode is much higher than that on Pt sheet or disk. This leads to the polarization of the electrode and may explain the phenomenon. As the potential of EWE1 is controlled, the more positive EWE1 vs. ECE1 qualitatively suggests that the potential of ECE1 is more negative, which drives the reduction of Cu 2+ in Cell 1b to form Cu (0) deposit on CE1. This is examined by transferring CE1 to Cell 2 (as WE2) for anodic which might be due to excessive Cu (0) shedding due to small area electrode size. In addition, the amount of Cu (0) deposited on the different sizes of micro-CEs for detecting same concentration of Fc(MeOH)2 follows the trend: 50 μm >100 μm > 200 μm. This is due to the fact that under the same current conditions, the smaller the micro-CE size, the higher the current density, and the easier it is to polarize the micro-CE and deposit more Cu (0) . Based on this, we further used 25 μm microelectrode as CE to study the Cu (0) deposition amounts when detecting lower concentration range of Fc(MeOH)2. The Cu (0) deposition amounts for 25 μm micro-CE is higher than that of the 50 μm micro-CE when detecting the concentration of Fc(MeOH)2 from 0.02 mM to 0.1 mM (Figure

2.9B).

Moreover, further extending the concentration of Fc(MeOH)2 below 0.02 mM, there is still Cu(0) deposition on the micro-CE, so reducing the micro-CE size would improve the lower detection limit of this analysis method. After choosing micro-Pt as the most suitable CE1 electrode, the next step is to investigate the measurement method for quantification. Nevertheless, in both solutions Cu (0) deposition is occurring on CE1 as evidenced by stripping peaks recorded in Cell 2, yet with higher current in Fc(MeOH)2 solution than in the blank (Figure 2.10B). The quantity of Cu (0) deposited on CE1 is slightly more than two times larger (as seen from the stripping current/charge in Cell 2) when Fc(MeOH)2 is present in Cell 1a, further confirming the feasibility for indirect analysis, yet still unfavourable for quantification due to the presence of quite high signal from the analyte-free blank solution. This is because the deposition of Cu (0) on CE1 is affected by the polarization, which depends on the current flow through the cell (WE1 and CE1) but cannot differentiate the nature of the current (Faradic and residual/capacitive) [START_REF] Holak | Determination of arsenic by cathodic stripping voltammetry with a hanging mercury drop electrode[END_REF]. That is to say, as long as the potential of CE1 allows, both non-Faradaic and Faradaic current for WE1 may contribute to Cu (0) deposition on CE1.

In LSV, non-Faradaic current is always present due to the scanning potential, thus it may complicate the quantification analysis from CE1 stripping signals. Therefore, chronoamperometry (CA) is used to reduce the interference of non-Faradaic current by fixing the potential applied on WE1 at a value enabling the oxidation of the probe. It means that IF still keeps 10% of its value when passing from 1 to 100 s of CA experiment. Note that when the concentration of Fc(MeOH)2 near WE1 is very low due to the diffusion limit, the kinetics of its oxidation cannot be negligible. This may explain the current "plateau" at a very low value (order of magnitude lower than the initial current) instead of decreasing to zero. Nevertheless, the kinetics also depend on the concentration of Fc(MeOH)2 thus the linear relationship between Faradaic current and Fc(MeOH)2 concentration is still valid. It also explains the higher current "plateau" for Fc(MeOH)2 solution as compared with that for the blank one. As a consequence, the quantity of Cu (0) deposited on CE1 is also much higher after measurement in It also offers more significant difference in Cu (0) deposition charge for analysing the same concentration of Fc(MeOH)2 (Figure 2.11). Thus, chronoamperometry is more preferable and was chosen for further quantitative analysis. 

The effect of CE size on the copper deposition

The choice of CE has been discussed in Micro-Pt has more negative potential range than that of Pt sheet, potential range of the latter tends to be positive. Consequently, the Cu stripping signal (high peak) of micro-Pt in cell2 is obvious while there is no stripping peak to be observed from Pt sheet (Figure 2.12C). The result demonstrate the micro-Pt is optimal choice as CE in this system which is consistent with the conclusion from 

The effect of the position of CE on the electrochemical reaction on WE

Because the device is designed to separate the WE from the CE by using two compartments in this experiment (Figure 2 

Factors affecting the analysis

Based on the results above, one can conclude that chronoamperometry is suitable for the stripping analysis of non-adsorbing Fc(MeOH)2 model analyte, indirectly from the stripping of Cu (0) on the CE. To gain more insights into the analytical process, various factors that may affect the signals were systematically studied. These include the electrolysis duration and the potential applied on WE1 in Cell 1a, the Cu 2+ concentration and pH of the electrolyte solution in Cell 1b, as well as the type of "bridge" connector.

A first parameter likely to influence the electrode response is the time afforded for the oxidation of the probe. Like in classical stripping voltammetry where the analyte is preconcentrated on the working electrode by deposition for a period of time for enhancing the signals, the chronoamperometry on WE1 may also offer a possibility to increase the amount of Cu (0) deposited on CE1 by prolonging chronoamperometry in Cell 1 and consequently increase the stripping signal measured from Cell 2. One possible explanation for this phenomenon is that the Pt micro-counter electrode is too small to carry large amounts of deposited Cu (0) , so the excess of deposit might partially peel off from CE1 leading to the decrease in stripping charge of WE2. This is also supported by the shape of stripping curves that show multiple peaks of Cu (0) oxidation (an indication of multi-layer deposition, Figure 2.15). Overall, the above results suggest that extending time may enhance the charge of Cu (0) stripping on WE2

for measuring low concentrations of analyte in Cell 1a, while it is unfavourable in the case of too high analyte concentrations due to excess deposition. The latter could potentially be solved by using CE1 of larger area. Nevertheless, as the analytical interest is naturally on low concentration, this is not further explored in this work. The relationship between time, Fc(MeOH)2 concentration and copper deposition charge, paves the way for indirectly "stripping" Fc(MeOH)2 from the CE, and constitutes the basis for further quantitative analysis. A general trend is that the Cu (0) stripping charge first increases and then decreases as the Cu 2+ concentration in Cell 1b increases. With 0.002 M Cu 2+ in Cell 1b, the deposition is likely diffusion-controlled as the solution is not stirred during the analysis.

As a result, the deposition of Cu (0) is limited. This may also explain that at so low Cu 2+ (0) stripping is always lower than that measured from current integration on WE1, which can be attributed to H2 evolution (a competing reaction for Cu 2+ reduction under cathodic polarization of CE1). This is especially significant at pH 1 while the H2 evolution effect is less pronounced at pH 2, leading to an increase in the Cu (0) stripping charge. In less acidic solutions, especially at pH 4, the reduction of Cu 2+ may get complicated by forming intermediates containing Cu (I) species. The stripping signal is also less clean with multiple peaks (Figure 2.21), which is not favorable for quantification. Another point likely to influence the analysis on CE is the type of "bridge" connector between Cell 1a and Cell 1b. Different materials were tested, including Pt sheet of different size, Cu wire and a classical salt bridge. As seen from Figure 2.22, there is no significant difference for both the charge from current integration on WE1 and that from Cu (0) stripping from CE1, regardless of the material, the size and the conductor type (ionic or electronic). Therefore, we did not study the effect of "bridge" further in detail and used Cu wire for the entire work. Just to recall that a main consideration of the cell design is to reduce as much as possible the interfacial impedance between the "bridge" and the solutions to ensure that the cell voltage does not exceed the limit of the potentiostat, and that any cell configuration used here (three-electrode cell and two halfcells with either salt of metal bridges) gave exactly the same voltammetric response 

The analytical figures of merit

One already knows that prolonging the duration of applying the constant potential at WE1 leads to increasing overall charge passing through Cell 1, resulting also in A major advantage of stripping analysis is that one may play with the "accumulation" time in finding a compromise between signal sensitivity and detection limit. In this work, from all the figures, it is seen that the charge from Cu stripping on CE1 (= WE2) is always lower than that from direct integration of current from WE1. This leads to a decrease in the apparent sensitivity fitted from Figure 2.24. Nevertheless, we would stress that the charge is already a processed signal, while the raw signal is the current.

From Figure 2.10, it is clearly seen that the current from stripping is much higher in absolute value than that from either LSV or chronoamperometry. This makes the measurement more accurate, with the current signals more resolved from noise. It may explain the advantage in determining low concentrations as shown in Figure 2.24. Of course, for such reversible redox probe used here as model analyte, the method cannot compete with classical differential pulse voltammetry (with LOD of 0.17 µM, Figure 2.26) in terms of analysis speed, but it might be of interest for electroanalytical schemes involving very slow recognition/detection events, such as those encountered with molecularly imprinted electrodes, for instance. This would also contribute to induce more selectivity to the detection, which is here only related to the oxidation potential applied in Cell 1a. In order to show that the method can be useful for determining other compounds, we tested it for another analyte (i.e., gentisic acid, an antioxidant molecule used in pharmaceutical industry [START_REF] Jinadasa | Smart materials for mercury and arsenic determination in food and beverages[END_REF]) by performing preconcentration for 300 s, either in stirred or non-stirred media (Figure 2 

Conclusion

In summary, we report a new method of electrochemical stripping analysis for target analytes that do not deposit or adsorb on the working electrode. This is achieved by capturing the stripping signals indirectly from counter electrode, from a metal deposit formed while oxidizing the analyte. An electrochemical cell is designed, with the working electrode and analyte in one compartment (Cell 1a) and a micro-disk counter electrode and Cu 2+ species in another compartment (Cell 1b). The two compartments are connected with a metal or ionic "bridge". By applying an oxidative potential on working electrode, the analyte in Cell 1a is oxidized while Cu 2+ is reduced and deposited on the counter electrode. The latter is then transferred to another cell (Cell 2)

for determining by anodic stripping the amount of previously deposited Cu (0) , which is related to the current flow through Cell 1 and thus indirectly reflects the concentration of analyte. Instead of classical counter electrodes with large surface area, a micro-disk counter electrode is purposely selected for high polarization and low non-Faradaic charging. The effect of the size of counter electrode, the Cu 2+ concentration and pH of the solution in Cell 1b, and the "bridge" connector were systematically studied. With optimal conditions, the Cu (0) stripping charge from the counter electrode shows good linear relationship with the concentration of the model analyte (Fc(MeOH)2) used here in Cell 1a, which was also confirmed for another analyte (gentisic acid). This method has merits in improving the resolution of current, as the stripping current (peak) is much more clearly defined than the differences in currents sampled during the direct oxidation of the probe. Besides, it may also reduce the background signal from blank solution by "filtering" the background signal (resulting from noise and non-Faradaic charge). Like in classical electrochemical stripping analysis, one may also prolong the oxidation Generally, two effect can be envisaged for such system. One is the distribution of electric field in the electrolyte. This is dominant when the electrolyte is weakly supported, having high resistance. In short, the ions prefer the shortest path from WE to CE, thus the current distribution on WE can be approximately "duplicated" to CE.

Another effect is the mass transport of redox species. This is like positive feedback SECM, where the product of the reaction on WE reaches CE and gets "recycled" to form reactant that transports back to WE. At the same time, the electrochromic reaction of CE serves as mediator for the charge transfer. Apart from diffusion, migration may also be considered for charged redox species as the two electrodes are positioned close.

All these make it feasible for the visualization of WE reactivity from an electrochromic CE. Ag/AgCl) at a scan rate of 2 mV/s for 10 cycles. After electrodeposition, the film was rinsed with water and dried in air. The as-prepared WO3 film showed dark blue color due to the electrochemical reduction, but it rapidly bleached after a few seconds of exposure in air. The WO3-coated ITO was stored under ambient condition for use.

Experimental section

Preparation of polyaniline film on ITO (PANI/ITO). The PANI electrochromic CE

was prepared by electrodeposition on ITO in 1 M HCl solution containing 0.1 M aniline (purified by distillation) [START_REF] Qin | Preparation and characterization of nano-polyaniline film on ITO conductive glass by electrochemical polymerization[END_REF]. The processed ITO glass, a Pt sheet, and an Ag/AgCl were used as the WE, CE and RE, respectively. PANI was electrodeposited on the surface of ITO glass by cyclic voltammetry method at between -0.2 and 0.8 V (vs.

Ag/AgCl) at a scan rate of 10 mV/s for 20 cycles. Finally, PANI/ITO was rinsed with deionized water and ethanol for several times to remove aniline monomer and oligomer PANI, and dried in an oven at 60°C for 4h. 

Electrochemical cell assembly for optical imaging

The electrochemical cell consists of a planar WE (interdigitated electrode, microelectrode array, and Au deposit on ITO), a WO3-coated ITO as CE, and water as electrolyte. The details of WE and CE are detailed in 3.2.1. The WE and CE are separated by a polytetrafluoroethylene (PTFE) spacer (GoodFellow, UK) to control the distance (0.005 -0.1 mm). This would get rid of potential interference from the inhomogeneity of filter paper used in literature [START_REF] Brace | A parallel optical screen for the rapid combinatorial electrochromic analysis of electrochemical materials[END_REF]. A square hole of 2 mm × 2 mm was made for filling the deionized water electrolyte. The electrodes were pressed and fixed in a 3D printed frame by two magnets (Figure 3.2A and 3.2B).

After assembly, the electrochemical cell was placed under optical microscope for imaging. A CMOS camera is synchronized with potentiostat for capturing the dynamic color change of the CE. The latter is observed to be correlated with the electrochemical reactivity distribution of WE. 

Measurement

Results and discussion

Proof of concept

When the CE is placed close to WE, the reactions on it cannot be neglected and will affect the electrochemical response of the cell. Thus, for analyzing such system, one needs to consider the electrochemical reactions on both WE and CE. Moreover, when the WE and CE are different, either in size or in reactivity, the current distribution shall also be taken into consideration. For example, in direct mode SECM, the microelectrode determines the current distribution on the large-scale substrate and localizes the reactions [START_REF] Wuu | High resolution deposition of polyaniline on Pt with the scanning electrochemical microscope[END_REF]. Another example is Pt electrocatalyst on carbon substrate.

The Pt may locally catalyze the electrochemical oxidation of methanol, yielding higher current density which triggers deeper color change of electrochromic CE [START_REF] Brace | A parallel optical screen for the rapid combinatorial electrochromic analysis of electrochemical materials[END_REF].

The current distribution can be analyzed by Nernst-Planck Equation, which considers the ohmic drop of electrolyte, the reaction kinetics on both WE and CE, and the mass transport of the reactive species. Depending on the system, it can be simplified by neglecting some of the factors. The simplest case is primary current distribution, which assumes the electrochemical reactions on WE and CE interfaces very fast (Nernst boundary condition) and thus considers only the ohmic drop of electrolyte. The secondary current distribution takes into account the reaction kinetics of WE and CE.

In most cases, the kinetics depend on the concentration of reactive species near the electrodes, so the mass transport shall also be coupled. The tertiary current distribution further adds the migration of species, which could be non-negligible when using weakly supported electrolyte.

Here, we demonstrate an example where an interdigitated Au WE is placed in parallel with a WO3 electrochromic CE. DI water is used as electrolyte. By applying an anodic bias on WE, H2O is oxidized on WE and WO3 is reduced on CE. The scheme is shown in This suggests local coloration of the CE in the areas above the Au strips, which differs from those between Au strips. As the applied voltage further increases to 1.9 V, the contrast between colored strips and the gaps becomes higher (Figure 3.5C). Figure 

The factors affecting local coloration of CE

The color change of CE was also measured as a function of time by applying a constant voltage between WE and CE. Figure 3.6 (A-B) shows the images captured at 1, 5 and 15 s when applying 1.9 V on WE vs. CE. It is seen that the normalized gray value of the colored strip, which corresponds to the Au strip on WE, gradually decreases with time. Moreover, the areas above the gap between Au strips also start to be colored after ca. 5 s (Figure 3.6A). Considering that the distance between WE and CE is 25 µm, even 1 s would be sufficient for the H + generated on WE diffusing to the CE. Thus, the enhancement in coloration with time is likely related to the kinetics of WO3 coloration on CE, which is known to be relatively slow in the order of a few seconds [START_REF] Bohnke | Proton insertion into thin films of amorphous WO3: kinetics study[END_REF].

However, as the coloration of WO3 is driven by intercalation of H + in the film, the lateral propagation of H + may result in the expansion of colored strips at long time. This may explain the decrease in the normalized gray values, or the increase in coloration, of the gap with time (Figure 3.6C). In addition, we also study the variation of normalized gray value for the stripe on the CE with time at different voltage. As shown in Figure 3.7, the normalized gray value decreases with time increasing in various constant voltage, however, the greater the applied voltage on the electrochemical cell, the more obvious the reduction of gray value. It can also be seen clearly that the gray value decreases very obviously within 5s, whether the electrochemical cell is applied on low (1.5 V) or high voltage (1.9 V), after 10 s, the gray values tend to remain stable due to lateral diffusion of the H + to gap regions. Therefore, choosing suitable time and voltage for optical change of CE is important.

.5 V 1.6 V 1.7 V 1.8 V 1.9 V
As the local color change on CE is determined by the current distribution in the electrochemical cell, the distance between WE and CE plays an important role. Although the normalized gray value of the strips on CE decreases away from 1 at larger distance as increasing the voltage, the normalized gray value of the gaps beside the stripe also decreases (Figure 3.9A and 3.9B). This suggests that WE and CE being close is more favorable for projecting the current distribution on WE to CE. The CE coloration reaction is also studied using different kinds of electrolytes (Li2SO4, Na2SO4, LiCl). Here, we use a phone camera to capture the coloration reaction on the CE to be more intuitive. The surface of the CEs both exhibits several blue stripes at 1.8

V for 5 seconds when 0.01M of Li2SO4, Na2SO4 are used as the electrolyte, respectively (Figure 3.10A). Moreover, there is also a slight coloration between these striped gaps on the CE compared with water-based electrolytes. The reason might be that lateral dispersion of current in the solution is more homogenous due to a reduction of the electrolyte resistance. Own to the stronger supporting electrolyte, the coloration of WO3 directly comes from the intercalation of the Li + , Na + . Thus, migration of H + to CE that is released from the oxidation of water catalyzed by the WE at a positive bias is weakened. This also means that it isn't beneficial for localizing the current distribution on CE. It is worth noting that the coloration distribution on the CE is more homogeneous as Li2SO4 as an electrolyte than that of Na2SO4 solution as an electrolyte.

It is probably due to the smaller radius of Li + compared to Na + that makes them easier to insert into WO3 at same voltage and time. Actually, the colored WO3 can be rapidly bleached after a few seconds of exposure in air. However, the pattern containing several 

The study on local reactivity of WE with different substrate

WE: Au microelectrode array/resin

The imaging of CE is further challenged with higher spatial resolution using Au microelectrode array as WE. 

WE: sputtering Au/ITO glass

The examples above involve WE that is partially conductive. They could be considered as extreme cases where the WE has high contrast between reactive (Au electrodes) and non-reactive (insulator) areas. Here, we demonstrate that the imaging from CE could also be extended to samples with different conductive materials. ). This will be discussed later. As the voltage increases to higher than 1.4 V, the color change of CE over the disks is more significant with a decrease in normalized gray value, and it also becomes more uniform. This suggests that higher current is passing through Au than through ITO, which could be related to their different electrocatalytic reactivity for the oxidation of water. However, when the voltage is further increased to 1.8 V, the gaps between Au disks also start to change color. This could be attributed to two possible effects: one is the lateral charge propagation due to higher current and lateral mass transport of H + , which is similar as observed from partially conductive samples (Figure 3 Throughout the work, the light intensity (gray value) captured by the camera is systematically normalized with that measured from WO3 CE at bleaching state. The normalized gray value can be linked to the transmittance of the WO3 CE only under pre-assumptions that the transmittance of water and the reflectance of WE remain unchanged during the measurement. The former is acceptable when the generation of gas bubbles is insignificant. This is why we did not test higher voltage. However, the latter could be questionable as the optical properties of Au surface were reported to vary under applied potential [START_REF] Shi | Electrochemical impedance imaging on conductive surfaces[END_REF]. On one hand, the optical pathway at the junction between Au and ITO is very complex due to their different reflectivity. This might cause some artifacts in imaging. On the other hand, it could also be that the interface junction between Au film and ITO has a high electric intensity. Generally, an interfacial polarization occurs when electrode materials with different charge densities are coupled, resulting in a potential difference, called the Schottky barrier [START_REF] Wu | Proton transport enabled by a field-induced metallic state in a semiconductor heterostructure[END_REF]. The potential difference will cause carriers to spontaneously migrate near the interface so the Fermi level will reach an equilibrium.

As a result of the interfacial charge redistribution, an electric field would be generated Since the stainless steel sheet contains some metal elements, such as Ni, Cr, Cu, Co, etc. [START_REF] Zheng | Synthesis of stainlesssteel-net supported TS-1 catalyst and its catalytic performance in liquid-phase epoxidation reactions[END_REF], it has high electrocatalytic reactivity for the oxidation of water compared to Au film in this electrochemical cell. Therefore, the current through the stainless steel is larger than that of the gold film, which causes the color of the corresponding part on the CE to change. 

Discussion

The experimental results above clearly demonstrated the link between CE color change and the reactivity of the WE. It arises from the inhomogeneous current distribution in the electrochemical cell. This is counter intuitive to usual principles of electrochemical cell design. First, the electrolyte should have high resistance to inhibit lateral dispersion of current in the solution. This is why we used pure water without adding supporting electrolyte. Second, the CE should be placed as close as possible to WE for "projecting" the pattern. This could avoid homogenizing the current distribution on CE, and could also compensate the absence of supporting electrolyte by reducing resistance of the solution.

The electrochromic reaction of WO3 CE requires the intercalation of H + (Figure 3.

A).

A question then arises: Can pure water provide enough H + for the color change? With 10 -7 mol/L concentration in pure water, it is clearly not enough for inducing the clear color change observed in this work. However, one should consider the oxidation of water on WE that generates H + . The H + generated on WE can easily reach CE with mass transport since the two electrodes are positioned close. It is similar as generationcollection mode of SECM [START_REF] Sánchez-Sánchez | 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]. Note that the electrolyte is weakly supported, migration could also play an important role. Considering that H + is positively charged, migration facilitates its transfer from WE to CE when applying positive bias on WE. This is beneficial for localizing the current distribution on CE.

The direct projection of WE reactivity to CE color change is only an ideal case. The lateral charge propagation on CE is unavoidable, and even a more general situation. It From the experimental aspect, several improvements can also be foreseen. The optical signal acquisition could be carried out at multiple wavelengths to improve the sensitivity in capturing the electrochromic change of CE. The electrochromic material for CE could also be optimized for higher color switching speed. This could eliminate the kinetic effect of CE by replacing with Nernst boundary condition, which would greatly ease the analysis of transient behavior of WE.

Conclusion

The reactivity distribution on WE is successfully projected to the electrochromic CE in Here, the effect of the distance between WE and CE on the current density distribution is firstly studied. As shown in Figure 4.4, the current density distribution on the WE decreases with increasing the distance, while the current density on the CE also decreases and behaves more homogeneous. This result is similar to the actual experiment (Figure 3.8) although this is a asumption condition. However, in practical case, we have to consider the electrode kinetics and mass transfer which might make the current density distribution more homogeneous. In addition, because water as electrolyte has a low conductivity, proton migration also needs to be taken into account, which will make simulation more complicated. At present, migration is also considered, but convergecnce of simulation can't be achived. There is no clear explanation for the problem, perhaps it is due to a lack of precision in some parameter settings. 3. The electrochromic material for CE could also be optimized for higher color switching speed. In electrochromic device, the distance between WE and CE is about 25 µm, so even 1 s would be sufficient for the H + generated on WE diffusing to the CE.

Thus, the enhancement in coloration with time is likely related to the kinetics of WO3 coloration on CE, which is known to be relatively slow in the order of a few seconds After bleaching, the PANI film still keeps stable, meaning that it is a better candidate for CE. However, considering that its coloration contrast (from green to deep green or purple) is not very obvious compared to WO3 (from colorless to blue), we finally chose to use WO3/ITO as CE.

4. To understand whether the thickness of WO3 film has an effect on coloration contrast and coloration reponse time, the optimal thickness of WO3 film should be explored.

However, the WO3 electrochromic CE was prepared by electrodeposition on ITO from peroxo-tungstic acid (PTA) solution (Detailed instructions can be found in section 3.2).

During scanning CV to deposit WO3 film on ITO, some yellow precipitates will gradually emerge from the PTA solution which means that PTA concentration will change with increasing time. Consequently, the thickness of the WO3 film cannot be easily controlled, even if it is deposited for the same time and potential. Besides electrodeposition method, a multitude of different techniques have been used for WO3 film growth on the ITO contaning metal organic chemical vapor deposition, the sol-gel process, pulsed laser deposition or sputter deposition, etc. Especially, sputter-deposited coatings exhibit some intrinsic advantages, including high adhesion and homogeneous film thickness, high growth rates, and high reproducibility, which contribute to their dominance in industrial applications. Therefore, to ensure better control over WO3 film thickness and uniformity, future studies will utilize sputter-deposited coatings methods instead of electrodeposition method.

The future plans: Firstly, we need to solve the above-mentioned problems. After that, we will further explore the factors that affect the resolution. We aim to reach the nanoscale resolution as soon as possible, however, the resolution is currently limited to 25 μm. Therefore, the CE electrochromic material, the cell design containing distance control between two parallel electrode, upgrading optical device will be further optimized.

Figure 1 .

 1 La cellule 1 est composée de deux compartiments (dénommés Cell 1a et Cell 1b). La première électrode de travail (WE1) et l'électrode de référence associée (RE1) sont placées dans une première demi-cellule (Cell 1a) contenant un analyte modèle (ferrocènedimethanol, Fc(MeOH)2), et la contre-électrode associée à ce circuit (CE1) est placée dans une seconde demi-cellule séparée (Cell 1b) contenant une solution de Cu 2+ . Les deux demi-cellules (Cell 1a et Cell 1b) sont reliées entre elles par un conducteur métallique ou ionique servant de « pont ». Le principe de la mesure est le suivant. L'oxydant de Fc(MeOH)2 à la WE1 dans la cellule 1a conduit à la réduction simultanée de Cu 2+ et le dépôt de Cu métallique sur CE1 dans la cellule 1b. La quantitée de Cu formé sur CE1 est directement liée à la quantité de charge correspondant à l'oxydation de Fc(MeOH)2 sur WE1, qui est elle-même dépendante de la concentration de Fc(MeOH)2 dans la Cellule 1a. Ainsi, en mesurant la quantité de Cu déposée, par redissolution anodique (en utilisant WE2 = CE1) dans un système traditionnel à trois électrodes (Cell 2) contenant uniquement une solution électrolytique (NaNO3/HNO3, pH=2), on peut indirectement avoir accès à la concentration de l'analyte cible dans la première cellule (Cell 1a).

Figure 1 .

 1 Figure 1. Diagramme schématique illustrant la détection indirecte de Fc(MeOH)2. Après avoir oxydé l'analyte cible à la WE1 dans la première demi-cellule (Cell 1a) et concomitamment réduit Cu 2+ à la CE1 dans la seconde demi-cellule (Cell 1b), CE1 est transférée dans la seconde cellule (Cell 2) et connectée en tant que WE2 pour la redissolution anodique du Cu métallique formé sur la microélectrode.

Figure 2 .

 2 Figure 2. (A) Volatmpérométrie linéaire (LSV) enregistrée à 50 mV/s à une électrode de carbone vitreux en présence (courbe rouge) et en absence (courbe noire) de 10 µM Fc( MeOH)2 dans la cellule 1a. (B) Courbes de redissolution anodique correspondantes (oxydation de Cu (0) déposé sur CE1, mesuré par LSV dans la cellule 2 après traitement « (A) ». (C) Chronoampérométrie à un potentiel de +0,3 V (vs. Ag/AgCl) réalisée dans les mêmes solutions qu'en (A). (D) Courbes de redissolution anodique correspondantes après traitement « (C) ». Concentration de Cu 2+ dans la cellule 1b: 0,02 M; « pont » connecteur : fil de cuivre.

Figure 3 .

 3 Figure 3. Courbes de calibration obtenues en utilisant le signal de l'électrode de travail (A) ou celui de la contre-électrode (B) pour la détection de concentrations croissantes de Fc(MeOH)2 ; potentiel appliqué à WE1: +0,3 V (800 s) ; solution dans la cellule 1b : 0,2 M CuSO4 (pH 2). Inserts : agrandissement de la gamme de concentration 0-1µM.

Figure 4

 4 Figure 4 (a) Schéma de principe de la mesure : réactions redox ayant lieu à la surface des WE et CE (WE : la couleur jaune représente la région active ; CE : la couleur bleue est HxWO3 et la couleur grise est WO3). (b) Illustration schématique d'une technique d'imagerie par courant électrochimique. (c) Image électrochrome de la contre-électrode observée en appliquant un potentiel de 1,6 V.

Figure 5 .

 5 Figure 5. Effet du temps sur le changement de couleur de la CE polarisée à un potentiel de 1,90 V. (A) Images des changements de couleur de la CE à différent temps. (B) Variation des valeurs de gris normalisées, mesurées dans les régions correspondantes au rectangle jaune en pointillés dans la partie (A) de la figure, à différent temps. (C) Variation des valeurs de gris normalisées en fonction du temps, pour la bande conductrice de la WE (strip) et l'espace entre deux bandes (gap).

Figure 6 .

 6 Figure 6. (A-C) Images des changements de couleur de la CE polarisée à des potentiels respectifs de 1,30 V (A), 1,60 V (B) et 1,90 V (C). (D) Variation des valeurs de gris normalisées, mesurées à différents potentiels imposés dans la région correspondante au rectangle jaune en pointillés dans la partie (B) de la figure, pour les bandes conductrices de la WE et les espaces entre elles.
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 13 general role of CE is introduced in Section 1.The stripping voltammetry analysis is discussed in Section 1.2. State-of-the-art electrochemical imaging tools are briefly introduced in Section 1.The study of electrochromic material is presented in Section 1.4.

Figure 1 . 1

 11 Figure 1.1 Schematic diagram of the electrochemical cell. (A) Three electrodes in single cell. (B) Three electrodes in separate cell.

Figure 1 . 2

 12 Figure 1.2 (A) Schematic diagram of the photoelectric conversion process for the ternary selenide DSSC[30]. (B) Principle of the faradaic current-to-fluorescence converter setup (the faradaic current: iWE = iCE) [29]. (C) Schematic view of principle of redox cycling in a 3D IDEA. G: Generator; C: Collector[35]. (D) Schematic presentation of local NPs deposition by the direct mode of SECM[39].

Figure 1 . 3

 13 Figure 1.3 ASV responses of glassy-carbon based electrode for Cu(II) in beer sample (a) blank, and after addition of Cu(b) 507 mg L -1 , (c) 1522 mg L -1 , and (d) 2536 mg L -1 [54].

Figure 1 . 4

 14 Figure 1.4 Stripping voltammograms for determination of selenium: 0.1 M HCl + 1.0 × 10 -5 M SeO3 2-, deposition time: 120 s, deposition potential: -0.2 V vs. SCE [55].

Figure 1 . 5

 15 Figure 1.5 Stripping voltammograms of lead, cadmium, and zinc at glassy carbon (A)

Figure 1 . 6

 16 Figure 1.6 (A), (C) the change in potential over time for a digital LSV, DPV, respectively. (B), (D) the current peak for LSV, DPV, respectively. The peak current in D is typically larger than B.

Figure 1 . 7

 17 Figure 1.7 Schematic of a SECM instrument[40].

Figure 1 . 8

 18 Figure 1.8 Schematic of SECM operational modes. (A) Steady-state behavior (diffusion-limited) in bulk solution. (B) Feedback mode over an insulator substrate (negative feedback). (C) Feedback mode over a conducting substrate (positive feedback)[180].

Figure 1 . 9 A

 19 Figure 1.9 A illustrates imaging of a Pt interdigitated array electrode (IDA) by using the constant distance regulation of SECM/SICM[181]. The tip-substrate distance was controlled by SICM, and the SECM probe current increased as the probe was moved above the Pt IDA because of positive feedback. The SECM-AFM was used for elucidation of local electrochemical phenomena of the Li-S electrode with spatial resolution at nanoscale characterize[166]. As shown in Figure 1.9B, redox competition mode was used to determine the oxidation reaction of Li2S6 on Pt nanoparticles (NPs) modified carbon surface. In comparison to other areas of the surface, the tip current (at 2.6 V vs. Li/Li + ) over Pt nanoparticle decreased as applying a potential on the substrate due to the depletion of Li2S6 oxidation on the tip. The imaging may differentiate electrochemically active and inactive regions, although the sample is electrically conductive everywhere.

Figure 1 . 9

 19 Figure 1.9 (A) SECM image of a Pt band microarray in 0.50 mM FcCH2OH + 0.1 M KCl[181]. (B) SECM current images recorded by the substrate at 2.6 V[166].

Figure 1 .

 1 Figure 1.10 (A) Schematic of SPRM[187]. (B) SPR curves[188]. Different refractive index has different resonance angle.

Figure 1 .

 1 Figure 1.11 (A) Electrochemical current density images of a fingerprint at -0.1V and-0.28V, respectively[189].

  n is the number of electrons involved in the redox reaction, F is the Faraday constant, L -1 is the inverse Laplace transform, and ∆𝜃SPR (s) is the Laplace transform of the SPR signal. The aO and aR are the changes in the local refractive indices per unit concentration for the oxidized and reduced molecules, DO and DR are the diffusion coefficients of the oxidized and reduced molecules, B is the calibration factor. Technically, the fingerprint with secretions was touched on Au film electrode, and then the local current of the electrode was mapped by scanning the potential in 10 mM Ru(NH3)6 3+ solution. As shown in the Figure 1.11, the fingerprint could be seen clearly in regions without covering with secretions at -0.28V compared to that of -0.1V due to the reduction of Ru(NH3)6 3+ at a maximum current.

Figure 1 .

 1 Figure 1.12 (A) Schematic of the setup for detecting local electric field by P-EIM. (B)dc and (C) ac amplitude images of a 6.3 μm-diameter pipet induced surface charge distribution on Au electrode[START_REF] Wang | Imaging local electric field distribution by plasmonic impedance microscopy[END_REF].

Figure 1 .

 1 Figure 1.13 (A) P-ECM image of the platinum microarray with different surface densities, at V= -0.5 V. (B) CVs of four different surface densities shown in (A) [202]. (C) Snapshots of plasmonic images of three individual Ag nanoparticles during a typical collision-oxidation process. (D) Transient electrochemical current of the Ag nanoparticles obtained from the plasmonic image intensity, the Ag nanoparticles marked in Figure C[201].

  activity of mobile single particles during collision on the electrode surface. The transient oxidation reaction deriving from the collision of single Ag nanoparticles with the gold electrode has been studied by Fang et al. based on P-ECM[201]. Different Ag NPs could occur to random collisions with gold electrode by applying a potential larger than the oxidation potential of Ag NPs, eventually causing the oxidation of Ag NPs (Figure 1.13C). The intensity of imaging decreased over time during the oxidation process due to the shrink of Ag NPs size, meaning the image intensity was directly associated with oxidation current. Thus, the oxidation current of individual Ag NPs could be mapped simultaneously by converting from the image intensity (Figure 1.13 D). By studying the collision and oxidation process of three different size of Ag NPs at a fixed potential, SPR image intensity clearly demonstrates that nanoparticle size information can be obtained from the image intensity of nanoparticles, thereby allowing analysis of size-dependent electrochemical activity of nanoparticles.

Figure 1 .

 1 Figure 1.14 (A) and (B) Two main ECL mechanisms involved in Ru(bpy)3 2+ /TPrA system[213]. (C) ECL generation by luminol and H2O2[214].

Figure 1 .

 1 Figure 1.15 An ECL microscopy system for measurement of nanoparticles[215].

Figure 1 .

 1 Figure 1.16 (A) SEM image of ZnO rod. (B) HRTEM images for the tip the ZnO rod.

  CPs normally behave deeply colored in the neutral state owing to their πconjugation. The bleaching process occurs upon oxidizing by losing one or two electrons, which causes the absorption transfer from visible to near-infrared range. CPs have positive charge carriers and counter anions to maintain charge balance (p-type doping) in the conducting oxidation state. Reproduction of the neutral-colored state can be achieved by transferring ions into the electrolyte through reduction reaction, which called cathodically coloring eletrochromism[247]. The reversible coloration reaction is expressed in equation (1.27). (Pol) (colored) + (A -)s ↔ (Pol + A -)pol (colorless) + e - (1.27) When the CPs are colored from colorless along with oxidation reaction, this reaction is called anodically coloring electrochromism[247]. The colorless CPs in neutral state could absorb the UV range, as a result of oxidation, they redshift to the visible spectrum, resulting in coloring, as shown in equation (1.28). (Pol) (colorless) + (A -)s ↔ (Pol + A -)pol (colored)+ e - (1.28) Due to the fact that the color of a CP is determined by the optical bandgap (Eg), that is, by the energy difference between the highest-occupied and lowest-unoccupied molecular orbitals (HOMO and LUMO). The Eg is therefore one of the most important parameters for color switching. Any modification to the CPs will affect the electrical potential, the MO levels, charge transport and the Eg, which eventually leads to the change of EC properties. According to Equation(1.29), the optical band gap can be determined using the Tauc relation[248]: (αhv) =A (hv-E g ) n (1.29) where α, h, v, and A represents the absorption coefficient, Planck constant, light frequency, and proportionality constant, respectively. Eg is the optical band gap. If n is 0.5, it means a direct conduction band semiconductor, and if n is 2, it means an indirect conduction semiconductor.

Figure 1 . 17

 117 Figure 1.17 Classification of materials by conductivity[252].

  A model analyte (Fc(MeOH)2) is added in Cell 1a, while a suitable model metal ion (Cu 2+ ) is introduced in Cell 1b. By oxidizing the analyte on WE1 during the measurement, Cu 2+ may be simultaneously reduced on CE1. The corresponding reactions are: at WE1: Fc(MeOH)2 -1 e -→ [Fc(MeOH)2] + at CE1: Cu 2+ + 2 e -→ Cu (0)Consequently, the CE1 is taken out from Cell 1b, cleaned, and transferred to another electrochemical cell (Cell 2) for stripping analysis of Cu: at WE2 (i.e., CE1 coming from cell 1): Cu (0) -2 e -→ Cu 2+ Cell 2 is a classical three-electrode cell, with CE1 connected as WE2, and another pair of RE2 and CE2. The solution in Cell 2 only contains supporting electrolyte, with the pH adjusted to be favourable for Cu stripping. In this way, the charge corresponding to the oxidation of the analyte on WE1, which is related to the analyte concentration, is linked to the charge of Cu deposition on CE1. The latter can be analyzed by the stripping signals from Cell 2. Thus, the concentration of analyte can be indirectly determined by analysing the stripping signals from the CE. Like in classical stripping analysis, by increasing the oxidation of analyte on WE1, the charge of Cu deposition on CE1 is also expected to increase, leading to an increase in the stripping signal intensity which may improve the sensitivity of the analysis. This work explores a new access to electrochemical analysis through signals from CE, which may extend the applications of stripping to analytes that do not deposit or adsorb on the WE.

Figure 2 . 1 (

 21 Figure 2.1 (A) Schematic diagram illustrating the indirect detection of Fc(MeOH)2, via copper deposition and stripping in two separate setups, with cells composition as follow. Cell1a: various concentrations of Fc(MeOH)2 +0.1M NaNO3 (pH=5.58); Cell1b: 0.2 M CuSO4 +0.1M NaNO3 (pH=2); Cell2: 0.1M NaNO3 (pH=2). WE1: glassy carbon electrode (GCE); RE1 and RE2: Ag/AgCl reference electrodes; CE1: Pt microelectrode (transferred to Cell 2 and connected as WE2 for anodic stripping); CE2: Pt sheet.

Figure 2 . 3 (

 23 Figure 2.3 (A)The borosilicate glass capillary was pulled by micropipette puller. (B) The picture for obtained slim capillary tip. (C) The capillary end with Pt wire was sealed by the vertical capillaries' puller with current passing through the several scrolls wire.

electrode cell with 1

 1 mM Fc(MeOH)2 solution at scan rate of 0.02 V/s. The obtained cyclic voltammetry curves of different size Pt microelectrode are shown in Figure 2.4A and 2.4B. The sigmoidal-shaped responses validated the better quality of the microelectrodes, and characterized the steady-state mass transfer. Note that the peaked response of microelectrode with a size of 200 μm is similar to those observed at conventional macroelectrode.

Figure 2 . 4

 24 Figure 2.4 The cyclic voltammogram in 1 mM Fc(MeOH)2 + 0.1 M NaNO3 (pH 5.8) solution: (A) the four sizes of Pt microelectrodes as WE, respectively, Ag/AgCl as RE, and Pt sheet as CE.(B) The CV of a micro-electrode of 25 μm in an enlarged view.

Figure 2 . 5

 25 Figure 2.5 Diffusion fields observed at microelectrode: (A) Linear diffusion observed at short times. (B) Radial diffusion observed at long times.

Figure 2 . 6 1 M

 261 Figure 2.6 Voltammetric response of 10 µM (left) and 1 mM (right) Fc(MeOH)2 in 0.1 M NaNO3 using various configurations: classical three-electrode cell (top) and two half-cells connected with salt bridge (middle) or Cu bridge (bottom), showing peak potentials and currents at the same positions in all cases.

Figure 2 .

 2 7A shows the current response as a function of scanning potential using the system made of the two compartments 1a&1b. The voltammogram is similar as that measured from classical three-electrode single cell, showing an oxidation peak for Fc(MeOH)2 at ca. +0.22 V (vs. Ag/AgCl). The current recorded with different CE1 almost overlap, indicating that the size of CE does not change neither the peak potential not its intensity under these experimental conditions. During the measurement, the cell voltage, that is, the potential EWE1 vs. ECE1, is also monitored, as shown in Figure2.7B. Here, a clear difference is seen from different CE1. For the macroscopic Pt sheet and Pt disk, the cell voltage changes almost linearly as the potential of WE1 is scanned from -0.2 to +0.6 V (vs. Ag/AgCl). The slope as a function of time is almost the same as the scan rate of EWE1. This suggests that the potential drop at the bridge (two electrochemical interfaces with the solutions in Cell 1a and 1b) and

Figure 2 . 8

 28 Figure 2.8 Optical microscope images of CE1 before (A) and after (B) Cu (0) deposition at counter electrode during linear scan voltammetry in Cell 1 in conditions of Fig. 2.7.

Figure 2 . 9

 29 Figure 2.9 The analysis of Cu (0) deposition amounts for four different sizes of micro-CE (25 μm, 50 μm, 100 μm, 200 μm): (A,B) variation of the charge recorded during the anodic redissolution of the deposited Cu (0) as a function of Fc(MeOH)2 concentration in cell 1a (in 0.1 M NaNO3 at pH 5.8). (C) currents recorded at WE1 in Cell 1. Solution in Cell 1b: 0.2 M CuSO4 + 0.1 M NaNO3 (pH 2); "bridge": Cu wire; scan rate: 50 mV/s. Error bars indicate the standard deviation of 5 repetitive measurements.

Figure 2 .

 2 9C shows that the charge from oxidation of four different concentrations of Fc(MeOH)2 on WE hardly changes with the increase of micro-CE size, indicating that the effect of size change in cell1b on the oxidation of Fc(MeOH)2 in cell1a can be neglected.

Figure 2 .

 2 10A compares the LSV of 10 µM Fc(MeOH)2 with that of the blank solution (i.e., electrolyte without Fc(MeOH)2) in Cell 1a. It is seen that the oxidation peak may clearly differentiate the two solutions, with evidently no peak observed in the absence of the redox probe.

Figure 2 .with

 2 Figure 2.10C shows the current variation with time by applying a potential of +0.3 V (vs. Ag/AgCl). The current also consists of non-Faradaic and Faradaic components but the former, InF, depending on the solution resistance and the double-layer capacitance of the electrode, decreases rapidly with time (equation 2.3) [103].

Fc(MeOH) 2 2 (Figure 2 .

 222 than in the blank solution, as seen from the stripping signal in Cell 10D). It is interesting to see that Cu(0) deposition is invisible after chronoamperometry in the blank solution, even though the current is not zero due to the non-Faradaic contribution. This is perhaps due to the charging of CE1 that compensates (at least partially) the non-Faradaic charge on WE1. Although the area of CE1 is much smaller than that of WE1, the potential step induced by the flown current can be much steeper thus the non-Faradaic charge may also not be negligible. From the analytical point of view, Figure 2.10D eliminates the blank signal as compared with Figure 2.10B.

Figure 2 .Figure 2 . 11

 2211 Figure 2.10 (A) LSV of GCE in 10 µM Fc( MeOH)2 (red line) and the blank solution (black line) in Cell 1a. (B) Corresponding anodic stripping of Cu (0) deposited on CE1, as measured by LSV in Cell 2 after treatment as in (A). (C) chronoamperometry of GCE in 10 µM Fc(MeOH)2 (red line) and the blank solution (black line) in Cell 1a at an applied potential of +0.3 V (vs. Ag/AgCl). (D) Corresponding anodic stripping of Cu (0) deposited on CE1 after treatment as in (C). Scan rate in (A), (B) and (D): 50 mV/s; Cu 2+ concentration in Cell 1b: 0.02 M; "bridge" connector: copper wire.

Figure 2 . 7

 27 by applying LSV on the cell1. Here, the chronoamperometry is chosen to oxidize Fc(MeOH)2 on the cell1 to further explore the CE size effect. Figure 2.12A shows the current response curve with applying 0.3V for the oxidation of Fc(MeOH)2 by extending time to 300 s on the WE. The chronoamperometry curves behave extremely similar when micro-Pt and Pt sheet are used as CE in cell1b with 0.2 M CuSO4 solution (pH=2) respectively. However, the CE potential between the micro-Pt and Pt sheet is completely different (Figure 2.12B).

Figure 2

 2 

Figure 2 . 12

 212 Figure 2.12 Chronoamperometry in Cell 1 with GCE as WE1, Ag/AgCl as RE1, and disk or microelectrode as CE1: (A) Current response. (B) Potential of CE1 vs. RE1. Solution in Cell 1a: 0.05 mM Fc(MeOH)2 + 0.1 M NaNO3 (pH 5.8); Solution in Cell 1b: 0.2 M CuSO4 + 0.1 M NaNO3 (pH 2). "Bridge": Cu wire. Applied potential: 0.3 V. (C) Anodic stripping analysis of CE1 in Cell 2. Solution: 0.1 M NaNO3 (pH 2). Scan rate: 50 mV/s.

. 1 ) 2 .

 12 , it is necessarily to study the effect of position of the CE on charge from current integration on the WE. Herein, the CE is placed in same cell with WE (Figure2.13C), the signal from WE can be obtained by the application of chronoamperometry at the absence and presence of 0.006 mM Fc(MeOH)2 for 300 s. By contrast, the same conditions are used on the device in Figure13A, it is clearly seen that the charge from current integrate on WE for detection of blank solution and Fc(MeOH)2 is extremely similar (Figure2.13 B)when the CE is placed in double device (Figure 2.13A) and single device (Figure 2.13C). The results demonstrate that the oxidation reaction of Fc(MeOH)2 is not affected by the position of CE (either in cell 1a or cell 1b), confirming further the proper use of the bridges.

Figure 2 . 13

 213 Figure 2.13 Schematic diagram for the detection of Fc(MeOH)2: (A) the WE and CE in different cell and (C) the WE and CE in same cell. (B) Charge from current integration on WE at the absence and presence of Fc(MeOH)2. Error bars indicate the standard deviation of 5 repetitive measures. Applied potential:0.3V. Cell1a and Cell1: different concentration Fc(MeOH)2+0.1M NaNO 3 (PH=5.58); Cell1b: 0.2 M CuSO 4 +0.1M NaNO 3 (PH=2).

Figure 2 .

 2 14A shows the charge integrated from chronoamperometry curves at increasing electrolysis times for blank and analyte solutions. It is seen that the charge increases with time for all the solutions, yet being more intense for those containing the Fc(MeOH)2 probe, which agrees with the non-zero current in the measurements. In contrary, the variation of charge corresponding to the stripping of deposited Cu (0) , as measured in Cell 2, shows a different behavior(Figure2.14B). For the blank solution, no Cu (0) is detected even by extending the chronoamperometry duration time to 1000 s. This suggests that the low residual current in blank solution may not be sufficient to polarize CE1 to a potential favourable for Cu 2+ reduction. It is ideal from the analytical aspect to have a zero blank signal. For 10 µM Fc(MeOH)2 solution, the Cu(0) stripping charge increases as the potential is applied on WE1 for longer time, which is consistent with the oxidation of more Fc(MeOH)2 on WE1 and concomitant Cu 2+ reduction on CE1, similarly as in classical stripping analysis. However, when the Fc(MeOH)2 concentration is 50 µM, the Cu (0) stripping charge increases with time only up to 600 s, and then decreases even though the integrated charge from chronoamperometry continues to increase (compare blue curves in Figure 2.14).

Figure 2 . 14

 214 Figure 2.14 Variation of charge as a function of chronoamperometry duration (by applying +0.3 V to WE1 for various times in blank or 10 and 50 µM Fc(MeOH)2 solutions in Cell 1a), respectively, measured from integration of (A) chronoamperometry currents recorded at WE1 in Cell 1 or (B) stripping signals obtained with WE2 (=CE1) in Cell 2. Error bars indicate the standard deviation of 5 repetitive measurements.

Figure 2 . 15 Figures 2 .

 2152 Figure 2.15 Cu stripping curves recorded from counter electrode in Cell 2 after various electrolysis times in Cell 1a containing (A) no (blank), (B) 10 µM and (C) 50 µM Fc(MeOH)2. Conditions as in Fig. 2.14B.

Figure 2 . 16

 216 Figure 2.16 Effect of the potential applied to WE1 for 300 s in blank and 30 µM Fc(MeOH)2 solutions in Cell 1a, on the charges measured from integration of (A) CA currents recorded at WE1 in Cell 1 or (B) stripping signals obtained with WE2 (= CE1) in Cell 2. Error bars indicate the standard deviation of 5 repetitive measurements.

Figure 2 .

 2 Figure 2.17 (A,B) Current-time response on the WE in Cell 1, and (C,D) anodic stripping curves recorded from CE in Cell 2, as obtained after applying various constant potentials at the WE in (A,C) blank solution or (B,D) in the presence of 30 µM Fc(MeOH)2, respectively.

Figure 2 .

 2 18A shows that the charge from chronoamperometry current integration almost keeps unchanged with Cu 2+ concentration in Cell 1b by applying +0.3 V vs. Ag/AgCl for 300 s on WE1 for any fixed Fc(MeOH)2 concentration in Cell 1a. This is not really surprising as the composition of the compartment 1b comprising the counter-electrode is not expected to affect the response of WE1 in Cell 1a. The only variation of charge is that with increasing Fc(MeOH)2 concentration, as expected by the oxidation of larger amounts Fc(MeOH)2 (in agreement with the trend from previous figures). Nevertheless, with the same charge passing through WE1 and CE1, the amount of Cu (0) deposited on CE1 is different when the concentration of Cu 2+ in Cell 1b differs, as shown in Figure2.18B.
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 218 concentration in Cell 1b, different concentration of Fc(MeOH)2 in Cell 1a results in almost insignificant difference in the Cu (0) stripping charge (Figure 2.18B) even though the charge flowing through Cell 1 significantly increases (Figure 2.18A). When Cu 2+ concentration is in the range of 0.02 to 0.2 M, the kinetic contribution to Cu (0) deposition is dominant, thus the amount of reduced copper increases and becomes more dependent on the current or charge flowing through Cell 1. This notably affects the signals for relatively high concentration (30 µM) of Fc(MeOH)2. However, when the Cell 1b contains 2 M Cu 2+ , the charge measured from stripping decreases for all the three solutions of distinct Fc(MeOH)2 concentration (with copper deposits less visible from optical microscopy, Figure 2.19), the reason for this phenomenon remaining unclear. The coulombic efficiency ((CE%) is ratio of charge of Cu striping from CE to charge on WE) is higher at 0.02 M Cu 2+ compared to another concentration in cell 1b for three different concentration of Fc(MeOH)2 in cell 1a (Figure 2.18C). From results of Figure one can conclude that the Cu 2+ concentration in Cell 1b may influence the stripping charge for analyzing the same Fc(MeOH)2 solution under the same conditions, and that values in the range of 0.02 to 0.2 M Cu 2+ would be the most suitable for quantitative analysis.

Figure 2 . 18

 218 Figure 2.18 Effect of Cu 2+ concentration in Cell 1b, on the charges measured from integration of (A) chronoamperometry currents recorded at WE1 in Cell 1 or (B) stripping signals obtained with WE2 (= CE1) in Cell 2. (C) The coulombic efficiency (CE%). The data correspond to chronoamperometry experiments performed by applying +0.3 V (vs. Ag/AgCl) to WE1 for 300 s, in solutions containing 3, 6 or 30 µM Fc(MeOH)2 in Cell 1a. Error bars indicate the standard deviation of 5 repetitive measurements. The Cu 2+ concentration axis is in logarithmic scale.

Figure. 2 . 19

 219 Figure.2.19 Optical microscope images (before and after copper deposition) corresponding to data presented in Fig. 2.18 (various Fc(MeOH)2 concentration in Cel1 1a and various Cu 2+ concentrations in Cell 1b). The micro-Pt diameter is 25 µm.

Figure 2 . 20 Figure 2 . 21

 220221 Figure 2.20 Effect of pH of the Cu 2+ solution (0.2 M) in Cell 1b, on the charges measured from integration of chronoamperometry currents recorded at WE1 in Cell 1 (black) or stripping signals obtained with WE2 (=CE1) in Cell 2 (red). The data correspond to chronoamperometry experiments performed by applying +0.3 V (vs. Ag/AgCl) to WE1 for 300 s, in a solution containing 10 µM Fc(MeOH)2 in Cell 1a. Error bars indicate the standard deviation of 5 repetitive measurements.

(Figure 2 Figure 2 . 22

 2222 Figure 2.22 Charge from current integration on WE1 and Cu stripping from CE1 under the condition of different bridge connectors (short and long Pt sheets, Cu wire or salt bridge). Cell 1a: 50 µM Fc(MeOH)2; Cell 1b: 0.2 M CuSO4; Potential applied to WE1: +0.3 V (vs. Ag/AgCl); Time: 300 s. Error bars indicate the standard deviation of 5 repetitive measurements.

  increasing charges from CE1 (= WE2) stripping in Cell 2 (Figure 2.14). From the analytical point of view, it is now important to examine this "indirect preconcentration analysis" of Fc(MeOH)2 in a lower concentration range.

Figure 2 .

 2 [START_REF] Maier | Plasmonics : Fundamentals and Applications[END_REF] shows that the charge from both current integration on WE1 and Cu stripping on CE1 (= WE2) increases with the electrolysis time at +0.3 V in Cell 1 in the presence of Fc(MeOH)2 at 3, 6 and 10 µM, respectively, whereas the absence of probe (blank) leads to zero stripping charge as recorded from counter electrode (in comparison to significant background response for direct analysis at the working electrode). This confirms that Fc(MeOH)2 can also be indirectly "pre-concentrated" with time, indirectly through the electrodeposition of Cu on CE1 during its oxidation. Therefore, the concept of stripping may also be applicable here, and one may eventually analyze lower concentration of analyte by increasing the time. It allows a trade-off between the time and sensitivity of analysis.

Figure 2 . 23

 223 Figure 2.23 Variation of charge as a function of accumulation time (by applying +0.3 V to WE1 for increasing times in blank or 3, 6 or 10 µM Fc(MeOH)2 solutions in Cell 1a), measured from current integration on WE1 in Cell 1 (A) and Cu stripping from CE1 (=WE2) in Cell 2. Error bars indicate the standard deviation of 5 repetitive measurements.

Figure 2 .

 2 24A shows clearly different slopes for low concentrations, up to 1 µM, and for the concentration range from 1 to 10 µM. The blank solution also shows a signal of ca. 1 µC, which is very close to the signals from 0.1 and 0.2 µM solutions. This blank signal arises from the non-Faradaic current, and is dominant in the solutions with low concentration of analyte, restricting the detection limit down to 0.4 µM for such direct detection. Meanwhile, Figure 2.24Bshows better linearity over the whole concentration range. Even at low concentration, the signals are still clearly distinguishable and analysable by fitting, with a limit of detection (LOD) estimated at 0.1 µM (LOD=3Sa/b, where Sa is the standard deviation of the response (n=5) and b is the slope of the calibration curve). With such optimal conditions, the blank signal is not detectable when measured by anodic stripping at the CE. These phenomena make the Cu stripping signals from CE1 more favourable for analysing low concentrations of Fc(MeOH)2. This is likely because the CE may serve as a filter for non-Faradaic charge. Finally, we also tested stirring the solution in Cell 1a (in order to accelerate mass transport of Fc(MeOH)2) and, besides noisier amperometric response, this resulted in an increase of sensitivity (stripping peaks almost 5 times larger than in quite solution, see Figure 2.25), but it does not contribute to lower LOD.

Figure 2 . 24

 224 Figure 2.24 Calibration curves obtained from (A) working electrode and (B) counter electrode for detection of increasing concentrations of Fc(MeOH)2 in Cell 1a; potential applied to WE1: +0.3 V vs. Ag/AgCl, for 800 s; solution in Cell 1b: 0.2 M CuSO4 at pH 2; error bars indicate the standard deviation of 5 experiments. Inset graphs show the enlarged calibration curves of Fc(MeOH)2 in the concentration range from 0 to 1µM.

Figure 2 .

 2 Figure 2.25 (A) chronoamperometry of GCE in 6 µM Fc(MeOH)2 in cell 1a (without (A1) or with (A2) stirring) at an applied potential of +0.3 V; (B) Corresponding anodic stripping of Cu (0) deposited on CE1; Cu 2+ concentration in Cell 1b: 0.02 M; "bridge" connector: Cu wire.

Figure 2 .

 2 Figure 2.26 (A) Differential pulse voltammograms and (B) corresponding calibration curve for the direct determination of Fc(MeOH)2 in a three-electrode cell.

  .27 A). The calibration curves obtained in the sub-µM concentration range (Figure 2.27 B) confirm the trends observed for Fc(MeOH)2 redox probe, with a sensitivity improved by ca. 4 times when stirring the solution in Cell 1a containing the gentisic acid analyte. LOD values determined from measuring the stripping signals from CE1 were 0.03 µM and 0.04 µM, respectively with and without stirring; they are lower than for Fc(MeOH)2, most probably because gentisic acid is likely to adsorb on electrode surfaces [46] thus contributing to more effective preconcentration.

Figure 2 . 27

 227 Figure 2.27 Anodic stripping signals recorded at counter electrode after transfer to Cell 2 (A) and corresponding calibration curves (B), for detection of increasing concentrations of gentisic acid (GA) from 0.08 to 8 µM in Cell 1a, respectively without (a) or with stirring (b); potential applied to WE1: +0.3 V vs. Ag/AgCl, for 300 s; solution in Cell 1b: 0.2 M CuSO4 at pH 2; error bars in (B) indicate the standard deviation of 3 experiments.
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 31 "accumulation") time or stir the preconcentration solution to enhance performance of analysis. This work extends the applications of stripping analysis and offers new possibilities for electroanalysis by capturing signals from counter electrode. Apart from the concentration of analyte, another target of analytical chemistry is the reactivity of materials. In electroanalytical chemistry, it is particularly interesting to study the charge transfer kinetics of electrochemical interfaces. In this chapter, we attempt to develop the concept of visualizing electrochemical reactions on WE indirectly through the optical change of the CE. The principle is illustrated in Figure By positioning the CE purposely close to the WE, the current distribution on CE is influenced by that on WE, thus may reflect the distribution of reactivity of WE.

Figure 3 . 1

 31 Figure 3.1 Illustration of current distribution (grey line) inducing colour change on CE (dark blue) by an active area on WE (red). The distance between WE and CE: d1 >d2.

3. 2 . 1

 21 Preparation of different types of electrodesPreparation of WO3/ITO. The WO3 electrochromic CE was prepared by electrodeposition on ITO (Thickness: 0.5 mm, sheet resistance: 10 ohm/sq, area: 15 × 15 mm 2 , SPI Supplies, France) from peroxo-tungstic acid (PTA) solution. The latter was prepared by dissolution of 1.8 g of W metallic powder in 20 ml of H2O2 and 20 mL of deionized water[START_REF] Deepa | Electrodeposited tungsten oxide films: annealing effects on structure and electrochromic performance[END_REF]. The mixture was constantly stirred for 24 h in a cold bath (between 0 and 10 ℃). Then, 0.05 g of Pt/C powder was added into the colorless solution to catalyze the decomposition of excess H2O2 under string until obtaining a yellow-colored solution. Next, the obtained PTA solution was further centrifuged at 7000 rpm for 8 min in order to remove the precipitate, while the supernatant was recovered and kept in the refrigerator for further use. The electrodeposition was carried out in a conventional three-electrode system, with ITO as WE, an Ag/AgCl commercial RE, and a Pt wire as CE. Before electrodeposition, the ITO surface was cleaned by sonication in acetone, ethanol, H2O2/NH3•H2O (2:1 vol. ratio) and water. The WO3 film was electrodeposited by scanning cyclic voltammetry between 0 and -0.6 V (vs.
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 34 ethylenedioxythiophene): poly(styrenesulfonate) thin films on ITO (PEDOT: PSS/ITO). The PEDOT: PSS film deposition was done by spin-coating on ITO glass substrates with a spin speed of 5000 rpm for 30 s. Before deposition, the ITO should be cleaned carefully (cleaning ITO operation has been introduced in the section for the preparation WO3/ITO), and the PEDOT: PSS solution should be sonicated for at least 20 min. The preparation of working electrode. The WE studied include interdigitated Au electrodes (200 µm band with 200 µm gap, Metrohm), Au-disk array on ITO and Au microelectrode array. The Au-disk array was deposited by sputtering Au on masked ITO for 120 s at 35 mA current to achieve thickness of ca. 60 nm (Quorum sputter coater, Q150 TS). The mask was printed on a SLA 3D printer (Asiga) with 200 μm diameter holes, and was removed after sputtering. The Au microelectrode array was prepared by sealing Au wires (25 µm diameter, 99.9%, ChemPur, Germany) in UVcured resin. First, the structural body of the array with holes of ca. 150 µm diameter was 3D printed from UV DLP resin. The Au wires were then inserted in the holes under stereomicroscope, and the holes were closed by filling the same resin for printing. Afterwards, the structure was cured in UV for at least 1 hour. The electrical connection of the Au wires was made by attaching to a Cu sheet with silver epoxy (M.G. Chemicals, UK). The final step was to polish the Au microelectrode array up to 0.1 μm abrasive disc (Buehler, USA) to ensure a smooth surface with Au wires well exposed.

Figure 3 . 2

 32 Figure 3.2 The before (A) and after (B) electrochemical cell assembly. (C) The optical imaging system.

  Electrochemical and optical measurements were synchronized for visualizing the CE color change upon applying voltage between WE and CE. The voltage was controlled by a potentiostat (PalmSens 4, Netherland). When an electrochemical measurement started, a trigger was sent to Arduino to generate a square wave for triggering the image capture by CMOS camera at desired time intervals. The exposure time of the CMOS camera was 8 ms for each image. In this way, the optical images could precisely reflect the transient behavior of the electrochemical system. The images were analyzed by ImageJ software.

Figure 3 .

 3 3A. The reactions are depicted as follows: at WE: 2H2O → O2 + 4H + + 4e - at CE: WO3 + 𝑥 H + + 𝑥e-→ H𝑥WO3The reduced form HxWO3 is blue-colored and can be visualized by naked eyes or under optical microscope. Figure3.3B illustrates the color change of the system during a linear sweep voltammetry scan. At 1.3 V, the current is very low (ca. 3.85 µA) and the WO3 CE stays transparent. This suggests that the reactions on both WE and CE are negligible. As the applied voltage increases beyond 1.5 V, the current sharply increases and the WO3 CE starts to turn blue. Moreover, the blue strips on CE fall almost exactly above the Au strips on WE. This indicates that the current distribution on CE follows that on WE. In another word, the shape of WE can be "projected" to CE.

Figure 3 . 3

 33 Figure 3.3 (A) Schematic diagram of the reaction mechanism of WE and CE. (B)Linear sweep voltammetry of the electrochromic device from 0 to 2.0 V at a scan rate of 0.05 V/s, the insets: electrochromic photos of CE at 1.3 V and 1.6 V respectively.

3. 3 . 2

 32 The measurement of optical change at CEThe color change of CE was quantitatively measured under optical microscope with a CMOS camera. The electrochemical cell was fixed under optical microscope with the optical focus on the WE. When scanning the voltage from 0 to 2 V (WE vs. CE), images were taken at different time, which correspond to different applied voltage thanks to the synchronization. According to the scheme in Figure 3.4, the light radiates the WE surface and reflects back to the camera. In the optical pathway, it goes through CE and electrolyte for two times (incite and reflected light). Assume that the optical properties of the WE and the electrolyte do not change during the experiment, the light intensity captured by the camera reflects only the electrochromic effect of the CE. The absorption of CE can thus be derived by dividing the gray value of the colored state by that of the bleached state. In this work, the image taken at 0 V was considered as bleached state for the normalization of gray values. It is seen that the normalized image at 1.3 V shows no strip (Figure 3.5A), which is in agreement with no visible color change in Figure 3.3B. As the applied voltage increases to 1.6 V, the strips start to appear (Figure 3.5B).

3 .

 3 5D shows the variation of normalized gray values across the strips (in horizontal direction in the images). The normalized gray values of the areas above Au strips decrease as the applied voltage increases, indicating that the absorption of WO3 CE increases. Although the normalized gray values of the areas above gaps between Au strips also decrease obviously after 1.6 V, it could be neglected compared to the normalized gray values of the strips. Moreover, the width of the colored strips is almost identical to that of the Au interdigitated electrodes. This indicate that one may identify conductive areas of WE from the local color change of electrochromic CE.

Figure 3 . 4

 34 Figure 3.4 Schematic of the experimental setup.

Figure 3 . 5

 35 Figure 3.5 (A-C) the optical intensity changes on the CE at voltage for 1.30 V, 1.60 V and 1.90 V, respectively. Scale bar (white): 200 μm. (D) The variation of normalized gray values across the strips and gaps in the yellow dotted frame in Fig. 3.5B with increasing the voltage.

Figure 3 . 6

 36 Figure 3.6 The effect of time on the color change on the CE under a voltage of 1.9 V. (A) The color change images of CE at different time. Scale bar (white): 100 μm. (B) The variation of normalized gray values across the regions in the yellow dotted frame in Fig. 3.6A at different times. (C) Normalized gray values of strip and gap on the CE as a function of time.

Figure 3 . 7

 37 Figure 3.7 The variation of normalized gray values of stripe with time at different voltage across the regions in the yellow dotted frame in Fig. 3.6A.

Figure 3 . 8 (

 38 A, B) shows the images taken at 1.5 V for 5 s with different thickness of spacer. It can be seen that with a distance of 0.2 mm from WE and CE, there is no visible stripe on CE (Figure3.8A), while reducing the thickness of PTFE, stripe can appear on the CE (Figure3.8B). Moreover, the current response decreases as the WE-CE distance increases (Figure3.8C), which could be explained by the resistivity of the electrolyte as well as the hindrance of mass transport of H + . At the same time, the normalized gray value of the strips on CE increases towards 1 with the increase in distance at a voltage of 1.5V (Figure3.9A), meaning that the color change of CE becomes less significant.

Figure 3 . 8

 38 Figure 3.8 The effect of distance between WE and CE on the optical change of CE. (A), (B) The images for optical change of CE at thickness of PTFE for 0.2 mm and 0.01 mm, respectively. Scale bar (white): 100 μm. (C) The current density of electrochromic device for different thickness of PTFE: 0.2 mm and 0.01 mm. The voltage: 1.5 V and time: 5 s.

Figure 3 . 9

 39 Figure 3.9 The variation of normalized gray values across the regions in the yellow dotted frame in Fig. 3.8 at different thickness of PTFE: the constant voltage: (A)1.5 V, (B) 1.7 V, and (C) 1.9 V, respectively. The time: 5s.

  deep blue stripes remains on the CE after stopping the applied voltage when LiCl is used as an electrolyte (Figure3.10B, picture1). Meanwhile, the Au interdigital electrode also keeps same pattern as CE (Figure3.10B, picture2). After removing the pattern on the CE by rinsing with water, the WO3 film on the ITO can keep its original state (Figure3.10B, picture3), which means the pattern is not from the reduction of ITO (the reduced ITO is irreversible and keeps brown)[START_REF] Liu | Important implications of the electrochemical reduction of ITO[END_REF]. In the case of PANI/ITO instead of WO3/ITO as CE, the pattern is also observed on the PANI film and Au interdigital electrode when LiCl is used as electrolyte (Figure3.10C). This is likely because the oxidation of a gold interdigital electrode in chloride solutions at anodic bias results in a marked increase in the rate of dissolution of the metal by virtue of the increased stability of Au(I) and Au(III) chloro-complexes[START_REF] Gaur | Electrochemical behavior of gold in acidic chloride solutions[END_REF]. The gold complexes could diffuse quickly to the CE due to the small distance between the WE and the CE.Therefore, the electrolyte containing chloride easily damages the Au interdigital WE which is adverse for the local coloration reaction of CE. Because the pattern on the CE has good symmetry with the pattern on the WE, as well as the uniform pattern distribution, it inspires us that perhaps by optimizing the experimental conditions (concentration, voltage, time, etc.), it could be used to replicate fingerprints or other patterns fields in the future.

Figure 3 . 10

 310 Figure 3.10 The photos for electrochromic of CE at different electrolyte. (A) electrolyte is H2O, 0.01M Li2SO4, and 0.01M Na2SO4 from left to right and WO3/ITO as CE. (B) Electrolyte is 0.01M LiCl and picture1,2,3 represent patterned WO3/ITO, the locally dissolved Au interdigital electrode, the WO3/ITO with pattern removed, respectively. (C) Patterned PANI/ITO, the locally dissolved Au interdigital electrode, electrolyte is 0.01M LiCl. All electrochemical cell voltage is carried out at a voltage of 1.8 V and time of 5s.

Figure 3 .

 3 11A shows the optical image of the microelectrode array, where each Au microelectrode has a diameter of 25 μm and the gap between adjacent electrodes varies from 20 to 250 μm. By scanning the voltage between WE and CE from 0 to 2 V with 10 µm distance, the current shows a sharp increase at ca. 1.5 V, which corresponds to the onset of electrochemical oxidation of water (Figure 3.12). Meanwhile, the color above the areas of Au microelectrodes also starts to change, and the coloration becomes more significant as the applied voltage further increases (Figure 3.11B). Note that electrodes 7 and 8, which are located very close (20 µm), become less distinguishable at high voltages (Figure 3.11C). This lateral propagation of color is consistent with the observations on Au interdigitated electrodes. It suggests that the distance between adjacent active spots on WE would affect the electrochromic imaging from CE. Experimentally, by controlling proper voltage, it is still possible to visualize 25 µm active electrodes with an insulating gap of ca. 20 µm.

Figure 3 .

 3 Figure 3.11 (A) Optical micrograph of Au microelectrode array. The scale bar (white): 50 μm. (B) The optical change of CE at different voltage corresponding to the active areas on the WE. Scale bar: 50 μm. (C) The variation of normalized gray value of the region 7, 8, and the gap on CE with increasing the voltage.

Figure 3 . 12

 312 Figure 3.12 Current vs. voltage curves of the electrochromic device, scan rate: 0.05 V/s.

Figure 3 .

 3 13A shows the photo of WE made of Au disks sputtered on ITO glass. By scanning voltage against a WO3 CE with 25 μm distance and H2O as electrolyte, images are acquired as shown in Figure 3.13B. After normalizing images with that taken at open circuit voltage (ca. 0.005 V), the micro-disks are almost invisible on the CE when the applied voltage is lower than ca. 1.0 V. When the voltage rises to ca. 1.1-1.3 V, the micro-disks become distinguishable. It is interesting to see that the edges of the disks have lower normalized gray values than the centers (Figure 3.13C
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 311 ; the other is the reduced contrast in electrocatalytic reactivity between Au and ITO, as ITO could also catalyze water oxidation at high potentials.

Figure 3 .

 3 Figure 3.13 (A) Optical micrograph of Au disks sputtered on ITO. Scale bar (white): 100 μm. (B) The optical change of CE with increasing voltage corresponding to the active areas on the WE. Scale bar (white): 200 μm. (C) The variation of normalized

Figure 3 .

 3 Figure 3.14A shows the variation in normalized gray value of gap between two Au disks and the two disks with voltage. The current increases quickly after 1.3 V and at the same time the gray values decrease obviously both the gap and two disks because of polarization reaction on the electrochemical cell. However, as the voltage increases, the gray value difference between the gap and the Au disks gradually increases. Moreover, to ensure that the peak at 1.3 V results from the oxidation of Au on WE, cyclic voltametric (CV) measurements were carried out for three types of electrochemical cell devices, namely: (1) WE: Au disk array/ITO + CE: WO3/ITO, (2) WE: ITO + CE: WO3/ITO, and (3) WE: Au disk array/ITO + CE: ITO, by scanning the voltage from 0 to 1.8 V at a scan rate of 0.05 V/s. Compared with the electrochemical cell (2) and (3), the electrochemical cell (1) exhibits obviously redox peaks around 1.40 V and 0.60 V, respectively (Figure 3.14B). Moreover, the Au disk array/ITO, ITO and WO3/ITO as WE (vs. Ag/AgCl ) in pure water also are studied by scanning CV from 0 to 2.0 V at a scan rate of 0.05 V/s in three electrodes system (Figure 3.15), respectively. However, only the Au disk array/ITO as WE shows an oxidation peak at 1.25 V (Figure 3.15A). Therefore, it could be inferred that the oxidation peak in two electrode system (WE: Au disk array/ITO + CE: WO3/ITO) originates from the oxidation of gold.

Figure 3 .

 3 Figure 3.14 (A) Normalized gray value vs. voltage curves of Au disk1, Au disk2 and gap (the yellow dotted frame in Fig. 3.13B), current vs. voltage curves of the electrochemical device, scan rate: 0.05 V/s. (B) Cyclic voltammograms of electrochemical cell at different WE and CE compositions, scan rate: 0.05 V/s.

Figure 3 . 15

 315 Figure 3.15 Cyclic voltammograms of different types of WEs in pure water at a scan rate of 0.05 V/s. (A) Au disk array/ITO, (B) ITO, (C) WO3/ITO. Ag/AgCl (saturated KCl) as reference electrode, Pt wire as CE.

Figure 3 .

 3 Figure 3.16 (A) The images for optical intensity changes of CE with increasing time corresponding to the active areas on the WE at a voltage of 1.6 V. Scale bar (white): 200 μm. (B) The variation of normalized gray value of the two micro-disks on CE with increasing the time in Fig 3.16A. (C) Normalized gray values of disk and gap on the CE as a function of time, ∆gray value = normalized gray value of gapnormalized gray value of disk.

Figure 3 .Figure 3 . 13 .

 3313 [START_REF] Ferapontova | An RNA aptamer-based electrochemical biosensor for detection of theophylline in serum[END_REF] shows a control experiment for Figure3.[START_REF] Ji | Smartphone-based cyclic voltammetry system with graphene modified screen printed electrodes for glucose detection[END_REF] where the WO3 CE was replaced by non-electrochromic ITO. It is seen that the current is much lower at the same applied voltage, and the redox peaks disappear (Figure3.17A).This could be explained by the removal of redox reactions of WO3. The optical images with normalized gray values look very similar for different applied voltages.Yet, the edges of Au disks could still be distinguished especially when the voltage is high (Figure3.17B), although it has much less contrast to the Au disk and the gap as compared with One should be very careful in interpreting this edge effect.

  across the interface, which can accelerate electron transfer/ion diffusion. This would result in an improvement in catalyzing water oxidation, and could explain the appearance of normalized gray value change at edges prior to Au disks in Figure 3.13.

Figure 3 . 17

 317 Figure 3.17 The contrast experiment: the optical change of the cell device (bare ITO as CE) with increasing voltage. Scale bar (white): 100 μm.

Figure 3 .

 3 Figure 3.19(A) The micro-disk image in yellow dotted line in Figure 3.18B. (B) The variation of normalized gray value of the micro-disks on CE along with the yellow dotted line in Fig. 3.19A with increasing the voltage. Scale bar (white): 100 μm.

Figure 3 . 3 .

 33 19B shows the variation of the normalized gray value of a micro-disk (the yellow dotted frame in Fig. 3.18B) on CE along with the yellow dotted line in Figure 3.19A with increasing the voltage. It can be seen clearly that there are two high gray scale values at positions about 100 μm and 300 μm that do not vary greatly with increasing voltage, corresponding to the bright regions on CE of Figure 19A. However, the gray value of other regions decreases with the increase of voltage. The bright regions are caused by the negligible color change on the CE, which is a result of the lower electrocatalytic performance of the Au film on stainless steel sheet at this voltage. This result further proves that stainless steel as a substrate has better catalytic activity by local coloration of the CE.To further verify the extensive application of this analysis method, the local reactivity of stainless-steel sheet covered sebaceous fingerprint is studied. To prepare latent sebaceous fingerprint samples, a volunteer is asked to wash his hands with hand sanitizer, and dry them under a nitrogen stream. And then the volunteer gently rubs his finger over his forehead or nose regions and presses it on stainless steel sheet with a light pressure (Figure3.20A). The stainless-steel sheet covered sebaceous fingerprint as WE, WO3/ITO as CE, 25 μm PTFE as spacer and pure water as electrolyte are assembled to above-mentioned electrochemical cell. By scanning the voltage from 0 to 1.6 V under optical microscopy, it is seen that several fingerprints gradually appear after 0.45 V (Figure3.20C). The appearance of fingerprints could be explained as follows: when applying the voltage to this electrochemical cell, the regions non-covered with sebaceous on the stainless-steel sheet have high reactivity causing the local coloration on the CE. In contrast, other areas covering the sebaceous behave lower or non-conductivity so that can't result in the local coloration on the CE. Therefore, optical change obviously on the CE corresponding to the active regions on the WE. Moreover, the non-uniform coverage of sebaceous on the stainless-steel sheet led to each fingerprint stripe is not contiguous like the yellow arrow marked in Figure 3.20B. This could explain the reason that the optical change of each fingerprint stripe on the CE behave not uniform (yellow arrow marked in Figure 3.20C). The above results further indicate this method has meaningful value for reactivity analysis of various WEs.

Figure 3 .

 3 Figure 3.20 (A) Photo of fingerprint on the stainless-steel sheet. (B) The enlarged regions on the yellow dotted frame in (A), scale bar (black): 1000 μm. (C) The images for optical intensity changes on the CE at a voltage of 0.40 V, 0.60 V and 1.40 V, respectively, applied to the WE. Scale bar (white): 300 μm.

3 . 11 .

 311 could occur when applying high voltage (Figure 3. 5), or applying voltage for long time (Figure 3.6), or having two reactive spots close to each other on WE (Figure 3.9).While the former two could still be optimized with experimental conditions, the latter depends on the property of the sample thus may limit the application of the method. A better way is to quantitatively analyze the reactivity of WE from the optical signals on CE by modeling. The model should consider the electrochemical reaction kinetics on both WE and CE, the mass transport of species in the electrolyte including diffusion and migration, and the lateral boundary conditions. Mathematically, two types of lateral boundary conditions are convenient to work with. One is symmetry or no-flux, where the lateral flux of species at boundary is zero. This is applicable for the cell boundary regulated by PTFE spacer, and also for highly symmetrical systems like Au interdigitated electrodes. Another type is semi-infinite diffusion, where the concentration of species always equals to the initial condition (bulk) at the boundary. This is applicable for studying reactive sites that are well apart, with an inert background, such as points 1-6 in Figure The detail modeling analysis is still ongoing.

Figure 4 . 1 ).Figure 4 .For this research, several improvements can also be foreseen: 1 .

 4141 Figure 4.1Variation of charge (Q, red and black line) and coulomb efficiency (CE, blue line) as a function of Fc(MeOH)2 concentration (by applying +0.3 V to WE1 for 800s

Figure 4 . 2 2 .

 422 Figure 4.2 (A) The images for optical change on CE. (B) Schematic diagram for two parallel electrodes: local active regions on WE corresponding to local coloration on CE.

Figure 4 . 3

 43 Figure 4.3 The model includes WE and CE, the WE imitates Au interdigital electrode. The width for gap and strip: 200 μm.

Figure 4 . 4

 44 Figure 4.4 The Comsol simulation: current density distribution on WE and CE, repectively. The distance between WE and CE is 0.05 mm, 0.1 mm, and 0.2 mm, respectively.

Figure 4 . 5

 45 Figure 4.5 The pictures for colaration and bleach of CE at a voltage of 1.8 V, 5s: (A) PEDOT:PSS/ITO, (B) WO3/ITO, (C)PANI/ITO.

(Figure 3 . 6 ).

 36 To eliminate the kinetic of CE by replacing with Nernst boundary condition, which would greatly simplify the analysis of WE transient behavior, it is possible to use organic materials instead of inorganic ones. The former possess high optical contrast, and exhibit fast response time and high staining efficienc[276]. PEDOT:PSS modified ITO has been attempted as the CE, however, in comparison to the local colaration of WO3/ITO (Figure 4.5B), the coloration effect of PEDOT:PSS/ITO is more homogeneous (Figure 4.5A). Moreover, the PEDOT:PSS film is not stable after bleaching. The reason is not yet clear. It might be caused by the hydrophobic ITO surface leading to poor adhesion. Therefore, This deserves further exploration. When using the Polyaniline (PANI) electrodeposited on the ITO as CE, the four purple stripes are seen clearly under a voltage of 1.8 V, 5 s (Figure 4.5C).
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Experimental section 2.2.1 Configuration of the electrochemical cell

WE: stainless-steel sheet with Au disk and fingerprint

The stainless-steel sheet replaces ITO substrate for sputtering Au disk on its surface as WE. The electrochemical cell reaction conditions (CE, eletrolyte, PTFE thickness) are same with the experiment in Figure 3.18, except the WE substrate. The normalized gray values outside and in the middle of the micro-rings also decrease with increasing voltage, but the inside of the micro-rings maintain a higher gray value (bright region). Especially for a higher voltage (1.60 V), the gray value on all the

Chapter IV

Conclusions and Perspectives

In this thesis, we mainly focus on two research aims: one is that using counter electrode (CE) combining with stripping voltammetry to achieve the detection of analytes that cannot usually be detected by this technique (Chapter II); another is that mapping local optical change of CE to analyze the reactivity of working electrode (WE) (Chapter III).

In first research aim (Chapter II), we have developed a new electroanalytical method based on the CE as signal sensing element. Different from the traditional CE selection criteria, a microelectrode is used as CE (micro-CE). Moreover, the WE and CE are respectively put in two half electrolyte cells (called cell 1a and cell 1b) that are connected by a "bridge". Once the potential is applied to this device, the analytes are oxidized on the WE surface in cell 1a, while Cu 2+ ions are reduced and deposited as Cu (0) on the CE surface in cell 1b. Therefore, the analytes concentration can be detected by analyzing the Cu (0) stripping signal from CE surface. The major merits of this analysis method include:

1. The stripping electroanalysis method based on micro-CE enables the measurement of analytes that cannot be pre-concentrated on the WE.

Separate electrolyte cells effectively prevent mutual interference between WE and CE.

3. The charging current of CE could be negligible due to the usage of microelectrode. Furthermore, considering that chronoamperometry is applied for the oxidation of analytes in WE surface, it is seen that the charging current on WE can be successfully eliminated by adjusting the oxidized potential of analytes, which avoids the interference of non-faradic current from WE to CE and achieves an accurate detection. when extending Cu (0) deposition time, the better sensitivity and detection of ultra-low concentration can be improved obviously. Moreover, the effect of the concentration and pH value of CuSO4 on the Cu (0) deposit amounts have also been explored. It is illustrated that there is a large Cu (0) deposition efficiency with decreasing concentration of CuSO4, which is beneficial to the detection of lower analytes concentration. To prove the practical application value of this analysis method, the gentisic acid (an antioxidant molecule used in pharmaceutical industry) has been detected. With and without stirring the analytes solution in cell 1a, the result indicates that the sensitivity of this analysis can be improved by ca. 4 times under the condition of stirring. Overall, this new electroanalysis method has the great potential for providing quantitative analysis to analytes that can't be pre-concentrated on the WE.

However, some challenges still exist in this research. First, this analysis method is limited for analytes that just could be oxidized on WE in cell 1a and the concomitant reduction of Cu 2+ on CE in cell 1b, however other analytes might need to be reduced during detecting in cell 1a that can't be achieved. The CSV might be able to replace the ASV for analysis of pre-concentrated substrate on CE in cell 1b. The conventional CSV technique has been used to determine a variety of inorganic and organic compounds that form an insoluble film on the electrode during the preconcentration step at a positive potential. It means that some non-metal ions like halides (iodide, bromide, chloride) could be used instead of Cu 2+ to form insoluble film on the electrode surface.

The hanging mercury drop electrode (HMDE) is the most commonly used electrode for analyzing metal or non-metal ions. By applying a cathodic potential to the WE to cause the reduction of analytes in cell 1a, at the same time, a sparingly soluble compound would be formed with the mercury electrode (CE) at anodic potential during the preconcentration process (equation 1.6-1.7). As a result of the application of the positive potential, metallic mercury is oxidized to mercury(I). Afterward, the deposit is stripped from the electrode by application of a scan toward more negative potentials.

Therefore, the analytes concentration could be obtained indirectly from the stripping signal. However, due to the current intensity in CSV depending on the amount of insoluble film formed on the CE area, it is unfavorable for the detection of high concentration analytes which could lead to the surface saturation of CE. Although some solid electrode materials have been reported, for example, silver electrodes have been used for the CSV determination, the drawback of the use of solid electrode materials is the typically poor reproducibility of the analysis and the low sensitivity, as a result of irregularities on the electrode surface and irreversible reduction of hydroxides (in the case of metals).

Appendix Chemicals

The specifications for all the chemicals used in the different experimental procedures can be found in Table 1 as follows: