General Introduction

I. Electrical energy production and the carbon footprint

Continuously growing world population calls for ever increasing energy production to power our modern society. As a consequence, between 2014 and 2050, energy production is foreseen to double. 1 The question is, where is this energy coming from? If we look at Figure 1, we can see that in 2019, electricity production was primarily derived from fossil fuels (more than 60 % of the world production). It is followed by hydro (~ 16 %) and nuclear sources (~ 10 %), whereas only a minor amount of electrical energy is generated from solar and wind sources (~ 8 %). Using fossil fuels as a main electrical energy source is problematic for two principal reasons.

First, fossil fuel reserves are limited. 3 According to a recent report (from 2018), known fossil fuel reserves are around 1139 billion metric tons. Although the number itself might seem huge, we are in a serious danger of running out of fossil fuels. The same report predicts that global oil, natural gas and coal reserves will be used up by 2066, 2068 and 2169 respectively. Inevitably, a rapid change in the way we produce energy is crucial. 4 Second, burning fossil fuels for energy has detrimental impact on our environment. 5 If we take into account only single sources of greenhouse gas emission, burning fossil fuels for power generation is the largest one, representing 25 % of the emissions globally. 6 Likewise, fossil fuel sources give the highest carbon dioxide output per kW•h of produced electrical energy (Figure 1). It is well known that high CO2 emission is highly undesirable, as it is the main cause of global warming, thus accelerating climate change. Apart from CO2, other air pollutants, such as small organic molecules, heavy metals, NOx and SO2 are produced by fossil fuels combustion.

Additionally, NOx and SO2 cause acid rain, which has devastating ecological effects. 7 The targets of the 2015 Paris agreement (195 signatory nations), are to constrain temperature rise to 2 °C above preindustrial level, preferably 1.5 °C, and reach carbon-neutrality by the end of the century (Carbon-neutrality meaning no net carbon addition to the atmosphere). As the fossil fuels combustion give rise to enormous carbon dioxide emission, the main source of global energy has to be switched to renewable sources with low carbon dioxide emission. Notably, by 2100, 60 % of all energy production needs to be based on renewable sources, 6 compared to ~ 26 % in 2019.

The switch to renewable sources would also positively influence the energy price (e.g., the price of coal-fired power is twice as much as the price of wind energy). 6 However, the use of renewable sources is hindered by their intermittency nature, randomness and volatility. 8 Currently, produced quantities of energy from renewable resources are exceeding storage Another, perhaps overlooked problem, are the grid interruptions that come at high price for the economy. For example, in the United States alone, an annual loss of 150 billion dollars with growing tendency, is triggered by this problem. 9 Furthermore, according to the reports, ~ 10 % of all produced electrical energy was wasted due to lack of storage capabilities. 10,11 Thus, in order to bridge the gap between the production and use of the energy, the efficient storage systems are essential.

12 Surprisingly, overall electrical energy stored was less than 0.1 % of the production (based on 2019 data). 11 Therefore, accelerated advancement and application of large-scale energy storage technologies are highly needed. Furthermore, storage technologies are also of paramount importance for sustainable a and clean energy in the future. 3 a "The term "sustainability" is used to refer to a technological or scientific development meeting the needs of current society without compromising the ability of the future generations to meet their own needs in accordance with the 1987. Brundtland Report." 23

I. Electrical energy storage systems (EESS)

The fundamental principle of electrical energy storage is the transformation of electrical energy into another type of energy, that can be stored and, when needed, efficiently converted back to electrical energy (i.e., high reversibility of the conversion process). 6 We can think of electrical energy storage as a buffer helping to balance power supply and demand. 13 Electrical energy storage systems offer two core benefits: (1) to facilitate regulation of supply and demand by decoupling energy generation and use; and (2) to improve grid security by incorporation of local grids and micro grids into the system. 6 Other types of energy into which electrical energy is converted usually include: potential energy by pumped hydropower storage 14 (PHS) or compressed air, [START_REF] Huang | Tunable Pseudocapacitance in 3D TiO2-δ Nanomembranes Enabling Superior Lithium Storage Performance[END_REF] kinetic energy by flywheels, [START_REF] Jiang | Evidence for Fast Lithium-Ion Diffusion and Charge-Transfer Reactions in Amorphous TiOx Nanotubes: Insights for High-Rate Electrochemical Energy Storage[END_REF] thermal energy by molten salts 17 and chemical energy by secondary batteries 18 or by chemicals e.g. H2 production. 19 Based on the 2017 data, over 96 % of the global storage capacity is achieved by pumped hydro storage (Figure 2). This is not ideal, as the energy storage capacity is low, merely 3 W•h for every 1 m 3 (or a ton) of water lifted by 1 m. 1 Additionally, its application is restricted to water rich regions and requires good hydraulic head between higher and lower water reservoirs. 9 Among other storage technologies, electrochemical storage, in particular batteries, are very attractive, as they offer modularity and adaptability for homes, communities and grid storage. [START_REF] Kim | Evidencing Fast, Massive, and Reversible H+ Insertion in Nanostructured TiO2 Electrodes at Neutral pH. Where Do Protons Come From?[END_REF] Furthermore, batteries provide high conversion efficiency. 6 II. Batteries

General considerations

Every battery consists of two electrodes, namely anode (negative electrode) and cathode (positive electrode). These electrodes are coupled by an external circuit, enabling electron transfer, whereas an electrolyte, placed in-between the electrodes, provides the required ionic conductivity. [START_REF] Pohl | The Size of the Proton[END_REF] During battery operation, electrical energy is produced based on a spontaneous chemical reaction, resulting from the balance of two half-reactions, each occurring at one electrode. These half-reactions correspond to the oxidation or reduction of the redox-active material at each electrode. If the oxidation/reduction process can be reversed by external application of electrical energy, the battery is said to be rechargeable. There are two important parameters that are used to assess the battery performance and compare different systems, namely the specific energy (in W•h•kg -1 ) and the specific power (in W•kg -1 ). The specific energy is a function of both the battery voltage (in V) and its gravimetric capacity (in A•h•kg -1 ) and it represents the amount of electrical energy per mass (or volume) that the battery can provide. The specific power gives the rates at which the battery can be charged or discharged. [START_REF] Pohl | The Size of the Proton[END_REF] In short, the specific energy gives information on how much energy can be delivered by the battery, whereas the specific power designates how fast this energy can be delivered. The Ragone diagram is usually used to represent specific power against specific energy for the comparison of different rechargeable battery systems. 6 According to their application, batteries can be categorized into power batteries and storage batteries. 9 Power batteries are used in portable electronics and electric vehicles, thus requiring high energy and high power density. 8 Differently, storage batteries are less sensitive to energy density 13 and their primary requirement is safety, along with long cycling life, high energy efficiency, low installation costs and sustainability. [START_REF] Renault | Unraveling the Charge Transfer/Electron Transport in Mesoporous Semiconductive TiO2 Films by Voltabsorptometry[END_REF] Sustainability is of high importance when choosing materials for the battery assembly. Elements such as: H, O, S, P, Na, K, Ca, Mg, Mn, Fe and Ti are regarded as sustainable, as they are constituents of the biomass and thus can be readily recycled in nature, unlike the main constituents of current Li-ion batteries (LIBs): Li, Co, Ni, Cu and F. 1 2. Li-ion batteries dominate the market

In the last decades, Li-ion batteries are extensively used to power our everyday life needs, such as use of portable electronics, electric vehicles and also to backup of our power supplies. 24 Historically, the first Li-ion battery was commercialized in 1991 by the Sony company and had energy density of 80 W•h•kg -1 . During the following years, a lot of effort has been put into improvement of the Li-ion battery and today's energy density approaches 250 W•h•kg -1 at the cell level. 13 The key for such a high energy density relies on the combination of: (1) the use of an organic electrolyte, allowing for a large potential window and consequently use of redox-active materials with large potential gap (i.e., the substantial difference in redox potentials of the materials used on the anode and the cathode side); (2) the use of insertion materials enabling the "rocking-chair" operation principle that allows to minimize the volume of electrolyte; and (3) the formation of a solid electrolyte interface (SEI) by sacrificial reduction/oxidation of the electrolyte to protect electrolyte from further reduction/oxidation. 13 For the development of Li-ion battery, scientists John B. Goodenough, M. Stanley Whittingham and Akira Yoshino have been awarded the Nobel prize in chemistry in 2019. [START_REF] Baddour-Hadjean | Raman Investigation of the Structural Changes in Anatase LixTiO2 Upon Electrochemical Lithium Insertion[END_REF] The operating principle of Li-ion batteries on discharge is depicted on Figure 3. During discharging, the battery provides electrical energy to the external circuit (i.e., to power devices), so electrons flow from the negative to the positive electrode (in the present case petroleum coke and cobalt oxide). In order to keep overall charge neutrality at each electrode, the electron flow is coupled with lithium ions disinsertion from the negative electrode, migration through the electrolyte and insertion into the positive electrode. The process is reversed during charging. 6 More generally, the operating principle involving single ion insertion/disinsertion in both electrodes is called "rocking-chair". [START_REF] Renault | Unraveling the Charge Transfer/Electron Transport in Mesoporous Semiconductive TiO2 Films by Voltabsorptometry[END_REF] Note that both cations as well as anions can be inserting/disinserting species. [START_REF] Hardwick | Electrochemical Lithium Insertion into Anatase-type TiO2 : An in situ Raman Microscopy Investigation[END_REF] Nowadays, Li-ion batteries account for almost 60 % of all electrochemical technologies used for electricity storage (Figure 2). Although they have a high energy density, further employment of LIBs in grid storage is not desirable. First, its further employment is not sustainable due to battery manufacturing process and element mining. As for manufacturing, to produce 1 kW•h Li-ion battery, more than 400 kW•h are used. This translates into 75 kg of CO2 emission, the equivalent of burning 35 L of gasoline. 1 Regarding the mining, 250 tons of mineral or 750 tons of brine or 28 tons of used batteries are necessary to attain 1 ton of lithium. 1 What is more, lithium resources are scare (20 ppm in Earth's crust) 24 and are not equally distributed (around 70 % is located in Latin America). 6 Another element, essential for lithium-ion batteries that might face shortage in the near future is Co. 12 It is worth noting that the lithium content falls in the range of 5 to 15 wt % in today's

Li-ion batteries, whereas cobalt content is somewhat lower and ranges from 2 to 7 wt %. 1 For these reasons, costs of LIBs technology remain high, even if continuously decreasing. [START_REF] Renault | Unraveling the Charge Transfer/Electron Transport in Mesoporous Semiconductive TiO2 Films by Voltabsorptometry[END_REF] Further, the lithium salt usually used in the electrolyte is LiPF6, the decomposition products of which react with water to produce HF acid, severely polluting our environment. 5 The main public concern regarding LIBs is indeed safety. The safety issues are related to the flammable organic solvent that is used to dissolve Li-ion salt in the electrolyte as well as combustible electrode materials presenting the elevated risk of fires or explosion. [START_REF] Pohl | The Size of the Proton[END_REF][START_REF] Renault | Unraveling the Charge Transfer/Electron Transport in Mesoporous Semiconductive TiO2 Films by Voltabsorptometry[END_REF][24] Recently reported incidents include: the Tesla Model S combustion in 2019, Samsung Note 7 explosions in 2016 24 and Boeing 787 battery fires [START_REF] Laskova | Lithium Insertion into Titanium Dioxide (Anatase): A Raman Study with 16/18 O and 6/7 Li Isotope Labeling[END_REF] . The risk is even greater knowing the large storage capacity needed for grid application (in GW). However, LIBs are still employed for commercial storage purpose due to shortage of suitable alternative storage batteries. 9 All these concerns clearly show the need for further research toward safer, eco-friendly and more sustainable battery technologies, that would be better adapted for large-scale energy storage.

Apart from organic electrolytes, other electrolytes that could be employed include: (1) solid-state electrolytes, (2) ionic liquids (IL) and ( 3) aqueous electrolytes. Solid-state electrolytes are expensive and mostly lithium based. One example of solid-state electrolyte is poly(ethylene oxide) mixed with lithium salts, commercially used for modular battery cabinet (capacity ranging from 1 pack of 250 kW•h to clusters of several MW•h.)by Blue Solutions. [START_REF] Gentili | Lithium Insertion into Anatase Nanotubes[END_REF] Regarding IL electrolytes, although not flammable they are potentially explosive due to flammability of the released gas molecules and thermal instability. Another drawback of IL is ion-pairing behavior [START_REF] Eyövge | Nafion Coated Mg50Ni50 and (La,Mg)2Ni7 Negative Electrodes for NiMH Batteries[END_REF] and the high price. 9 Regarding the safety concerns, aqueous electrolyte is the logical choice.

III. Aqueous rechargeable batteries

1. Aqueous electrolytes: benefits vs costs Besides safety, aqueous electrolytes offer other advantages over organic electrolytes that make them appealing for large-scale energy storage. These advantages are: (1) environmental friendliness, (2) use of inexpensive salts, (3) avoidance of rigorous assembly conditions (e.g., oxygen free and dry assembly line are obligatory in case of LIBs), ( 4) about two orders of magnitude higher ionic conductivity (e.g., 1 S•cm -1 in H2SO4 aqueous electrolytes compared to 10 -2 S•cm -1 in conventional organic carbonate solvents containing LiPF6) 30,31 and (5) high tolerance toward mechanical and electrical mishandling. [START_REF] Renault | Unraveling the Charge Transfer/Electron Transport in Mesoporous Semiconductive TiO2 Films by Voltabsorptometry[END_REF]24 Nonetheless, water benefits given above, come at the cost of limited electrochemical stability window (ESW), shown in Figure 4. 13,[START_REF] Renault | Unraveling the Charge Transfer/Electron Transport in Mesoporous Semiconductive TiO2 Films by Voltabsorptometry[END_REF]24,[START_REF] Eyövge | Nafion Coated Mg50Ni50 and (La,Mg)2Ni7 Negative Electrodes for NiMH Batteries[END_REF]32 (ESW). Note that operating potential window of the active material must be within the ESW. 32 If the operating potential of the electrode active material lays out of the ESW, the electrolyte itself will be reduced/oxidized at the electrode. As mentioned before in the case of LIB, a passivation layer (SEI) is formed by the oxidation/reduction of the organic electrolyte at the electrode/electrolyte interface during the early stage of cycling. Formed SEI allows for Li + transport and serving as protection against further electrolyte oxidation/reduction. In general, aqueous electrolytes do not form such SEI, but are subjected to the following reduction/oxidation reactions: water reduction at the negative electrode leading to hydrogen evolution (HER) and water oxidation at the positive electrode leading to oxygen evolution (OER). Based on thermodynamic considerations of the associated half-reactions, the electrochemical stability window of water is 1.23 V. Thus, it imposes certain limitations for aqueous rechargeable batteries, such as: (1) narrow choice of electrodes materials operating within the ESW, leading to inferior energy density compared to organic electrolytes, and (2) possible electrode surface degradation due to hydrogen and oxygen evolution during battery operation. 13 HER and OER are together designated as water splitting half-reactions. They are dependent on the electrolyte pH (Figure 4), with different reaction paths at different pH: 24 In acidic solution:

𝑂𝐸𝑅 ∶ 2𝐻 2 𝑂 + 4𝐻 2 𝑂 → 𝑂 2 + 4𝐻 3 𝑂 + + 4𝑒 - 𝐻𝐸𝑅 ∶ 2𝐻 3 𝑂 + + 2𝑒 -→ 𝐻 2 + 2𝐻 2 𝑂

In basic solution:

𝑂𝐸𝑅 ∶ 4𝑂𝐻 -→ 𝑂2 + 2𝐻2𝑂 + 4𝑒 - (3) 
𝐻𝐸𝑅 ∶ 2𝐻2𝑂 + 2𝑒 -→ 𝐻2 + 2𝑂𝐻 - (4) 
It is important to emphasise that the mechanism of these proton-coupled electron transfer reactions, associated to bond formation/rupture, is much more complex. They notably include an initial adsorption step, that makes them highly dependent on the chemical nature and the surface state of the electrode material. As for HER, the Volmer reaction corresponds to the adsorption step, that is followed by either the Heyrovsky reaction (electrochemical desorption),

where adsorbed hydrogen is combined with proton and second electrons produce H2, or the Tafel reaction (chemical desorption) where two adsorbed hydrogens atoms come together to form H2, or both. [START_REF] Ghicov | Interlayer Separation in Hydrogen Titanates Enables Electrochemical Proton Intercalation[END_REF] In case of OER, both adsorbate evolution mechanism (AEM) and a latticeoxygen-mediated mechanism (LOM) are possible, depending on whether the reaction is considered to occur on one or two adjacent metal ions. 34 Besides, high activation energies and poor energy efficiencies lead to significant overpotentials for these reactions to be effective. This allows the ESW to extend over 1.23 V, such as in the case of lead acid batteries that exhibit high operating voltage (~ 2.1 V), owning to sluggish kinetics of water splitting reaction at the Pb electrodes. [START_REF] Eyövge | Nafion Coated Mg50Ni50 and (La,Mg)2Ni7 Negative Electrodes for NiMH Batteries[END_REF]32,34,[START_REF] Kang | Hydronium Ions Stabilized in a Titanate-Layered Structure with High Ionic Conductivity: Application to Aqueous Proton Batteries[END_REF] Depending on the operating voltage of the battery, OER and/or HER can occur competitively to the battery charge, or they can arise from battery overcharging. In both cases, it leads to a decreased Coulombic efficiency (CE) of the battery, as the electrons are drained for oxygen or hydrogen production and not for the charge storage. 9 Generally speaking, neutral electrolytes show larger HER and OER overpotentials, thus exhibiting higher operating voltages compared to acidic or alkaline electrolytes. 24 HER and OER cause another issue that is explosion arising from O2 and H2 recombination in sealed batteries (this is the reason why gas valves were incorporated in sealed lead acid batteries in 1980). 36 Recently, the problem of narrow potential window in aqueous media was addressed by "water-in-salt" electrolytes (WiSE). The concept of "water-in-salt" was first introduced in 2015 by Suo et al. as salt concentration at which salt predominates water in volume as well as in (1) (2) mass. 37 In this work, LiTFSI salt was employed at high concentration (21 m), as it is still liquid and with a conductivity comparable to organic electrolytes (~ 10 mS•cm -1 ). Under such a high salt concentration, the stability potential window of the WiSE was extended to 3 V. This was explained by reduced water activity, leading to increased overpotentials for both HER at the anode and OER at the cathode side. 37 As a consequence, the TFSI -reduction occurs prior to HER, enabling a passivation layer to form at the anode, akin to the SEI formed in organic electrolytes. After this initial work, many systems were explored with "water-in-salt" electrolyte for electrochemical energy storage and summary on this topic can be found in review by Liang et al. 38 However, the usefulness of such an approach for application purpose has been questioned

with recent findings showing instability of the SEI formed at the anode. 39 As a result, SEI did not protect the electrode against degradation via HER during the storage and cycling. Another problem reported in this study was the electrolyte consumption in such concentrated electrolytes, leading to cell dry-out. Moreover, it was revealed that, at present, batteries employing WiSE are not competitive with commercial aqueous batteries (i.e., lead-acid, Nickel-Cadmium (Ni-Cd) and Nickel Metal Hybrid (Ni-MH)) based on the lifetime, price, operating temperature range and capacity fading upon storage. 39 Still to date, the most commonly utilized aqueous rechargeable batteries are lead-acid and nickel metal hydride (Ni-MH), whose operating principle is described below. 8 

Lead-acid battery

The lead-acid battery is the first rechargeable battery invented, in 1859 by Gaston Planté, 12 that is still largely present in our everyday life. Indeed, lead-acid batteries account for the largest share in the battery market globally. This is mainly due to their wide spread use as starting lighting ignition (SLI) for cars and stationary industrial uses, including uninterruptible power supplies (UPS) and grid-scale energy storage. 24 Their low cost 8 and high recycling rate (~ 95 %) kept them competitive on the market. 9 Lead-acid batteries operate under strongly acidic conditions (i.e., 5 M sulfuric acid) 24 and their operating principle is reversible electrodissolution/electrodeposition reactions at both electrodes.

During the discharge, the reaction on the positive electrode (PbO2) proceeds in two steps: 36,40 𝑃𝑏𝑂 2 (𝑠) + 4𝐻 3 𝑂 + + 2𝑒 -↔ 𝑃𝑏 2+ + 2𝐻 2 𝑂 (5)

𝑃𝑏 2+ + 𝑆𝑂 4 2-↔ 𝑃𝑏𝑆𝑂 4 (𝑠) (6) In a similar manner, the reaction on the negative electrode (Pb), also proceeds in two steps:

𝑃𝑏(𝑠) ↔ 𝑃𝑏 2+ + 2𝑒 - (7) 
𝑃𝑏 2+ + 𝑆𝑂4 2-↔ 𝑃𝑏𝑆𝑂4 (𝑠) (8) These two half-reactions are leading to the following overall reaction: 12 𝑃𝑏 + 𝑃𝑏𝑂2 + 4𝐻 + + 2𝑆𝑂4 2-↔ 2𝑃𝑏𝑆𝑂4 + 2𝐻2𝑂 (9) Note that strongly acidic conditions are needed to provide protons for PbO2 and Pb electrodissolution/electrodeposition. [START_REF] Pourbaix | Atlas of Electrochemical Equilibria in Aqueous Solutions[END_REF] An intrinsic limitation of batteries with such an operating principle is that a large volume of electrolyte is required, as soluble species are involved in the overall reaction. Therefore, the capacitance of the electrolyte has to be taken into account, restricting the mass as well as volume energy density of the battery.

The main drawback of lead-acid batteries is their low energy density (~ 30 W•h•kg -1 ), which is lower by factor of 5 compared to the energy of Li-ion battery. [START_REF] Pohl | The Size of the Proton[END_REF] In addition, use of toxic electrode materials (although recyclable), [START_REF] Renault | Unraveling the Charge Transfer/Electron Transport in Mesoporous Semiconductive TiO2 Films by Voltabsorptometry[END_REF] poor energy efficiency and limited cycling make them less than an ideal fit for grid-energy storage. 

𝑁𝑖𝑂𝑂𝐻 + 𝐻2𝑂 + 𝑒 -↔ 𝑁𝑖(𝑂𝐻)2 + 𝑂𝐻 - (10) 
Indeed, according to the Pourbaix diagram, basic conditions are required to ensure stability of the active material in both redox states. 44 In Ni-MH, this positive electrode is paired with a metal alloy as a negative electrode, so the overall reaction is as follows: 43 11) where n represents the maximal stoichiometric number for H per metal centre M. Note that n value ranges between 1.1 to 4. 5. 45 It is important to notice that in MH, hydrogen storage occurs via an alloying process, which can be described as a three-step process: (1) charge transfer process coupled with hydrogen adsorption on the metal alloy surface; (2) absorption of hydrogen near the surface and (3) diffusion of the absorbed hydrogen from the near surface to the bulk. This process can be also represented with the following equations: 45

𝑁𝑖(𝑂𝐻)2 + (1⁄𝑛)𝑀 ↔ 𝑁𝑖𝑂𝑂𝐻 + (1⁄𝑛) 𝑀𝐻𝑛 ( 
𝐻20 + 𝑒 -↔ 𝐻𝑎𝑑,𝑠 + 𝑂𝐻 - (12) 
𝐻 𝑎𝑑,𝑠 ↔ 𝐻 𝑎𝑏,𝑛𝑠

𝐻 𝑎𝑏,𝑛𝑠 ↔ 𝐻 𝑎𝑏,𝑏 (14) where H stands for hydrogen atom, H ad,s adsorbed at the surface and H ab,ns absorbed in the bulk of metal hydride. However, the overall process is more complicated due to competitive HER. Also, hydrogen absorption in the bulk metal induces significant volume increase (i.e., 2-3 Å per H atom) that is accompanied with the phase transformation. 45 As a consequence, this volume change leads to cracking and pulverization, that together with alloy dissolution, limits the cycling life of the battery. 42 It is worth noting that no soluble species are involved in the overall reaction. Therefore, the performance of the battery does not depend on the volume of the electrolyte, which can be significantly reduced (as in LIBs).

The use of Ni-MH batteries includes portable electronics, 8 hybrid electric vehicles (i.e., Toyota Prius) and grid-storage. Their main benefits are high safety, thanks to the aqueous electrolyte and wide range of operational temperatures. 24 Although Ni-MH batteries have higher energy density compared to lead-acid (i.e., 50-80 W•h•kg -1 ), it is still far from LIBs.

The main downsides of Ni-MH batteries include: high costs due to use of rare elements 46 (e.g.., La, Ce, Pr and Nd that account for 25 wt % of AB5 type metal alloys), 42 the relatively fast selfdischarge, limited high-rate capability and inferior low-temperature performance. [START_REF] Renault | Unraveling the Charge Transfer/Electron Transport in Mesoporous Semiconductive TiO2 Films by Voltabsorptometry[END_REF] 4. Aqueous rechargeable "rocking-chair" batteries An essential aspect for the long-term "rocking-chair" battery cycling is the stability of the active material in both redox states in the aqueous electrolyte (i.e., no active material dissolution). [START_REF] Renault | Unraveling the Charge Transfer/Electron Transport in Mesoporous Semiconductive TiO2 Films by Voltabsorptometry[END_REF] Note that the use of strongly acidic or basic aqueous electrolytes can cause active material dissolution, leading to electrode fading during the cycling. 47 Therefore, neutral aqueous solutions are attractive for the application in electrical energy storage systems. 5 They also reduce corrosion issues of the metal battery constituents (notably the current collector) and are thus expected to decrease ageing and leakage issues. Besides, it is worth noting that in aqueous rechargeable lithium-ion batteries the reduced state of the active material at the negative electrode is unstable in the presence of oxygen. It is due to the fact that oxygen can chemically oxidize reduced state of active material, and by this way unable its electrochemical oxidation.

This was showed experimentally for LiTi2(PO4)3 negative electrode, where cycling performance was significantly improved by oxygen removal. 48 Inspired by organic LIB, in 1994, Dahn's group developed the first aqueous rechargeable

Li-ion battery (ARLIB), by using VO2 and LiMn2O4 as negative and positive electrodes respectively, with an aqueous electrolyte containing 5 M LiNO3 along with 1 mM LiOH. 49 Since then, many electrode materials have been explored for reversible lithium insertion in aqueous media. These materials include different metal oxides, activated carbon, polyanionic and organic compounds, whereas the electrolyte of choice, in most cases, is Li2SO4. [START_REF] Renault | Unraveling the Charge Transfer/Electron Transport in Mesoporous Semiconductive TiO2 Films by Voltabsorptometry[END_REF] Following lithium, aqueous sodium ion batteries (ASIBs) attracted researchers' attention, due to sodium abundance (i.e., 6 th most abundant among all elements). Investigated materials include: oxides, Prussian blue analogs, organic and polyanionic compounds. 50 In 2008, the Aquion company commercialized a Na-ion aqueous battery, based on the Na0.44MnO2/NaTi2(PO4)3 electrode couple operating in 5 M NaClO4 aqueous electrolyte 51 , as a local home backup power battery. This battery showed good cyclability, but with limited power and energy densities (30 W•h•kg -1 ). 1 Other inserting ions beyond Li + and Na + were also explored with the hope to improve cyclability and increase capacity. 8 Regarding metallic charge carriers apart from Li + and Na + , other alternatives like K + , 52 Mg 2+ , 53 and Ca 2+ 54 have also been proposed for aqueous "rocking chair battery". Concerning non-metallic charge carriers, they can be further divided to anionic species (i.e., OH -, F -, Cl -) and cationic species (i.e., H + , NH4 + ). [START_REF] Hardwick | Electrochemical Lithium Insertion into Anatase-type TiO2 : An in situ Raman Microscopy Investigation[END_REF] Non-metallic charge carriers have received far less attention compared to the metallic ones. 9 The main difference between metallic and non-metallic charge carriers is in the type of interaction they make upon insertion with the active material. Metallic charge carriers make pure ionic bonds, whereas cationic nonmetallic charge carriers can form hybrid covalent-ionic bonds. As a consequence, the charge is either localized (for ionic bonds) or delocalized (for covalent-ionic bonds). [START_REF] Hardwick | Electrochemical Lithium Insertion into Anatase-type TiO2 : An in situ Raman Microscopy Investigation[END_REF] Non-metallic charge carriers are better choice from the perspective of sustainability, as their resources are essentially unlimited. 24 One such carrier is proton.

a. H + as a charge carrier

The key advantages of proton as charge carrier derives from its small size (i.e., ionic radius of only 0.89 fm, 55 that is five orders of magnitude smaller than the lithium ion) and its low molar weight (i.e., 1 g•mol -1 ). 12,[START_REF] Hardwick | Electrochemical Lithium Insertion into Anatase-type TiO2 : An in situ Raman Microscopy Investigation[END_REF] Proton is thus expected to rapidly insert/disinsert through the bulk active material, leading to improved rate performances. Besides, its reversible insertion should induce minor strain in the active material, leading to improved cycling stability. 9,12 Other advantages include wide availability, ensuring sustainability and low cost. 12 Despite all this, proton remains an underestimated charge carrier and an aqueous "rocking-chair" battery relying on reversible proton insertion with good performances is still to be developed.

b. Active materials investigated for H + insertion

To date, materials investigated for reversible proton insertions involve: organic compounds, [56][57][58] Prussian blue analogues, [START_REF] Wu | Diffusion-free Grotthuss Topochemistry for High-rate and Long-life Proton Batteries[END_REF] MXenes 60 and transition metal oxides. [START_REF] Ghicov | Interlayer Separation in Hydrogen Titanates Enables Electrochemical Proton Intercalation[END_REF][61][START_REF] Guo | Two-Phase Electrochemical Proton Transport and Storage in for Proton Batteries[END_REF][START_REF] Wang | Redox Chemistry of Molybdenum Trioxide for Ultrafast Hydrogen-Ion Storage[END_REF][64][65][66][67][68][69][70][71][72][73] It is only recently that the range of metal oxides investigated for proton insertion has been expanded

beyond NiOOH (Table 1). From table 1, it can be seen that aqueous H2SO4 is preferably used as the electrolyte.

However, H2SO4 is a strong acid, that has a negative influence on the stability of the active material, causing its dissolution. Furthermore, H2SO4 degrades the current collector through corrosion process. 12 As an alternative to such strongly acidic electrolyte, our team showed that in mild aqueous electrolytes containing a weak Brønsted acid as proton provider, reversible proton insertion is efficient. 72 This also includes electrolytes based on multivalent metal ions, such as Al 3+ or Zn 2+ , 73 which forme acidic hexaaqua metal ion complexes upon dissolution, acting as a proton provider. 74 One direction taken in the present work will be toward exploring the influence of the different electrolytes on proton-coupled charge storage.

Regarding materials, different groups working on metal oxides proposed that reversible proton insertion within solid material can be facilitated by:

(1) structural or coordinated water, as in the case of tungsten oxide [START_REF] Ghicov | Interlayer Separation in Hydrogen Titanates Enables Electrochemical Proton Intercalation[END_REF]61,[75][76] (2) layered structure, as in the case of molybdenum trioxide [START_REF] Guo | Two-Phase Electrochemical Proton Transport and Storage in for Proton Batteries[END_REF][START_REF] Wang | Redox Chemistry of Molybdenum Trioxide for Ultrafast Hydrogen-Ion Storage[END_REF] (3) hydrogen/proton containing layered structures, as in the case of iridates HxIrO4 65,66 or hydrogen titanates 70,71 What is more, these types of structural features are believed to be necessary for efficient proton conduction through the active material, by providing specific proton-conduction pathways.

This raises the fundamental question of structural characteristics required for metal oxides to achieve bulk and fast proton insertion.

IV. Objective of the PhD work and Manuscript outline

The aim of the present work is to bring new insights in the reactivity of metal oxides toward reversible proton insertion. For this purpose, we investigated the proton-coupled charge storage mechanism at pure nanostructured TiO2 electrodes. These pure material mesoporous electrodes have the advantage of avoiding side effects arising from complex composite electrode materials classically used in batteries (i.e., mixtures of carbon powder, active material and polymeric binder). Previous work in the team demonstrated that these electrodes are suitable for reversible proton insertion in aqueous electrolytes containing either H3O + or a weak Brønsted acid, AH. 72

Building on this work, the purpose of my PhD was to investigate the effect of varying intrinsic parameters (crystallinity) as well as extrinsic parameters (different buffered as well as unbuffered aqueous electrolytes) on the charge storage properties of GLAD-TiO2 electrodes.

This research has been done with an idea of developing negative electrodes for proton rockingchair batteries operating under mild-aqueous buffered conditions. Regarding this goal, it is worth noting that TiO2 is an attractive active material because of its low cost, earth abundance, nontoxicity and chemical stability in aqueous media over a wide range of pH. 73 Moreover, the one-electron reduction potential of TiO2 (Ti IV /Ti III ) is quite low and, considering that oneelectron is stored per Ti redox-active center, this leads to a theoretical gravimetric capacity as high as 335 mA•h•g -1 , 77 making TiO2 a good anode candidate for the development of rechargeable proton-based batteries

The present manuscript organisation is as follows:

The methodology part introduces the basic electrochemistry of charge storage processes.

Notably, we briefly describe the two main electrochemical charge storage mechanisms: electrical double layer capacitance (EDLC) and faradaic process. Also, we provide the typical electrochemical features, associated with the two most widely employed electrochemical techniques: cyclic voltammetry and chronopotentiometry (galvanostatic charge/discharge). In the second part, we present the specific electrochemical features of TiO2, as well as previous work in the group on proton insertion at amorphous TiO2 electrodes.

In Chapter I, we present the TiO2 electrodes used in the present study. First, we introduce the principle of glancing angle deposition (GLAD) technique used to prepare nanostructured amorphous TiO2 films. Then, the GLAD-TiO2 film morphology, structure and EDLC are presented for amorphous (i.e., as deposited) and anatase (i.e., thermally annealed) electrodes.

Finally, we introduce the benefit of adding a Nafion coating to reduce the competitive hydrogen evolution reaction.

In Chapter II, we address the question of the influence of the chemical composition of the aqueous electrolyte on reversible proton-coupled charge storage. A key issue is to know where the protons that are massively inserted come from and what are the consequences on the electrodes' performances. This study was performed using amorphous GLAD-TiO2 as the model electrode. Starting with reversible proton insertion in an acetate buffer at pH = 5, we next successively discuss the electrochemical features of this electrode in buffered as well as unbuffered electrolytes, containing weak Brønsted acids of different strength (i.e., NH + or4 H2O).

In Chapter III, we address the fundamental question of which structural features are required for bulk and massive proton insertion in metal oxides. To reveal the influence of the electrode crystallinity on proton-coupled charge storage in nanostructured TiO2 films, we perform a comparative analysis of the thermodynamics and kinetics of reversible proton insertion in amorphous (as deposited) and anatase (thermally annealed) GLAD-TiO2 electrodes in a buffered aqueous electrolyte. We also compare the charge-storage properties of the anatase GLAD-TiO2 electrode in a buffered aqueous electrolyte to reversible Li-ion insertion in an organic electrolyte. Moreover, high-rate performances are also presented and limits of proton as fast charge carrier are questioned.

In Chapter IV, we question the competition between H + and Li + insertion in anatase GLAD-TiO2 electrodes in aqueous electrolytes. Subsequently, we compare lithium-ion insertion in aqueous and organic media. Lastly, we probe the high-rate performances.

Methodology I. Introduction to two electrochemical charge storage mechanisms

In the present section we will describe the two main paths for electrochemical charge storage. We will first introduce the concept of electrical double layer capacitance -EDLC (1), on the top of which a faradaic charge storage process (2) can occur. Both processes found application in energy storage devices: EDLC in supercapacitors and faradaic process in batteries. [1][2][3] Here, we will explain each of the mechanisms, from electrochemical and application point of view. Furthermore, we will provide the typical "ideal case" electrochemical signature in cyclic voltammetry and chronopotentiometry (also called galvanostatic). More details about these techniques can be found in the Experimental part.

Electrical double layer capacitance (EDLC)

Herein, we consider planar electrodes made of a conductive material, such as metal or carbon, which are soaked in an electrolyte solution containing redox-inert ions. Upon applying a voltage between those two electrodes, a double layer is formed at each electrode/electrolyte interface, which is constituted by two layers of the opposite charge according to the Helmholz model. 4 One charged layer is located at the inner surface of the electrode and the other one is located in the electrolyte and constituted by solvated ions of the opposite charge to the electrode EDLC is based on electrostatic adsorption, which means that it is not associated with any redox reaction at electrode. As a consequence, there is no chemical nor volumetric change in the electrode material and thus long cycling is possible (up to 1 000 000 cycles). For each electrode material, one can define the amount of charge 𝑄 (in C) stored in the electrical double layer as:

𝑄 = 𝐶 𝑑𝑙 𝐸 (1)
where, 𝐸 is the potential (in V) and 𝐶𝑑𝑙 is the electrical double layer capacitance (in F) 2,3 , given as 𝐶𝑑𝑙 = 𝐶𝑖𝑛𝑡𝑆𝑎 , where 𝐶𝑖𝑛𝑡 is the intrinsic capacitance (in F•cm -2 ) and 𝑆𝑎 is the electroactive surface area (area of electrode exposed to the electrolyte, in cm 2 ). 5 Also, 𝑆𝑎 = (𝑆𝐴)𝑆, where 𝑆𝐴 is the surface area enhancement and 𝑆 is the geometric surface area (in cm 2 ). 6 The typical range of intrinsic capacitance 𝐶𝑖𝑛𝑡 is 10-40 µF•cm -2 , quite independent of the chemical nature of the electrode. 1 From equation 1, it is noticeable that the total charge (𝑄) is proportional to the electroactive surface area (𝑆𝑎) meaning that an increase in surface will lead to an increase in the amount of charge stored. This is the basic principle of supercapacitors, which rely on highly divided conductive surfaces to store energy through EDLC (the specific capacitance of which is generally expressed either as F•g -1 or F•cm -2 of geometric electrode surface area). The amount of charge stored in EDLC is usually given in the same way (i.e., C•g -1 or C•cm -2 )

It is important to define the electrochemical signature of an "ideal" double layer electrical capacitance. To do so, we still consider an ideally conductive electrode without any Ohmic drop contribution.

From equation 1, it is obvious that 𝐶𝑑𝑙 can be expressed as:

𝐶 𝑑𝑙 = 𝑄 𝐸 (2) 
Assuming 𝐶𝑑𝑙 as constant for a given electrode/electrolyte interface, the capacitive current flux

𝑗𝑐 (in A•cm -2
) is described by the following equation :

𝑗 𝑐 = 𝑖 𝑐 𝑆 = 𝑑𝑄 𝑆𝑑𝑡 = 𝐶 𝑑𝑙 𝑑𝐸 𝑆𝑑𝑡 ( 3 
)
Where 𝑖𝑐 is the capacitive current (in A), 𝑆 is the geometric electrode surface area (in cm 2 ) and 𝑡 is the charge time (in s).

In cyclic voltammetry, the applied voltage varies linearly with time:

𝐸 = 𝐸 𝑖 + 𝑣𝑡 (4)
where 𝐸𝑖 is the initial voltage and 𝑣 is the sweep rate (in V•s -1 ). Thus, we can express the relationship between the capacitive current and the double layer electrical capacitance as:

𝑖 𝑐 = 𝐶 𝑑𝑙 𝑣 (5)
From equation 5, it follows that the intensity is independent of the applied potential and scales linearly with the sweep rate used in cyclic voltammetry. 2 This translates into a rectangular cyclic voltammogram, as depicted in Figure 1A. However, in a non-ideal case, electrode or electrolyte resistance might cause significant deviation from linearity. 7 In chronopotentiometry experiment a constant current is applied. According to 𝑄 = 𝑖 • 𝑡 and to equation 1, the potential will increase/decrease linearly with the time depending on the sign of the intensity. Accordingly, the charge-discharge curves associated with EDLC exhibit a characteristic "V" shape (Figure 1B). The more current passed, the more charged the electrode will be. The voltage change is a result of additional charge added to the double layer, that has to do electrical work against already accumulated charge on the plates. 8 An important parameter related to energy storage is the specific energy E (either massic

or volumetric in W•h•kg -1 or W•h•L -1
) that can be stored upon applying a given voltage. In the case of a pure electrical double layer capacitor, it is given by: 3

E = 1 2 𝐶 𝑑𝑙 𝐸 2 (6) 

E

Another parameter is the power density 𝑃 (in kW•kg -1 ) defined as:

𝑃 = 𝐸 𝑡 (7)
where E is the specific energy and 𝑡 is the time in which this energy can be delivered.

Supercapacitors provide typical high-power density around 10 kW•kg -1 , but low energy density ranging from 5 to 10 W•h•kg -1 . 9

Faradaic charge storage through ion insertion

If we now consider an electrode constituted by a redox-active material, reversible faradaic charge storage can occur. This process occurs in addition to the EDLC, so that experimental current recorded (in cyclic voltammetry) or applied (in galvanostatic experiment) will have two contributions: one capacitive contribution, arising from the EDLC and a second faradaic contribution. We will discuss here the faradaic contribution in the case of materials that are insoluble in all redox states, namely insertion/intercalation materials such as TiO2. In such materials, oxidation/reduction of the electrode's active material is associated with ion-transfer across the electrode-electrolyte interface to locally compensate the charge and maintain electroneutrality within the bulk material. The typical case is the reversible Li + insertion, which in the case of TiO2, corresponds to the following halfequation: 10 𝑇𝑖𝑂 2 + 𝑥 𝐿𝑖 + + 𝑥 𝑒 -→ 𝐿𝑖 𝑥 𝑇𝑖𝑂 2 (8) Let us first consider an ideal reversible faradaic process, that in the case of insertion materials can be generalized as:

𝑂 + 𝑒 -+ 𝐶 + ↔ 𝑅𝐶 ( 9 
)
where O is the oxidized and R is the reduced form of the active material, with the inserting/intercalation sites being respectively empty or filled by the cationic species C + .

Under thermodynamic equilibrium conditions and in the simple case of an active material behaving as an ideal homogeneous solid-state solution, the potential 𝐸 of the electrode (in V) relies on the classical Nernst equation:

𝐸 = 𝐸 0 + 𝑅𝑇 𝐹 𝑙𝑛 (1 -𝜃)𝑎 𝑐 + 𝜃 ( 10 
)
where 𝐸 0 is the standard potential of O/R redox couple (in V), 𝑅 is the universal gas constant (8.314 J•K -1 •mol -1 ), 𝑇 is the temperature (in K), 𝐹 is the Faraday constant (96 485 C•mol -1 ), E 𝜃 is the state-of-charge of the electrode (the ratio of the number of inserted cations to the number of inserting sites, ranging between 0 and 1) and 𝑎 𝐶 + is the activity of the soluble insertion cation.

If we now consider the active material as a thin layer of O, whose potential is stepped from a value 𝐸2 >> 𝐸 0 to 𝐸2 << 𝐸 0 , assuming the surface coverage of O and R to be uniform, the faradaic current is given by: 4

𝑖 𝑓 = -𝐹𝑆 [ 𝑑Г 0 (𝑡) 𝑑𝑡 ] (11) 
Also, the total surface coverage of the active material (𝛤 * ) is given by:

𝛤 * = 𝛤 𝑂 (𝑡) + 𝛤 𝑅 (𝑡) ( 12 
)
where 𝛤𝑂(𝑡) and 𝛤𝑅(𝑡) are the surface coverage of the oxidized and reduced form of the active material at a time 𝑡.

Under thermodynamic equilibrium conditions, we can combine equations 10 and 12 to express 𝛤𝑂(𝑡) and substitute it in equation 11. After differentiation, the faradaic current is then given by the following equation:

𝑖 𝑓 = 𝐹 2 𝑣𝑆𝛤 * 𝑅𝑇 • 𝑒𝑥𝑝 [( 𝐹 𝑅𝑇 ) (𝐸 -𝐸 0 )] {1 + 𝑒𝑥𝑝 [( 𝐹 𝑅𝑇 ) (𝐸 -𝐸 0 )]} 2 ( 13 
)
The peak current occurs at 𝐸 = 𝐸 0 and is given by:

𝑖 𝑝 = 𝐹 2 𝑣𝑆𝛤 * 4𝑅𝑇 ( 14 
)
where Г * is total surface coverage of the active material and S geometric surface area.

Such thermodynamic equilibrium conditions can be achieved in cyclic voltammetry by using an appropriate scan rate for which both charge/ion transfer as well as mass transport are not rate-limiting. Under such conditions, the CV is characterized by well-defined faradaic peaks, showing no peak-to-peak separation (Figure 2A). Besides, the faradaic peak current remains proportional to the scan rate as long as mass transport is not rate-limiting (see equation 14). 11 Under the same conditions, the galvanostatic charge/discharge curves are characterized by a well-defined plateau and no hysteresis (Figure 2B). We insist here on the fact that both the CV and galvanostatic curves associated to such a faradaic charge storage process differ significantly from the EDLC case previously discussed. The maximal amount of charge that can be theoretically stored during such a faradaic charge storage process is directly proportional to the amount of active material at the electrode according to the following Faraday's law:

𝑄 = 𝑚𝐹 𝑀 𝑤 (15)
where, 𝑚 is the mass of the active material being oxidized/reduced (in g), 𝑀𝑤 is the molecular or atomic weight of the active material (in g•mol -1 ). Accordingly, each active material is defined by a maximal amount of charge reversibly stored, which is the electrode capacity given per mass (gravimetric capacity in mA•h•g -1 ) or per volume (volumetric capacity in mA•h•cm -3 ) of active material. Equation 15 can also be used to calculate the theoretical gravimetric capacity of the active material, that is 335 mA•h•g -1 for TiO2.

Upon charging/discharging the electrode, one can define the Columbic efficiency (𝐶𝐸 in %) of the faradaic charge storage process as:

𝐶𝐸 (%) = 𝑄 𝑑 𝑄 𝑐 • 100 ( 16 
)
with 𝑄𝑑 and 𝑄𝑐 being discharge and charge capacity respectively (both in mA•h•g -1 ). CE defines the reversibility of the charge storage process. In an ideal case, 𝐶𝐸 is 100 % but its value is decreased, notably when parasitic faradaic reactions occur during the charge.

II. Focus on the specific case of nanostructured TiO2 films

Materials can be separated into three groups based on their electronic conductivity:

conductors (e.g., metals), semiconductors (e.g., TiO2) and insulators (e.g., glass). This classification derives from the electronic band structure of the material and the presence of an energetic gap between the valence and the conduction bands. Conductive materials are characterized by a partially occupied frontier band (odd number of valence electrons) leading to electron delocalization and high electron mobility within the material. On the other hand, semiconductors and insulators have one frontier band that is fully occupied (even number of valence electrons), which is called the Valence Band (VB) and one vacant frontier band called the Conduction Band (CB). The energetic band gap between these bands have typical values of 1-4 eV for semiconductors (e.g., the band gap of TiO2 is 3.2 eV for anatase and 3 eV for rutile bulk structure). 12,13 Within the band gap lays the Fermi level EF, which is defined as the energy at which the probability of finding electron is ½ at 0 K.

The band structure of TiO2 is schematically presented on Figure 3A. As a n-type semiconductor, it shows a high density of localized electronic states (DOS) in the band gap, i.e.

below the conduction band edge, which are ascribed to oxygen vacancies and/or Ti defects. 12 Accordingly, the Fermi level is shifted toward the conduction band edge in absence of any applied potential. Its position is then adjusted by the applied potential, as well as the conductivity of the TiO2 film.

For 𝐸 ≫ 𝐸𝐶𝐵, the TiO2 film will remain fully insulating (the valence band upper edge lying outside the potential window), whereas it will be conductive for 𝐸 < 𝐸𝐶𝐵 (with the localized band gap states filled and the conduction band partially occupied). In between, the transition from insulating to conductive will occur. (blue) 0.1, (purple) 0.2 and (magenta) 0.5 V•s -1 (ECB = -0.58 V vs. SCE at pH = 3). 14 1. EDLC: transition from insulating to conducting in TiO2

This specific semiconductive behaviour strongly affects the electrical double layer capacitance of nanostructured TiO2 electrodes and accordingly the shape of the cyclic voltammogram, which significantly differs from the rectangular shape we discussed previously.

We have to consider that the semiconductive TiO2 film is deposited on a conductive current collector (mainly Ti in the present study). Accordingly, the electrode is constituted of two capacitances in parallel and its 𝐶 𝑑𝑙 corresponds to the sum of the capacitance of the underlying current collector, which is independent of the applied potential and the specific capacitance of the TiO2 film, which is dependent on the applied potential. Now we can define three zones with regard to TiO2 current response on applied potential in an inert aqueous electrolyte as: insulating, transition and conduction.

In zone 1 defined by 𝐸 > -0.4 V (𝑖. 𝑒. , ≫ 𝐸𝐶𝐵 = -0.58 V 𝑣𝑠. SCE at pH = 3), TiO2 is in insulating state. Accordingly, the current response is only arising from the double-layer electrical capacitance of the underlying conductive current collector and it is thus given by 𝐶 𝑑𝑙 = 𝐶𝑇𝑖 𝑆, with 𝑆 the geometric surface area and 𝐶𝑇𝑖, the intrinsic double-layer capacitance of the Ti current collector (ranging from 10 to 40 F•cm -2 ). (Note that the exposed surface area of Ti is probably slightly lower than the geometric surface area, some of it being covered by TiO2).

In zone 3 defined by 𝐸 < 𝐸𝐶𝐵, TiO2 behaves as a metal-like conductor. In this zone, the current is almost constant with the applied potential and it scales linearly with the scan rate. Its value is however significantly increased as compared to zone 1. In this area,

𝐶 𝑑𝑙 = 𝐶 𝑇𝑖 𝑆 + 𝐶 𝑇𝑖𝑂 2 ≫ 𝐶 𝑇𝑖𝑂 2 (17) 
In previous works, the double-layer electrical capacitance of the mesoporous TiO2 nanostructured film, that is also used in the present work, was 18 ± 2 mF • cm -2 (normalized to the geometric surface area S). [START_REF] Huang | Tunable Pseudocapacitance in 3D TiO2-δ Nanomembranes Enabling Superior Lithium Storage Performance[END_REF] According to its surface area enhancement (SA) of 540, the intrinsic capacitance 𝐶 𝑖𝑛𝑡 of conductive TiO2 was estimated to 33 µF•cm -2 . This lies in the range of what is usually reported for conductive materials.

In between, in zone 2 (𝐸𝐶𝐵 < 𝐸 < -0.4 V), the current density follows an exponential increase as the potential is negatively increased. This increase of the current density corresponds to the filling of localized states in the band gap and extended conduction band states as potential is approaching 𝐸𝐶𝐵. It represents the transition from an insulating to a conducting state, characterized by the increase of the Fermi level of electrons. [START_REF] Jiang | Evidence for Fast Lithium-Ion Diffusion and Charge-Transfer Reactions in Amorphous TiOx Nanotubes: Insights for High-Rate Electrochemical Energy Storage[END_REF] 2. Proton-coupled charge storage in TiO2

Proton uptake during the reductive electrochemical doping of anatase was originally revealed by EQCM, 17 accounting for the -60 mV/pH unit dependence of the flat band potential. 18 It was thereafter revealed that proton insertion in titanium oxides is restricted to a near-surface region, 19,[START_REF] Kim | Evidencing Fast, Massive, and Reversible H+ Insertion in Nanostructured TiO2 Electrodes at Neutral pH. Where Do Protons Come From?[END_REF] thereby limiting their relevance as proton charge storage materials. It was only recently, that our group provided evidence that nanostructured amorphous TiO2 electrodes allow for faradaic charge storage through reversible proton insertion once TiO2 lies in its conductive state. This was part of the PhD work of Yee-Seul Kim (2015-2018). First, proton insertion in amorphous nanostructured TiO2 was demonstrated under neutral condition in a HEPES buffer of pH = 7. [START_REF] Huang | Tunable Pseudocapacitance in 3D TiO2-δ Nanomembranes Enabling Superior Lithium Storage Performance[END_REF] For the first time, it has been shown that the weak Brønsted acid form of a buffer can be an efficient proton donor at the metal oxide/electrolyte interface, giving rise to similar faradaic peaks in cyclic voltammetry as the one recorded under strongly acidic conditions, although at lower potential (which is fully consistent with the pH-dependence expected for such a proton-coupled electron charge storage) (Figure 4). The overall faradaic charge storage reaction is:

𝑇𝑖𝑂 2 + 𝑥𝑒 -+ 𝑥𝐴𝐻 ↔ 𝑇𝑖𝑂𝑂𝐻 𝑥 + 𝑥𝐴 - ( 18 
)
where 𝑥 corresponds to the amount of TiO2 being reduced (0 < 𝑥 < 1) and 𝐴𝐻/𝐴 -are the weak Brønsted acid/base of the HEPES buffer. Furthermore, deconvolution of the faradaic current response from the EDLC was achieved by subtracting the CV recorded at the same rate and within identical potential windows in an inert KCl electrolyte to the one recorded in the HEPES buffer (Figure 4). The faradaic protoncoupled charge storage process was also shown to be fast and electrochemically reversible. In electrolytes containing low concentrations of the HEPES buffer, it was shown to be ratecontrolled by the mass transport of proton donor in solution. Upon increasing the HEPES concentration (up to 0.1 M), the rate-controlling step was progressively shifted toward proton diffusion within the amorphous active material. In this study up to 20 % of the film could be reduced, which corresponds to 𝑥 value of 0.2. It was not possible to further reduce the TiO2 material because it was deposited on a transparent glass substrate covered by an Indium Tin Oxide (ITO), that was undergoing irreversible degradation at highly negative potentials.

Subsequently, proton insertion has been reported under slightly acidic aqueous conditions (pH = 3) in 0.25 M acetic acid or 0.25 M AlCl3 aqueous electrolyte. 14 In this study, it was demonstrated that the faradaic charge storage occurring at the nanostructured amorphous TiO2 electrode share identical thermodynamics as well as kinetics in both electrolytes. This confirmed reversible proton insertion as the main charge storage mechanism in both electrolytes, an observation fully consistent with the identical 𝑝𝐾𝑎 values of both acetic acid and [Al(H2O)6] 3+ . However, this conclusion was challenging previous studies concluding on reversible Al 3+ insertion in TiO2 in aqueous media. [21][START_REF] Pohl | The Size of the Proton[END_REF][START_REF] Renault | Unraveling the Charge Transfer/Electron Transport in Mesoporous Semiconductive TiO2 Films by Voltabsorptometry[END_REF][24] Besides, by replacing the ITO with a thin Ti metal layer as current collector, it was possible to reach a reversible gravimetric capacity of 115 mA•h•g -1 (which is equivalent to 𝑥 = 0.35, see Figure 5) and even 150 mA•h•g -1 in an 8

M acetate buffer electrolyte. 14 It is worth noting that the galvanostatic curves shown in Figure 5 do not exhibit the typical plateau shape that was previously described for an insertion material, which will be rationalized in the present work (see Chapter III). 

I. Glancing angle deposition (GLAD) technique

Over the past decades, many deposition techniques were employed for the preparation of TiO2 nanostructured thin-film electrodes. These techniques can be classified based on whether or not the method used is electrochemical and whether the film is directly growing or based on pre-synthesized nanoparticles (Figure 1). Summary of those methods together with examples of produced TiO2 film applications can be found in the review by Berger et al. Here, we are interested in a physical vapor deposition, that indeed comprises a wide variety of techniques. What is common for all those techniques is the use of a vaporized form of the solid material, that after condensation produces the thin solid film. This process can be done on the various substrates and includes three basic steps: 2 (1) creation of vapor phase species, (2) transport from source to a substrate, (3) film growth on the substrate. Among physical vapor deposition techniques, the glancing angle deposition (GLAD) developed by our collaborators (M.J. Brett, now retired, and K.D. Harris, from the National Research Center & University of Alberta, Edmonton, Canada) is a specific technique that allows the preparation of mesoporous thin films (pore size 2-50 nm) 3 with an excellent control over the film morphology. 4 It is characterized by both the large value of the substrate tilt angle α relative to the evaporation source and the substrate rotation during deposition. This principle is presented in Scheme 1A. 5

Scheme 1. Presentation of the GLAD deposition technique (A) apparatus (B) nucleation sites and film growth during deposition adapted from Ref. 5.

During the film growth (Scheme 1B), as the substrate is tilted, atoms arrive obliquely and form nucleation sites upon which columns are formed. The shadowing effect prevents columns growth in the region immediately behind each nucleus, making columns grow only on the tops of nuclei and in direction of the vapor source. 4 This leads to an array of nanocolumns growing perpendicularly to the substrate, in which porosity is increased upon increasing the α angle (which has typical values of 70-80°). 6 General features of the GLAD deposition are (1) fabrication of high surface area nanostructured porous thin films (2) structural control of morphology and shape (3) high reproducibility of the deposited films and (4) compatibility with a lot of materials. 2,4,6 Thanks to those features, GLAD deposited films are used in many research and application areas such as optical, sensor, mechanical devices, catalysis and energy storage. 5 In the present study, we were motivated to use GLAD-TiO2 electrodes as model electrodes to investigate proton-coupled electron storage because they: (1) allow for investigation of the electrochemical reactivity of the pure active material, avoiding complications arising from thicker slurry electrodes (comprising not only the active material but also a conductive additive -usually carbon-and a polymer binder); (2) are highly reproducible; (3) have well-open mesoporous structure that enables efficient mass transport and electronic connectivity throughout the entire film thickness, as confirmed in a previous study 7 and ( 4) can be easily converted to anatase structure by a simple thermal annealing step, as demonstrated below.

II. Description of the amorphous GLAD-TiO2 electrodes

Typically, conducting planar substrates are used for TiO2 deposition by all direct growth methods. Such substrates are: indium oxide doped by tin oxide (ITO), fluorine-doped tin oxide (FTO) glass and metals. It is important to note that ITO and FTO provide transparency, whereas metal substrates are used in cases where transparency is not required. 1 Note also that FTO is known to have better mechanical properties and higher chemical and thermal resistance compared to ITO. What is more, FTO is also known to be more sustainable and at lower-cost thanks to the absence of indium that is used for ITO. 8 In the present study, two different substrates were used for the GLAD-TiO2 film deposition: Ti-glass for the non-transparent and FTO-glass for the transparent electrodes. These substrates have the role of a current collector.

The resulting electrodes are denoted in the manuscript as GLAD-TiO2/Ti and GLAD-TiO2/FTO respectively. Ti-glass substrates were obtained from a commercial glass substrate modified by GLAD deposition of a dense layer of titanium (250 mm, with 𝛼 = 5°), whereas FTO-glass substrates were commercially available. Next, the mesoporous TiO2 film was deposited by GLAD and it is important to emphasize that in all investigations (as well as previous studies) 7,9,10 , the GLAD deposition conditions were kept constant. The deposition angle α was fixed to 72° with continuous substrate rotation at a rate of one complete rotation for every 10 nm of TiO2 film growth, until final thickness of 1 µm was reached. As a result, identical film morphology for all the as-deposited amorphous film was achieved. The obtained film has a nanocolumnar structure, oriented perpendicularly to the current collector surface with a high aspect ratio (Figure 2). Furthermore, as-deposited amorphous GLAD-TiO2 film has been fully characterized by Krause et al. 6 notably:

(1) A film thickness of 1 µm, estimated from cross-section SEM images;

(2) A volumetric mass density of 2.5 g•cm -3 estimated using variable-angle spectroscopic ellipsometry (VASE) with the fit determined by Poxson's method, from which film porosity of 0.34 was determined;

(3) A film surface enhancement of 540 per µm of film thickness, estimated by applying the Brunauer-Emmett-Teller (BET) method to acquired Krypton gas adsorption isotherms at 77 K.

Notice that the morphology of the film is not strongly dependent on the chemical nature of the current collector. A contrario, the electrode stability is highly influenced by the stability of underlying current collector. Notably, GLAD-TiO2/Ti electrodes showed significantly improved stability under reduction potential conditions compared to the GLAD-TiO2/ITO electrodes previously used in the lab. 10 This increased stability has allowed us to enhance the gravimetric capacity associated to proton-coupled electron storage, as shown in the following chapters. On the other hand, the FTO current collector was not significantly better than ITO, meaning it was not fully stable under strongly reductive conditions. Subsequently, most of the studies presented here have been done on GLAD-TiO2/Ti electrodes. Nevertheless, transparent GLAD-TiO2/FTO electrodes were employed for Spectroelectrochemistry (Chapter II).

III. From amorphous to anatase GLAD-TiO2/Ti electrodes

After the GLAD deposition, the TiO2 film is mainly amorphous. Nonetheless, an important aspect to consider regarding the electrochemical performance of the electrode is the crystal structure of the active material. 11 Regarding crystalline structures, TiO2 exists in nature as: rutile (tetragonal,𝑃42/𝑚𝑛𝑚), anatase (tetragonal, 𝑙4/𝑎md) and brookite (orthorhombic, Pbca). 12 There are as well some specific synthetic forms from which TiO2-B (monoclinic, C2/m) is the most common. 1,13 Basic structural units for all these TiO2 structures are the TiO6 octahedrons and differentiation being made by the organization and periodicity of these building blocks in three dimensions. 14 In the present study, we are interested in the crystalline anatase form of TiO2, as it attracted the most attention regarding Li + insertion properties 1 , but has not been investigated yet for bulk proton insertion. In anatase, each TiO6 octahedron is surrounded by eight neighbours' octahedrons, organized so that four of them share edges and the other four share corners (Figure 3). Also, the Ti-O bond lengths are slightly larger in the apical than in the equatorial direction (1.966 and 1.937 Å). This results in a slightly distorted octahedron from the ideal one. [START_REF] Huang | Tunable Pseudocapacitance in 3D TiO2-δ Nanomembranes Enabling Superior Lithium Storage Performance[END_REF] The main properties of anatase TiO2 are given in Table 1. 1. Thermal annealing process Amorphous TiO2 can be crystalized to the anatase structure by thermal annealing. The transformation from amorphous to anatase upon thermal annealing was reported for anodized titanium dioxide nanotube arrays. [17][18][19][START_REF] Kim | Evidencing Fast, Massive, and Reversible H+ Insertion in Nanostructured TiO2 Electrodes at Neutral pH. Where Do Protons Come From?[END_REF][21][START_REF] Pohl | The Size of the Proton[END_REF] Other studies on TiO2-δ 23 , TiO2 deposited on non-porous Au 24 and TiO2@C nanospheres 25 also employed annealing. The summary of the annealing conditions used in different studies is given in Table 2. Note that the first entry corresponds to a nanostructured TiO2 thin film prepared by GLAD, for which optimal annealing conditions to attain pure anatase are heating at 400 °C under air for ~ 2 h. 5 In the same study, an increase in the grain size and surface voids after annealing has been reported.

Property Anatase TiO2

Cristal structure In the present study, we examined different annealing treatments (Table 3) on the asdeposited GLAD-TiO2/Ti electrodes in order to optimize the thermal annealing process. It is worth noting that, by all annealing conditions, anatase structure was obtained whether pure or mixed with either amorphous or rutile as deduced from XRD data (Table 3). Subsequently, crystallization of the as-deposited amorphous electrodes was achieved at 400 °C for 2 h (heating rate 5 °C/min) under air.

Table 3. Thermal annealing conditions tested on as-deposited GLAD-TiO2/Ti electrodes and resulting crystallinity. The XRD data of as-deposited and annealed GLAD-TiO2/Ti are compared at Figure 4A.

Temperature (°C) * Duration (h) Crystallinity

The XRD data of the as-deposited GLAD-TiO2/Ti electrode show only one broad peak at 37.9° which could correspond to the (004) reflection of the anatase phase. [START_REF] Hardwick | Electrochemical Lithium Insertion into Anatase-type TiO2 : An in situ Raman Microscopy Investigation[END_REF] Moreover, the peak broadness indicates rather low crystallinity. After a 2 h sintering step at 400 °C, all the reflection peaks expected for the anatase phase are observed on the XRD pattern and the peaks are found to be intense and narrow (Figure 4A). The annealed particles are thus larger and/or more crystalline. Also, the drastic increase of the intensity after heating likely suggests that the major part of the as-deposited TiO2 material is amorphous before thermal annealing. In addition, in situ transmission electron microscopy (TEM) images further confirm that as-deposited material is mainly amorphous, with minor crystalline site (Figure 5). On the other hand, the annealed sample exhibits formation of the large facetted crystallites with anatase phase (Figure 5).

Figure 4. (A) X-Ray diffraction spectrum and (B) Raman spectrum recorded at (black lines) GLAD-TiO2 films after thermal annealing and compared to the as-deposited film (dark yellow lines in A). The Raman spectra was fitted with Lorentz fitting (red dashed line).

The resulting annealed GLAD-TiO2/Ti electrode was also characterized by Raman spectroscopy (λ = 633 nm). The spectrum recorded on the dry electrode is shown in Figure 4B.

It exhibits four peaks, centered at 144, 396, 516, 636 cm -1 , attributed to the Eg, B1g, A1g, or B1g

and Eg vibration modes of anatase, respectively. [START_REF] Laskova | Lithium Insertion into Titanium Dioxide (Anatase): A Raman Study with 16/18 O and 6/7 Li Isotope Labeling[END_REF] Both the position and linewidth of the first Eg mode are highly sensitive to the crystallite size and the present value (v = 144 cm -1 ; fwhm = 15 cm -1 ) are consistent with crystallite size close to 10 nm. [START_REF] Gentili | Lithium Insertion into Anatase Nanotubes[END_REF] Note that Raman spectra presented showed no impurities. 

Influence of the thermal annealing on the film morphology

In the following subsections, we will consider the influence of thermal annealing on the TiO2 film morphology and electroactive surface area. The changes in the morphology uponthermal annealing are usually considered. 5,[17][18][19][START_REF] Kim | Evidencing Fast, Massive, and Reversible H+ Insertion in Nanostructured TiO2 Electrodes at Neutral pH. Where Do Protons Come From?[END_REF][21][START_REF] Renault | Unraveling the Charge Transfer/Electron Transport in Mesoporous Semiconductive TiO2 Films by Voltabsorptometry[END_REF]24 On the other hand, changes in the electroactive surface area upon thermal annealing are rarely taken into account when investigating Li + insertion [START_REF] Kim | Evidencing Fast, Massive, and Reversible H+ Insertion in Nanostructured TiO2 Electrodes at Neutral pH. Where Do Protons Come From?[END_REF]21,24 or Na + insertion [START_REF] Pohl | The Size of the Proton[END_REF][START_REF] Baddour-Hadjean | Raman Investigation of the Structural Changes in Anatase LixTiO2 Upon Electrochemical Lithium Insertion[END_REF] in TiO2, despite the fact that they might be significant. One example of the change in the electroactive surface upon thermal annealing, is the study of the high surface area TiO2 films deposited by reactive ballistic deposition. In this study, a decrease of 30 % in surface area after annealing at 600 K (327 °C), with densification and loss of porosity after annealing at 900 K (626 °C) was reported. [START_REF] Eyövge | Nafion Coated Mg50Ni50 and (La,Mg)2Ni7 Negative Electrodes for NiMH Batteries[END_REF] 

a. The film morphology

In order to characterize the film morphology, different microscopic techniques were employed, notably: SEM, AFM, ex-and in situ TEM. These measurements were performed by our collaborators Dr. Jae-Young and Dr. Kenneth Harris from the National Institute of Nanotechnology, Edmonton, Canada.

First, the cross-section of the electrodes was characterized by SEM. The resulting images showed that the film thickness is preserved upon thermal annealing and confirm that both amorphous and anatase films have identical 1 µm thickness (Figure 6 C and G). However, we also notice that the anatase electrodes show (1) a considerably smoother surface (Figure 6 B and F) and ( 2) wider gaps between posts (Figure 6 A and E) compared to its amorphous counterpart. Further characterization of the surface by AFM confirmed the wider gaps on anatase compared to amorphous (Figure 7). We thus assume that the thermal annealing step leads to the formation of a denser structure morphology and closure of nano-and micropores.

Lastly, high-resolution TEM analysis (Figure 6 D to H) was also carried out on a portion of film scraped off the Ti substrate and submitted either to ex situ or in situ thermal annealing. The images recorded confirm an increase in the primary nanoparticles size upon annealing, with an average diameter for anatase estimated to 11  2 nm, compared to 4  0.2 nm for amorphous. This is in very good agreement with the anatase nanoparticle size estimated based on the Raman spectrum (10 nm). Such increase of the nanoparticles' size upon thermal annealing and crystallization was also reported in several studies. 5,18,[START_REF] Xia | Built-in Electric Field-assisted Surface-amorphized Nanocrystals for High-rate Lithium-ion Battery[END_REF] As a consequence, one can anticipate an evolution of the enhanced surface area of the film upon thermal annealing. Assuming nanoparticles as spheres, the surface enhancement of the GLAD-TiO2 film was estimated, based on simple geometric considerations, to decrease by a factor of 2.5 upon thermal annealing.

Unfortunately, it was not possible to confirm this by estimating the enhanced surface area of the anatase film by Krypton gas adsorption, as previously achieved on the as-deposited amorphous GLAD-TiO2 film, simply because we had no easy access to such technique. But we will show below that electrochemistry is another well-suited method to investigate the enhanced electrochemical surface area of the mesoporous TiO2 films. 

b. The electroactive surface area

In order to estimate the electroactive surface area of the mesoporous GLAD films, both amorphous and anatase GLAD-TiO2/Ti electrodes were characterized in an aqueous solution containing 0.5 M KCl as an inert electrolyte (initially stabilized at pH = 5 by HCl) by means of cyclic voltammetry. The potential window selected was 0 to -1.2 V vs. SCE, in which charge storage is only due to the electrical double layer capacitance, as previously established. 10 The CVs were recorded over a range of scan rates from 10 to 100 mV•s -1 (Figure 8A). The shapes of the CVs recorded at both electrodes are characteristic of the semiconductive nature of the TiO2 film, as described in the Methodology part. The transition from an insulating to a conductive state is centered around ~ -0.5 V vs. SCE, a value slightly less negative than the conduction band potential (𝐸𝐶𝐵 = -0.7 V vs. SCE at pH 5). Once normalized to the scan rate,

the CVs recorded at the different scan rates almost overlap, as expected for EDLC, except at potentials more negative than -1.0 V, where a faradaic contribution is observed. This faradaic contribution is mainly composed of the irreversible hydrogen evolution reaction (HER), with maybe some small contribution arising from reversible proton insertion at the amorphous electrode (as discussed in greater detail in Chapter II). HER is confirmed by the formation of gas H2 at the electrode-electrolyte interface, which is visualized by the formation of bubbles.

This faradaic contribution causes a significant deviation from the typical rectangular shape expected for EDLC and is more pronounced at lower scan rates. More importantly, we notice
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a significant decrease of the current intensity recorded at the anatase electrode compared to the amorphous one in the potential window corresponding to conductive TiO2 (Figure 8A). Next, the capacitive current densities recorded on the reverse scan (i.e., the anodic 𝑗𝑎 values)

were measured at -1 V (a potential value where HER contribution is small) and plotted as a function of the scan rate (Figure 8B). For both electrodes, a linear relationship between 𝑗𝑎 and scan rate is observed, indicating low Ohmic drop within the film mesoporosity and fast charging of TiO2 double layer capacitance. Such behavior allows to extract the capacitance 𝐶𝑖𝑛𝑡 of the mesorporous film from the slope of the linear regression in Figure 8B and thus the intrinsic capacitance 𝐶𝑖𝑛𝑡 of TiO2, knowing the 𝑆𝐴 value, according to the equation:

𝑗 𝑎 = 𝑖 𝑐 𝑆 = ±(𝑆𝐴)𝐶 𝑖𝑛𝑡 𝑣
where 𝑆𝐴 is surface area enhancement, 𝐶𝑖𝑛𝑡 is intrinsic capacitance of the conductive TiO2

(in F•cm -2 ) and 𝑣 is scan rate (V•s -1 ). Knowing the slope and one of the parameters (𝐶𝑖𝑛𝑡 or SA)

we can thus easily access the other one. [START_REF] Zhang | A Durable VO2(M)/Zn Battery with Ultrahigh Rate Capability Enabled by Pseudocapacitive Proton Insertion[END_REF] In the previous study of amorphous GLAD-TiO2 electrodes, surface area enhancement (SA) of 540 was determined by BET. 6 Knowing the slope of the linear regression (Figure 8B) has a value of 17.4 mA•s•V -1 •cm -2 for amorphous, we can calculate 𝐶𝑖𝑛𝑡 to be 32 µF•cm -2 . An identical value has been previously published for the same amorphous GLAD-TiO2 film deposited using the same deposition parameters on a commercial ITO-glass current collector. 10 These identical values further attest of the good reproducibility of the GLAD deposition on planar substrates whatever their chemical composition. In another study, a close value of 𝐶 𝑖𝑛𝑡 (30-40 µF•cm -2 ) has also been reported, but this time for a nanocrystalline anatase film investigated in an acetonitrile electrolyte. 32 Thus, we assume that no significant change in C int is expected upon electrode crystallization and used the value of 𝐶𝑖𝑛𝑡 obtained at the amorphous film to estimate the 𝑆𝐴 value of the anatase film. From the slope of

4.5 mA•s•V -1 •cm -2
, we obtained a 𝑆𝐴 value of 150. Thus, a significantly lower surface enhancement characterizes the anatase film compared to the amorphous one (3.6-fold decrease).

This observation is fully consistent with smoother surface and structure densification by enlargement of primary nanoparticle size upon electrode annealing observed by SEM and TEM images, as discussed above. To sum up, the features of GLAD-TiO2 electrodes used in the present study are given in the Table 4. 

Nafion-coated GLAD-TiO2 electrodes

In the next chapter, we will present a detailed analysis of the cyclability of the amorphous as well as anatase GLAD-TiO2 electrodes toward reversible proton insertion and evidence cyclability issues. In an attempt to improve the cyclability, a Nafion coating was added on the top of the GLAD film. Briefly, a Nafion solution was deposited at the electrode surface by dropcasting (see Experimental part for details). It was left to dry under air for 30 min prior to electrode use in electrochemistry, to keep good proton-conductivity, whereas it was left to dry completely for microscopy imaging. From the cross-sectional SEM images (Figure 9), the thickness of the Nafion layer was approximated 3 µm, with some variability among electrodes (thickness ranging from 1.4 to 3 µm). In order to investigate the influence of this Nafion coating on the electrochemical properties of the electrode, we compared the CVs recorded on electrodes with/without Nafion coating in an aqueous electrolyte containing 0.5 M KCl (stabilized at pH = 5 using HCl, see Figure 10).

For the amorphous electrode (Figure 10A), the CVs recorded at a range of Nafion-coated electrodes (4 independent electrodes) almost overlay, evidencing a good reproducibility of the electrode preparation. At both amorphous and anatase electrodes, the CV responses of the Nafion-coated electrodes are also almost identical to those of the non-coated electrodes, which indicates that the Nafion-coating has neglectable effect on the electrical double layer capacitance of the electrode. On the other hand, the Nafion-coating has a significant effect for reducing/inhibiting the HER at E < 1.1 V, an effect more pronounced at the anatase electrodes (compare dashed and full lines on Figure 10B). 

IV. Conclusion

We presented here the basics of the glancing angle deposition technique used to prepare GLAD-TiO2 electrodes. By optimization of the thermal annealing process (at 400 °C for 2 h), we showed that the as-deposited amorphous TiO2 film is fully converted into anatase, as confirmed by XRD, Raman spectroscopy and high-resolution TEM. Both films are characterized by an identical active material mass loading as well as similar morphology, but differ significantly in their electroactive surface area. This difference originates from the thermal annealing step that induces an increase in the size of the primary nanoparticles resulting from nanoparticles sintering. Finally, a Nafion-coating was applied on both kinds of electrodes, resulting in reduced HER in an inert KCl aqueous electrolyte.

All in all, GLAD-TiO2 are showed to be very well-defined electrodes, with access to all parameters (active material loading, electroactive surface area) required for quantitative analysis of reversible proton-coupled electron storage. Their good reproducibility allows to investigate the influence of extrinsic parameters, notably the composition of the aqueous electrolytes containing a proton donor, which is the subject of the next chapter. Also, the data presented in this chapter reveal that GLAD-TiO2 electrodes as well-suited for a comparative study of the effect of the active material crystallinity on this charge storage process, that is the subject of the chapter III.
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Chapter II

Investigating reversible proton-insertion at amorphous

GLAD-TiO2 electrodes in various aqueous electrolytes Introduction

Most of the studies on proton insertion in different metal oxides were done under strongly acidic electrolyte conditions (see Table 1, General Introduction, Page 17). The systematic study on the influence of electrolyte composition on the proton-coupled charge storage is still missing in the literature. To fill this gap and following previous studies at amorphous electrodes, we investigated the influence of the electrolyte composition on the amorphous GLAD-TiO2 electrodes' performances. A prerequisite for this investigation, is to examine the cyclability of the electrodes and make sure that upon cycling one electrode in various electrodes, the data recorded are indeed comparable. 

I. Evidence and issues related to reversible proton insertion in a buffered
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All CVs were initiated at a potential where TiO2 is insulating (i.e., 0 V), so that the initial current corresponds to the capacitive current arising from the underlying Ti current collector. As the potential is progressively moved toward more negative values, TiO2 goes through a transition from insulating to a metal-like conductor (see Methodology part for details). In this conductive region (for 𝐸 < -0.65 V vs. SCE), the CVs exhibit distinctive shapes in the two aqueous electrolytes: a quasi-rectangular shape with low intensity is obtained in KCl, whereas intense broad peaks are observed in the acetate buffer. This observation is in accordance with different charge storage mechanisms in both electrodes, as reported in previous studies from LEM. 1,2 Indeed, in the buffered electrolyte, acetic acid allows for reversible proton-coupled reduction of TiO2 to TiOOH according to the following reaction 1: 3

Ti IV O 2 + xe -+ xCH 3 COOH ↔ Ti 1-x IV Ti x III (O) 1-x (OH) x + xCH 3 COO - ( 1 
)
where 𝑥 designates the fraction of proton being reversibly inserted (0 < 𝑥 < 1).

The high current intensity, recorded in the buffered electrolyte, translates into a large amount of charge reversibly stored. We can estimate the amount of charge stored by integrating the area under the cathodic and anodic intensities. Thus, the discharge capacity 𝑄𝑑 (in mA•h•g -1 ) has been calculated by integrating the anodic part of the CV curve (corresponding to the positive intensity value and proton disinsertion). In the same way, the charge capacity 𝑄𝑐 (in mA•h•g -1 ) was calculated by integrating the cathodic part of the CV curve (corresponding to the negative intensity value and proton insertion). This allows next to calculate the Columbic efficiency (CE in %) as the ratio of discharge over charge capacity (equation 16, Methodology part, Page 32). In this way, we estimated the amount of charge reversibly stored at 5 mV•s -1 to be 148 mA•h•g -1

with CE of 89 % in acetate buffer electrolyte. In comparison, the amount of charge reversibly stored under the same conditions in the KCl electrolyte is 29 mA•h•g -1 with CE 94 %. This corresponds mainly to the EDLC of the electrode, but as discussed in Chapter I, we cannot exclude that some reversible proton insertion also occurs at the lowest potential applied (as will be also discussed in the second part of this Chapter). We can thus estimate that at least 80 % of the charge reversibly stored in the acetate buffer is due to the proton-coupled faradaic process.

However, it is common praxis in the literature that 𝑥 value in the equation 1 is actually calculated based on the overall charge (including thus the EDLC contribution), which leads in our case to 𝑥 = 0.45. This 𝑥 value confirms that reversible proton insertion in acetate buffer is a bulk process, 63 as are Ti IV reversibly reduced to Ti III .

It is worth noting that the low Columbic efficiency is attributed to competitive hydrogen evolution reaction (HER). HER corresponds to water decomposition and production of gaseous H2 that is visualized as the bubble formation at the electrode surface, according to the reaction:

𝐻 2 0 + 2𝑒 -𝑘 𝐻 2 → 𝐻 2 + 𝑂𝐻 - (2) 
Note also that, if the potential window is moved toward more negative values (i.e., < 1.3 V vs.

SCE), HER becomes more pronounced.

In Figure 1B, we present the CVs recorded at different scan rates, where the current flux is normalized by the scan rate. We observe that the CVs are almost perfectly overlying, with only a slight deviation in the cathodic part. We notably notice that the current intensity is proportional to the scan rate, which reveals a charge storage process that is not limited by diffusion, but rather occurs close to thermodynamic equilibrium conditions in the scan rate's range investigated.

Thermodynamic equilibrium conditions were further confirmed by the identical reversible charge storage at 1 mV•s -1 and 10 mV•s -1 (144 mA•h•g -1 ), although with significantly lower CE of 67 % at 1 mV•s -1 compared to 93 % at 10 mV•s -1 . Different levels of HER can explain the difference in CE as well as an observed deviation in the cathodic part of the CVs. It is important to notice that HER is more pronounced at lower scan rates (see light grey arrow on figure 1B), as designated by the irreversible cathodic peak around -1.3 V vs. SCE recorded at 1 mV•s -1 . This is understandable as the time needed to perform one CV increases as the scan rate decrease (i.e., 4.3 min at 10 mV•s -1 compared to 43 min at 1 mV•s -1 in the present case). Thus, a longer time at negative potential gives rise to more HER.

Electrode cyclability under strong accumulation conditions

In the previous section, we showed that proton insertion up to 𝑥 = 0.45 can be reached by using a reverse potential of -1.3 V vs. SCE in cyclic voltammetry. In this section, we performed galvanostatic cycling experiments using this potential value as negative cut-off and referring to these conditions as "strong accumulation conditions". We were using a current intensity of 1. In the first cycle, the galvanostatic charge/discharge curves are characterized by a monophasic behaviour and a slopy shape, with a continuous negative increase/decrease in the electrode potential during the charge/discharge. This shape is fully consistent with the broad peaks in recorded CVs and also in agreement with previous study 2 (see Figure 4, Methodology part, Page 38). In the 1 st cycle, 𝑄𝑑 was 148 mA•h•g -1 (𝑥 = 0.45), which is fully consistent with the value obtained in CVs at 1 -10 mV•s -1 and also close to the maximal 155 mA•h•g -1 previously reported in 8 M acetate buffer, pH 5 (at the rate of 0.8 A•g -1 and cut off of -1.284 V vs. SCE).

However, parasitic HER is also occurring as attested with a rather low CE of 69 %. Upon cycling the electrode, the shape of the charging curve progressively evolves. It becomes biphasic and exhibits a plateau close to -1.3 V vs. SCE that is reached more and more rapidly as the electrode is cycled (Figure 2A). Simultaneously, both 𝑄𝑑 and CE decrease (down to 40 % at the 9 th cycle, Figure 2B). We thus ascribe the plateau at -1.3 V to HER. Upon further cycling the electrode, the potential increases very rapidly towards the cut-off value, without giving rise to any plateau. This leads to an apparent rise in the CE, but also a very low amount of charge passed (Figure 2B).
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After 20 cycles, the amount of charge reversibly stored was as slow as 16 mA•h•g -1 , a value comparable to the EDLC. Finally, we notice a constant decrease in the reversible gravimetric capacity upon cycling the electrode under such strong accumulation conditions. We attribute this to the electrode fading, which can arise from either a loss of active material, a decrease in conductivity and/or in charge storage capability (i.e., inactivation of the active material).

In order to get better insights into the origin of electrode fading, the focused ion beam (FIB)

is used to prepare cross-section and images were recorded by SEM at both fresh and cycled amorphous GLAD-TiO2 electrodes. Additionally, cyclic voltammograms in 0.5 M KCl were also recorded for both electrodes to estimate any change in the electroactive surface area (Figure 3).

For this purpose, the electrode was cycled under strong accumulation conditions in 1 M acetate buffer at a rate of 4 A•g -1 until the discharge gravimetric capacity of the electrode was decreased by 40 % (equivalent to ~ 10 cycles). From the analysis of the FIB-cross sectional SEM images, we noticed a lower density of the active material at the cycled electrode compared to the uncycled one (Figure 3), suggesting a loss of active material upon cycling. Furthermore, a significant decrease of the capacitive current is also observed at the cycled electrode compared to the fresh one. As EDLC is proportional to the electroactive surface area of the nanostructured TiO2 film, such decrease in the capacitive current 66 is fully consistent with the assumption of a loss of active material. We did not further investigate the process, but we assume that fading might be caused by slow corrosion and/or dissolution of the reduced TiOOH species. It is worth noting here that, under strong accumulation conditions, the local concentration of protons in the charged material is very high and might thus trigger an acidic dissolution process.

Reversible proton-insertion at Nafion-coated GLAD-TiO2 electrodes

As exposed in the previous sections, GLAD-TiO2 electrodes are prone to fast capacity fading upon cycling. This severely restricts the electrode's "lifetime" and impedes the quantitative investigation of the influence of the electrode composition on reversible proton insertion. In order to protect the electrode and overcome fading, we introduced a Nafion coating on the top of GLAD-TiO2 film, as described in the previous chapter. Nafion is a well-known proton-conducting polymer, widely used as a membrane in fuel cells. 4 Recently, Nafion coating has been reported to improve electrode cyclability of V2O5 5 as well as Mg50Ni50 and

(La,Mg)2Ni7 6 . In the present case, the thickness of the Nafion coating was ranging from 1.4 to 3 µm, as deduces from SEM cross-sectional images recorded on the dry electrode.

a. Influence of the Nafion coating on proton-coupled charge storage

In the previous chapter, we showed that the Nafion coating did not significantly affect the electrochemical features of the electrode in the inert KCl electrolyte. Here we consider its influence on the proton-coupled charge storage. To do so, we compared cyclic voltammograms and galvanostatic curves recorded on electrodes with and without Nafion in 1 M acetate buffer pH = 5 (Figure 4). Upon Nafion coating, we report no major changes in the shape of the CVs and galvanostatic curves (grey and blue data on Figure 4), which means that proton-coupled charge storage remains fast in the presence of coating. Accordingly, 𝑄𝑑 and CE were both increased after coating (Table 2), which suggests that the Nafion coating inhibits hydrogen evolution to some extent. Importantly, Nafion coating is not hindering access of a buffer to the electrode surface, meaning proton conduction through Nafion is fast, and thus not ratelimiting. However, larger hysteresis between charging and discharging curves was observed (Figure 4B) and increased peak to peak separation in CVs (Figure 2A) indicates that Nafion coating is adding some Ohmic drop. Altogether, we can conclude that Nafion coating has no considerable effect on proton-coupled charge storage, but impedes HER. In order to investigate the benefit of the Nafion coating on the cyclability of the amorphous GLAD-TiO2 electrodes, Nafion-coated amorphous electrode was first galvanostatic cycled under strong accumulation conditions in the 1 M acetate buffer electrolyte at the rate of 1.4 A•g -1 (blue data Figure 5). The obtained results are compared with data previously recorded on non-coated electrode under the identical condition (Figure 5 in light grey data).

68 Nafion-coated electrode show significant difference with the non-coated electrode which is that HER is never a major issue (i.e., we do not observe a plateau during the charge), so the CE remains much higher, average of ~ 90 % (Figure 5G, in blue). Also, we can see that after 20 cycles, Nafion-coated electrode showed markedly improved capacity retention of 70% (i.e., 𝑄𝑑 = 106 mA•h•g -1 ) compared to only 11% (i.e., 𝑄𝑑 = 16 mA•h•g -1 ) for the non-coated electrode. This improved cyclability indicates that Nafion-coating might slow down the loss of active material, that we suspect to be the main cause of electrode fading (see Figure 3). However, limited electrode cyclability with a continuous decrease in 𝑄𝑑 over cycling, shows that strong accumulation conditions are not ideal for the electrode studies.

Therefore, two lower (mild) accumulation conditions were tested where the electrode was charged: (1) up to 107 mA•h•g -1 , equivalent to 𝑥 = 0.32 (green data on Figure 5) or ( 2) up to 87 mA•h•g -1 , equivalent to 𝑥 = 0.26 (brown data on Figure 5). Under such mild accumulation conditions, we observe that the galvanostatic charge/discharge curves show little evolution over a significant number of cycles (~ 50 cycles for 𝑥 = 0.32 and ~ 90 cycles for 𝑥 = 0.26). In the meantime, both 𝑄𝑑 and CE remain stable. After these cycles, we observe a very fast decrease in both values, signing an electrode fading. We notice that this is associated to a fast negative increase of the electrode potential during the charge, down to a plateau located at -1.4 V vs. SCE (for 𝑥 = 0.26) or -1.49 V vs. SCE (for 𝑥 = 0.32), which again we attribute to HER. It is worth noting that, mild accumulation conditions also improve cycling stability of the non-coated electrode (dark grey data Figure 5). However, the performance of the non-coated electrode is still inferior to the Nafion-coated one, under the same cycling conditions (Figure 5). Overall, these results evidence that the electrode cyclability can be significantly improved upon limiting the charge. In addition, the combination of the Nafion coating and the mild accumulation conditions are shown the be the most suitable for further electrode investigation.

c. Self-discharge mechanism

In order to test electrode self-discharge, an asymmetric galvanostatic rate test has been performed at the Nafion-coated amorphous GLAD-TiO2 electrode in a 1 M acetate buffered electrolyte. In this experiment, the charge was fixed to 84 mA•h•g -1 (𝑥 = 0.25) and the charging rate was kept constant at 5.6 A•g -1 to minimize HER during charging (i.e., less time at a negative potential). Then the electrode was first discharged at the same rate and CE was 97 %, confirming the low level of HER (Table 1). The experiment was then repeated upon decreasing only the discharge rates (Figure 6A). Upon discharge rate decrease, we observe a significant decrease of both Qd and CE (Figure 6A and Table 1). This result draws us to the conclusion that a second competitive reaction, other than the faradaic reduction of protons, is the cause of this capacity loss. We ascribed it to a non-faradaic self-discharge process, equivalent to a bimolecular reaction between two reduced TiOOH leading to the formation of H2, as described by the following reaction:

2 𝑇𝑖𝑂𝑂𝐻 𝑘 𝑠𝑒𝑙𝑓 → 2𝑇𝑖𝑂 2 + 𝐻 2 ( 3 
)
where 𝑘𝑠𝑒𝑙𝑓 is the kinetic constant for the reaction.

Additionally, after cycling at low discharge rates, a final cycle was performed at 5.6 A•g -1 (Figure 6A, Line 5). As compared to the first cycle, we notice a decrease of both CE and Qd (Table 1), which is indicative of some irreversible electrode fading.

To further support existence of non-faradaic self-discharge process, we performed supplementary experiment, where electrode was charged to 100 mA•h•g -1 and kept in charged state for different time durations, before discharging (Figure 6B). We observed that capacity retention decreases from ~ 97 % to ~ 54 % as resting time in reduced state is increased from 1 to 20 minutes. This observation confirms the exitance of non-faradaic self-discharge process occurring during resting time.

Conclusion

To conclude, bulk and reversible proton-coupled charge storage in amorphous GLAD-TiO2 electrodes was showcased in a 1 M acetate buffer. It is characterized by a pair of broad reversible faradaic peaks in cyclic voltammetry, and sloppy galvanostatic charge/discharge curves. These shapes will be rationalized in Chapter III.

71 Furthermore, we showed that proton-coupled charge storage is a fast process, occurring close to thermodynamic equilibrium conditions at scan rates ranging from 1 to 10 mV•s -1 , and at a galvanostatic rate of 1.4 A•g -1 . However, the cyclability of the electrode is low under strong accumulation conditions, with fast electrode fading, most likely due to loss of the active material.

To address this problem, it has been shown that the combination of a Nafion coating and mild accumulation conditions account for the improved cyclability and are thus selected for further investigation.

Importantly, the Nafion coating has no considerable effect on proton-coupled charge storage, except adding some Ohmic drop, but impedes HER and slows down material dissolution. Last but not least, we provide evidence for two competitive parasitic reactions to proton-coupled chare storage, notably faradaic reduction of protons (i.e., HER) and non-faradaic self-discharge, both leading to the production of H2.

II. Influence of the chemical composition of the aqueous electrolyte on proton-coupled charge storage

Buffered electrolytes

In the previous part, we employed acetate buffer (1 M, pH = 5) as the electrolyte of choice.

Here we wanted, in a more generic way, to extrapolate the concept of reversible proton insertion to other buffered solutions. For this purpose, buffer solutions at different pH ranging from 5 to and with different chemical structures were investigated (Table 5). Notably with the structure of the weak acid being either negatively charged (once: phosphate buffer pH 7.2 or twice: phosphate buffer pH 12.2), positively charged (ammoniac buffer pH 9.1), neutral (acetic acid pH 5.0), or neutral but zwitterionic (CAPS pH 9.8 and Hepes buffer pH 7.8). Also note that, in the cases where the buffered electrolyte had low ionic strength, KCl was added as a supporting electrolyte to improve ion mobility. Under such buffered conditions, proton-coupled charge storage reaction in TiO2, can be generalized as:

𝑇𝑖 𝐼𝑉 𝑂 2 + 𝑥𝑒 -+ 𝑥𝐴𝐻 ↔ 𝑇𝑖 1-𝑥 𝐼𝑉 𝑇𝑖 𝑥 𝐼𝐼𝐼 (𝑂) 1-𝑥 (𝑂𝐻) 𝑥 + 𝑥𝐴 - ( 4 
)
where 𝐴𝐻 and 𝐴 -stand for the Brønsted weak acid and conjugated base of the buffer. Note that 𝐴𝐻/𝐴 -are used in a general way and do not necessarily designate the charge of the weak acid/conjugated base. Experimentally, the electrode was first galvanostatically cycled at the rate of 1.4 A•g -1 , under mild accumulation conditions, with the charge fixed at 80 mA•h•g -1 (𝑥 = 0.24). These conditions enable operation under thermodynamic equilibrium conditions, as demonstrated in the previous section and minimize the contribution of HER. Accordingly, the potential of the electrode is governed by the Nernst equation:

𝐸 = 𝐸 𝑇𝑖𝑂 2 𝑇𝑖𝑂𝑂𝐻 0 -0.059𝑝𝐻 + 𝑅𝑇 𝐹 ln ( 𝜃 1 -𝜃 ) + 𝑅𝑇 𝐹 𝑔𝜃 (5)
where (1 -𝜃) corresponds to the state-of-protonation (i.e., the fraction of protons inserted into the lattice relative to the maximal number of insertion sites) and 𝐸 𝑇𝑖𝑂 2 0

/𝑇𝑖𝑂𝑂𝐻 is the standard potential of the 𝑇𝑖𝑂2⁄𝑇𝑖𝑂𝑂𝐻couple (in V), R is the gas constant (8.314 J⋅K -1 ⋅mol -1 ), T is the temperature (in K), F is the Faraday constant (96 485 C•mol -1 ) and g is the Frumkin parameteraccounting for the short-range interactions between inserting sites (as will be discussed in Chapter III). Importantly, by using this protocol we are able to compare electrode at the same state of the charge in the different buffer media. Also, thanks to improved electrode, stability under tested conditions, the presented data were recorded on the same electrode. To ensure reproducibility, experiment was repeated on another electrode, leading to the similar results. The obtained galvanostatic curves are presented in Figure 7A for charge and 7B for discharge. We observed the following:

(1) charge/discharge curves show monophasic behavior and are homothetically shifted to lower potential as the pH is increased from 5 to 12;

(2) all buffered solutions showed similar reversible charge storage behavior with 𝑄𝑑 = 75 ± 4 mA•h•g -1 and 𝐶𝐸 = 93 ± 4 %, attesting of high reversibility and low HER;

(3) hysteresis between the charge and discharge potentials are ranging between 0.08 and 0.15 V and we mainly attribute it to some variability in the Nafion coating thickness during cycling and associated Ohmic drop.

Overall, these results confirm that proton-coupled charge storage occurs efficiently in TiO2 We first investigated the electrolyte containing NH4 + , as weak Brønsted acid, which can act as proton donor according to the following reaction:

Ti IV O 2 + xe -+ x NH 4 + ↔ Ti 1-x IV Ti x III (O) 1-x (OH) x + xNH 3 (6) 
where NH4 + /NH3 presents the Brønsted weak acid/conjugate base pair with 𝑝𝐾𝑎= 9.25.

Considering NH4 + -based electrolyte is also interesting from the charge carrier point of the view, as some publications report on reversible NH4 + insertion within the active material. [7][8][9][10] We will come back to discuss this point later on. Here, we prepared an aqueous electrolyte containing 0.4 M NH4Cl and 0.5 M KCl as supporting electrolyte initially stabilized at pH = 5 by addition of HCl.

At the pH = 5, electrolyte is unbuffered, with a large excess of NH4 + compared to NH3. The electrode was galvanostatically cycled under identical experimental conditions as in the case of buffered electrolytes (i.e., charging up to 𝑥 = 0.24 at a rate of 1.4 A•g -1 ). The obtained charge and discharge curves (fluorescent green lines) are overlaid with those previously recorded in selected buffered electrolytes (dashed lines) and given in Figure 8A andB. The shape of the charge/discharge curves recorded in the NH4 + -based electrolyte exhibits a biphasic behavior that differs significantly from that obtained in the buffered media (Figures 8A and8B). Biphasic behavior can be described by: first, a fast negative increase of the potential, followed by a smoother potential evolution, parallel to what we obtained in buffered electrolytes.

In order to rationalize this behavior, we considered a simple model with the GLAD-TiO2 mesoporous film approximated as a very thin film (2D) located at z = 0 and all soluble species diffusing to/from the electrode normal to the geometric electrode area S. In the resting state (t = 0), the chemical composition of the electrolyte is homogeneous and concentrations at the electrode surface (z = 0) are the same as in the bulk electrolyte, so [𝑁𝐻 4 + ] 𝑧=0 = 0.4 M (Scheme 1A). Next, upon charging the electrode, NH4 + will locally (i.e., at 𝑧 = 0) be converted into its conjugated base NH3, leading to the formation of a diffusion layer that progressively extends toward the bulk electrolyte. With time, the thickness of the diffusion layer will increase.

Theoretically, the spatial extent of the diffusion layer can be estimated using the equation: 𝛿 = √𝜋𝐷𝑡, that in our case gives a value of 0.1 cm (assuming 𝑡 = 200 s, which corresponds to the total 76 3 charging time used in the galvanostatic experiment for 𝑄𝑐 = 80 mA•h•g -1 and assuming 𝐷 𝑁𝐻3 = 1.510 -5 cm 2 •s -1 at 20° C). 11 However, experimentally the maximal extent of a diffusion layer is usually smaller than the one we calculated (in the range of 500-200 µm), which is caused by the natural hydrodynamic convection of the electrolyte. The maximal extent of the diffusionconvection layer (𝛿𝑚𝑎𝑥) is thus depending on both the diffusion coefficient of the soluble species and the hydrodynamic convection properties of the electrolyte. 12 Once 𝛿𝑚𝑎𝑥 is reached, steadystate conditions are achieved and stable concentration as well as pH gradients are established (Scheme 1B). The concentration gradients within the diffusion-convection layer are given by the following Fick's law, valid for a Nernst linear diffusion layer:

|𝑖 𝑓 | 𝐹𝑆 = 𝐷 (-[𝑁𝐻 4 + ] 𝑧=0 + [𝑁𝐻 4 + ] 𝑏𝑢𝑙𝑘 ) 𝛿 𝑚𝑎𝑥 = 𝐷 ([𝑁𝐻 3 ] 𝑧=0 -[𝑁𝐻 3 ] 𝑏𝑢𝑙𝑘 )
𝛿 𝑚𝑎𝑥 (7) where 𝑖 𝑓 is the faradaic charge intensity (in A), 𝐹 is the Faraday constant (96 485 C•mol -1 ), [𝑁𝐻4 + ] and [𝑁𝐻3] are the acid and base concentration (in mol•cm -3 ), and 𝐷 is the diffusion coefficients of the soluble species (in cm 2 •s -1 ). In the present case 𝑖𝑓 < 0, with the typical value for 

(𝑝𝐻) 𝑧=0 = 𝑝𝐾 𝑎 + log ( 𝛾 𝑁𝐻 2 𝛾 𝑁𝐻 4 + ) 𝑧=0 + log ( [𝑁𝐻 3 ] 𝑧=0 [𝑁𝐻 4 + ] 𝑧=0 ) ( 9 
)
where 𝑝𝐾𝑎 = 9.25 for 𝑁𝐻4 + ⁄𝑁𝐻 3, 𝛾 𝑁𝐻 4 + /𝛾 𝑁𝐻 3 are the activity coefficients and, for sake of simplicity, we will assume that each is equal to unity. Deriving the value of [𝑁𝐻 4 + ] 𝑧=0 0 and

[NH3]z=0 from equation 7 and replacing them in equation 9, we get:

(𝑝𝐻) 𝑧=0 = 𝑝𝐾 𝑎 + 𝑙𝑜𝑔 ( [𝑁𝐻 3 ] 𝑏𝑢𝑙𝑘 + |𝑖|𝛿 𝑚𝑎𝑥 𝐹𝑆𝐷 [𝑁𝐻 4 + ] 𝑏𝑢𝑙𝑘 - |𝑖|𝛿 𝑚𝑎𝑥 𝐹𝑆𝐷 ) ( 10 
)
In unbuffered electrolyte containing only a weak Brønsted acid such as the 0.4 M NH4Cl electrolyte,

[𝑁𝐻 3 ] 𝑏𝑢𝑙𝑘 ≈ 0 𝑀. Whereas [𝑁𝐻 4 + ] 𝑏𝑢𝑙𝑘 ≫ |𝑖|𝛿 𝑚𝑎𝑥
𝐹𝑆𝐷 (~1.37 × 10 -5 mol•cm -3 ) so the equation 10 can be simplified to:

(𝑝𝐻) 𝑧=0 = 𝑝𝐾 𝑎 + 𝑙𝑜𝑔 ( |𝑖|𝛿 𝑚𝑎𝑥 𝐹𝑆𝐷 [𝑁𝐻 4 + ] 𝑏𝑢𝑙𝑘 ) ( 11 
)
According to 𝑝𝐾𝑎 = 9.25 for the NH4 + /𝑁𝐻3 couple, [𝑁𝐻 4 + ] 𝑏𝑢𝑙𝑘 = 0.4 × 10 -3 mol•cm -3 and 𝐷 = 1.5 × 10 -5 𝑐𝑚 2 • 𝑠 -1 , a (𝑝𝐻) 𝑧=0 value of 8 is calculated for an intensity of 0.36 mA•cm -2 . This is fully consistent with the value that can be estimated based on the electrode potential at the end of the charge by using the calibrations curves established in the buffered electrolytes (Figure 1C). This pH value is significantly higher than that of the bulk electrolyte, but remains below the buffer zone of the NH4 + /𝑁𝐻3 couple (𝑝𝐾𝑎 -1 < 𝑝𝐻 < 𝑝𝐾𝑎 + 1).
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Having established that the local pH increases by ca. 3 units upon proton insertion, we can now assume that the fast negative increase of the potential during the first stage of the charge is most likely due to the establishment of a stable pH gradient.

Let us now describe the two phases of the following galvanostatic discharge curve. Firstly, the electrode potential rapidly increases, which we attribute to a fast decrease of the local pH owing to the consumption of the NH3 base present in the proximity of the electrode surface, i.e., in the diffusion-convection layer. Secondly, the evolution of the potential is smoother and the discharge curve adopts again a shape similar to those recorded in the buffered electrolytes. We notice however that the local pH at half discharge is estimated to ca. 2.5 based on the calibration curve established in the buffered electrolytes (Figure 8C), which lies below the bulk electrolyte pH. This observation could be surprising since one would expect to find the initial pH value at the end of the cycle for a perfectly reversible process. It should be noted, however, that a large part of the NH3 base generated during the charge escaped in the bulk electrolyte, outside the diffusionconvection layer and thus cannot be used effectively during the discharge. Accordingly, once the diffusion-convection layer is fully depleted in NH3, further discharge can only occur through the following reaction, involving water as a weaker Brønsted base:

𝑇𝑖𝑂 2 𝐻 𝑥 + 𝑥𝐻 2 𝑂 ↔ 𝑇𝑖𝑂 2 + 𝑥𝑒 -+ 𝑥𝐻 3 𝑂 + (12)
This induces a mixture of weak acid (NH4 + , 𝑝𝐾𝑎 = 9.24) and strong acid (H3O + , 𝑝𝐾𝑎 = 0) at z = 0 and thus a significant acidification of the electrolyte as compared to the bulk. Again, we expect a steady-state regime (and thus a stable local pH value) to be reached once the thickness of the diffusion layer of H3O + reaches the maximal value imposed by natural convection. However, we cannot use here a simple model to estimate the concentrations gradients of the various chemicals since the discharge is not starting from thermodynamic equilibrium conditions.

3. Electrolytes containing only a weak acid: H2O case a. Mild aqueous KCl solution of pH 5

In a further examination, the Nafion-coated amorphous GLAD-TiO2 electrode was galvanostatically cycled in an aqueous electrolyte containing 0.5 M KCl as an inert supporting electrolyte. This electrolyte has been previously used to investigate the EDLC of the electrode assuming that it was inefficient for reversible proton-coupled charge storage. It is worth noting here that these experiments were mainly performed by cyclic voltammetry, using an identical 79 potential window as in the 1 M acetate buffer electrolyte. However, KCl electrolyte also contains a weak Brønsted acid which is the solvent H2O. Water is the weakest of all weak Brønsted acids, characterized by an activity equal to 1 and 𝑝𝐾𝑎 = 14. Accordingly, protoncoupled charge storage can also occur in such an electrolyte through the following reaction: The local pH value is then obtained by the following equation derived from equation 10:

𝑇𝑖 𝐼𝑉 𝑂 2 + 𝑥𝑒 -+ 𝑥𝐻 2 𝑂 ↔ 𝑇𝑖 1-𝑥 𝐼𝑉 𝑇𝑖 𝑥 𝐼𝐼𝐼 (𝑂) 1-𝑥 (𝑂𝐻) 𝑥 + 𝑥𝑂𝐻 - (13) 
(𝑝𝐻) 𝑧=0 = 14 + 𝑙𝑜𝑔 (1000 |𝑖|𝛿 𝑚𝑎𝑥 𝐹𝑆𝐷 𝑂𝐻 - ) (14) 
At a rate of 1.4 A•g -1 , the local pH value is estimated to 12, which is again fully consistent with the value of 12.2 estimated from the potential value at the end of the charge using the calibration curve established in the buffered electrolytes (Figure 8C). During the following discharge, we note first a rapid increase in potential, signifying a decrease of the local pH value. In the second part of the discharge, the potential evolves less rapidly and the curve overlaps with the one recorded in the unbuffered NH4Cl electrolyte, with a local pH value at half-discharge of ca. 2.5.

b. Elucidating the local pH upon discharging in an aqueous KCl electrolyte

We further investigated the electrode in the 0.5 M KCl electrolyte (stabilized at pH 5.0) by cyclic voltammetry using two different protocols:

(1) in a potential window ranging from 0 to -1.3 V vs. SCE, we progressively decreased the scan rate starting from 100 to 1 mV•s -1 , (2) at the scan rate of 10 mV•s -1 , we progressively negatively increased the reverse potential, starting from -1.36 V to -1.7 V vs. SCE.

Besides, we also cycled an electrode in a slightly acidic electrolyte containing 0.65 M KCl and adjusted to pH 2 by HCl. We selected this specific pH because it is the value, we expect for the local pH upon discharging the electrode in an unbuffered electrolyte (see above). Under such conditions, pH = 2, [H3O + ] = 10 mM, so that H3O + is the proton donor without giving rise to significant local pH change.

In this electrolyte, we recorded CV at 10 mV•s -1 , in a potential window ranging from 0 to -1.12 V. (this potential window was adjusted from that used in the pH 5 buffered electrolyte, by taking into account the -60 mV/pH unit dependence of the proton-coupled charge storage process). The CV obtained at pH = 2, exhibits two well-defined broad peaks, centred at -0.78 V (vs. SCE) with a low peak-to-peak separation (∆𝐸𝑝= 0.27 V, Figure 9). Its shape resembles the one recorded in buffer media at pH 5.0 (Figure 1). It is worth noting that, previous study of noncoated amorphous GLAD-TiO2/ITO electrodes showed similar CV shape in When investigating the electrode in the mild KCl electrolyte by using the first protocol, the potential window selected is identical to the one previously used to analyse the double layer electrical capacitance of the electrode. And indeed, we notice that the CVs recorded at rates > 10 mV•s -1 nicely overlay once normalized to the scan rate, without showing any faradaic contribution. However, at the scan rate < 10 mV•s -1 , we observe an increase of the cathodic 81 current near the reverse potential. This is due to the fact, that in unbuffered media initial proton disinsertion is neutralized by OH -that stays close to the electrode surface after charging step, as discussed in previous section. Additionally, a very low intensity faradaic peak at -0.64 V is observed at 1mV•s -1 .

This peak coincides with the proton disinsertion peak recorded in the pH 2 electrolyte (Figure 9A). This indicates that a low amount of proton is reversibly inserted from the "inert" KCl electrolyte, once the scan rate is decreased. Also, the local pH upon proton disinsertion is most likely close to 2. The low amount of proton insertion is further attested by the small increase in the reversible charge stored from 15 mA

•h•g -1 at 100 mV•s -1 to 32 mA•h•g -1 at 1 mV•s -1 .
Knowing that the amount of charge stored in electrical double layer is not dependent on the scan rate (see Methodology part), we can calculate that 17 mA•h•g -1 was stored though reversible proton insertion. This result confirms that the KCl electrolyte is not fully "inert" in the potential window down to -1.3 V, contrary to what we initially assumed.

The electrolyte was next cycled using protocol 2, by progressively decreasing the reverse potential from -1.36 V to -1.72 V vs. SCE at 10 mV•s -1 (Fig. 9B). At a reverse potential of -1.48 V vs. SCE, a very low intensity disinsertion peak starts to appear at -0.64 V and its intensity is progressively increased upon shifting the reverse potential toward more negative values. At the most negative reverse potential of -1.72 V, the peak is positioned at -0.6 V vs. SCE, very close to the one observed at pH 2 (-0.64 V vs. SCE). Again, this observation demonstrates that the electrolyte is locally significantly acidified upon discharging the electrode in the mild KCl electrolyte. Although insertion peak is not observed, the difference between insertion potential and the disinsertion peak potential is huge (e.g., ~ 1 V in potential window up to -1.72 V). This furthermore confirms a significant hysteresis between the proton insertion and disinsertion potential in an unbuffered electrolyte, that is associated to low energy efficiency.

c. Spectroelectrochemistry

To further confirm the significant pH changes occurring at the electrode/electrolyte interface during cycling, we carried out a UV-Vis spectroelectrochemical galvanostatic experiment in presence of a very low concentration of phenolphthalein, as colorimetric indicator of 𝑝𝐾𝑎 = 9.7 reversibly switching from uncoloured (acidic state) to pink (basic state).
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The bulk electrolyte was initially stabilized at pH 5.0 and thus uncoloured (see photographs in Figure 10). The working electrode was an amorphous GLAD-TiO2 film with identical characteristics as in the above-mentioned experiments, but deposited on a commercial transparent FTO-glass substrate (see Chapter I), thus suitable for UV-V is absorption spectroscopy in transmission mode. GLAD-TiO2/FTO electrodes were used for spectroelectrochemical studies without Nafion coating to avoid pre-concentration of the colorimetric indicators in the polymer.

The galvanostatic cycles recorded at 1.4 A•g -1 are shown in Figure 10, together with the absorbance variation simultaneously monitored at 552 nm (a wavelength corresponding to the maximal absorbance of basic phenolphthalein). In these experiments, the charge was fixed to 50 mA•h•g -1 (i.e., x = 0.15) to avoid irreversible reduction and coloration of the underlying FTO substrate upon cycling. In the KCl electrolyte, the galvanostatic charge and discharge curves show the typical biphasic shapes discussed in Section 2 and are unaffected by the addition of 0.5 mM phenolphthalein (compare the magenta and dashed red curves in Figure 10). 
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Simultaneously with electrode charging, we observe a reversible biphasic linear increase of the absorbance at 552 nm, which reflects two contributions. The first one arises from the blue coloration of the reduced TiOOH accumulating at a constant rate during the charge (which is also observed in the KCl electrolyte free of phenolphthaleinsee the dashed red line in Figure 10). On top of it, a second contribution is observed once t > 40 s (equivalent to 𝑄𝑐 > 16 mA•h•g -1 ), which is not observed in a pH 5.0 buffered electrolyte containing phenolphthalein (see grey line in Figure 10). It signs the progressive accumulation of the deprotonated form of phenolphthalein, which can only occur once the local pH is increased close or above its pKa value.

The photographs of the cell taken outside the spectrometer during the charge (Figure 10)

show a highly homogeneous pink coloration on top of the electrode geometric surface area.

Besides, side-view pictures confirm that the pink layer develops in the immediate vicinity of the electrode and progressively extends spatially towards the bulk electrolyte. This confirms that the pH near the electrode is significantly increased upon charging the electrode in the unbuffered KCl electrolyte. It is worth noting that the (pH)𝑧=0 value of 12 estimated above in the steady state regime (i.e., for 𝑄𝑐 > 40 mA•h•g -1 ) is much higher than the pKa value of phenolphthalein, thus consistent with deprotonation of all the phenolphthalein present near the electrode. The progressive spatial extension of the pink layer upon charging is also fully consistent with the increase of the OH -ions diffusion layer upon time (see Scheme 1). At the end of the charge (i.e., for 𝑄𝑐 = 50 mA•h•g -1 ), the spatial extend of the pink layer was roughly estimated to  0.1 cm from the side-view photograph, which is close to the 𝛿𝑚𝑎𝑥 value of 0.13 cm estimated in previous Section. During the following discharge, the 552 nm absorbance decreases, almost linearly, back almost to zero. In the photograph taken at the end of the following discharge (i.e., t = 245 s), we indeed notice that transparency is fully recovered near the electrode, indicative of local reacidification and of a final pH value << 9.7. We notice some residual pink coloration remaining in the bulk electrolyte, which we attribute to some pH inhomogeneity beyond the diffusionconvection layer (and which disappears by homogenizing the solution with a light agitation of the cell).

This experiment provides compelling evidence that a pH gradient is established at the electrode/electrolyte interface upon charging in an unbuffered KCl aqueous electrolyte, thus unambiguously confirming a proton-coupled charge storage mechanism in which water is both the solvent and the proton donor.
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We next performed a quantitative analysis of the dynamics and spatial extend of the pH gradient from the side-view film recorded upon cycling the electrodes at 1.4 A•g -1 . The images have been processed to extract the green channel component (see Experimental section), which level ranges from zero to 255. Next, the green level profile was analysed over a small area of 0.64  0.05 cm 2 materialized by a grey box in Figure 11A, including the electrode (localized at a distance d = 0.12 cm from the left side) and the electrolyte. Initially, the electrolyte is fully transparent and the green level is at 140 in the whole analysed area. As the pink colour appears, the green level decreases, all the more so as the colouring is intense. From these data extracts, we have carried out two types of analysis. First, we investigated the time-dependence of the green level at the electrode/electrolyte interface (i.e., at z = 0), which is reported in Figure 11D. We notice first a laps time of  33 s during which there is no colouring of the electrolyte so the green level remains constant at 140. Next, once the pink layer starts to appear, the green level at z = 0 decreases rapidly down to 40 and then more slowly down to 20. During the following discharge, the green level at z = 0 increases progressively back to  140. These observations are consistent with the previous data and indicative of a significant upshift/downshift of (𝑝𝐻)𝑧=0

during the charge/discharge, which value is >> 9.7 at the end of the charge whereas it is << 9.7 at the end of the discharge.

Second, we investigated the rate of the coloration expanse in the solution. For such a purpose, we selected the green level 70, which corresponds to half of the maximal green level variation in the electrolyte. We thus assume that it corresponds roughly to a 1:1 ratio of the acid/base forms of phenolphthalein and so to a pH  9.7. Up to 𝑡𝑑𝑒𝑙𝑎𝑦 = 46 s, the green level at z = 0 remains > 70, which indicates that (𝑝𝐻)𝑧=0 < 9.7. Next, the green level at z = 0 further decreases, whereas the 70 level extends in solution (see Figure 11B, where z70 = 0.03 cm after 63 s). In Figure 11E, we reported the raw d70 value (d70 = z70 + 0.12 cm) as a function of the charging time in a log-log scale. It can clearly be seen that d70 scales proportionally with the square root of the time over the entire charge, which indicates that the progression of the pH  9.7 front in the electrolyte is a diffusion-controlled process. In Figure 11F, we reported the z value as a function of the charging time corrected from the delay time (corresponding to the time required to reach the grey level 70 at z = 0). We also reported the data for grey levels of 115 and 50 (Notice that 𝑡 𝑑𝑒𝑙𝑎𝑦 is depending on the grey level selected and decreases as the green level increases). We notice that all experimental plots overlay and scale linearly with, 𝑡 𝑑𝑒𝑙𝑎𝑦 = 46 𝑠 with some deviation at the end of the charge, i.e., for t > 100 s. From the linear regression of the experimental data set, a slope of 0.0086 cm•s -1⁄2 was obtained. If one assumes the spatial extension of the diffusion front to follow the classical 𝛿 = √𝜋𝐷𝑡 equation, the slope allows to estimate an apparent diffusion coefficient for the pH front 𝐷𝑓𝑟𝑜𝑛𝑡 of 2.310 -5 cm 2 •s -1 . It is worth noting that this value is close to the diffusion coefficient of OH -ions (𝐷𝑂𝐻-= 5.310 -5 cm 2 •s -1 ), which confirms that they are indeed produced at the electrode/electrolyte interface upon charging the electrode according to equation 13 and responsible for the advance of the pH front.

Finally, this experiment was repeated by using bromocresol green as colorimetric indicator instead of phenolphthalein. The electrolyte was initially stabilized at pH 5.0 which is close to the 𝑝𝐾𝑎= 4.7 value of the colorimetric indicator. Therefore, bromocresol green partitions between its acidic (yellow) and basic (blue) forms, with a ratio close to 1:1. This gives the electrolyte a homogeneous blue colouration (Figure 12), translating into a green level of  85.

During the galvanostatic cycle, we notice that a dark blue layer develops at the electrode/ electrolyte surface after a short delay time. This signs a decrease/increase of the local concentration of bromocresol green acid/base, fully consistent with an increase of the local pH value up to a value much higher than pKa and thus associated to the predominance of the base.

This darker blue coloration translates into a decrease of the green level at z = 0 observed after a laps time of 26 s, down to a constant value of  60 (see blue curve in Figure 11D). 4. Revelling issues in the strongly acidic electrolytes

In the last part of this chapter, we want to address the question of reversible proton insertion under strongly acidic conditions i.e., in an aqueous electrolyte of pH < 1. Under such conditions the proton-coupled charge storage occurs through the following reaction:

𝑇𝑖 𝐼𝑉 𝑂 2 + 𝑥𝑒 -+ 𝑥𝐻 3 𝑂 + ↔ 𝑇𝑖 1-𝑥 𝐼𝑉 𝑇𝑖 𝑥 𝐼𝐼𝐼 (𝑂) 1-𝑥 (𝑂𝐻) 𝑥 + 𝑥𝐻 2 𝑂 ( 18 
)
To do so, we prepared an electrolyte containing 0.25 M HCl and 0. To verify the origin of the observed electrode fading, we recorded cyclic voltammogram in a KCl electrolyte after cycling in the HCl electrolyte. The obtained CV is given in Figure 13B 88 and compared with the CV recorded at fresh electrode. We notice the very low capacitive current intensity recorded at cycled electrode, as compared to the fresh one, indicating a significantly decreased electroactive surface. Besides, we also notice that the typical optical features of the mesoporous TiO2 film were no more observable on the surface of cycled electrode, which resembles more to metallic Ti (Figure 13C). This indicates that strongly acidic conditions induce almost full dissolution of the GLAD-TiO2 film. We suspect that chemical dissolution of TiO2 might be due to use of thin mesoporous film characterized by a huge surface contact area with a strongly acidic electrolyte. The irreversible loss of the electrical properties was reported at pH < 1 for the identical TiO2 film morphology deposited on ITO current collector. 1 All in all, we showed that strongly acidic electrolyte conditions trigger acidic dissolution of the GLAD-TiO2 film and are thus not adequate for further investigation. This result underlines the clear benefit of using buffered electrolytes, which enable reversible proton insertion to occur under preferable mild-aqueous conditions.

Conclusion

We demonstrated the pH dependance of the proton-coupled charge storage, employing the wide range of buffered electrolytes. Identical monophasic shape of charge/discharge curves, close

𝑄𝑑 and 𝐶𝐸 values, as well as similar low hysteresis between charge and discharge obtained in all buffered electrolytes, underlining a common charge storage mechanism solely depending on the pH but independent of the buffer chemical composition. This allowed us to calibrate the GLAD-TiO2 electrode and use it next as a local pH probe. We took advantage of this to investigate unbuffered electrolytes containing either NH4 + or H2O as weak Brønsted acid. In such unbuffered electrolytes we show that reversible proton insertion is associated to huge local pH variation and large hysteresis between charge and discharge. This highlights the fact, that any weak Brønsted acid present in the electrolyte is indeed capable of providing protons during the TiO2 electrochemical reduction. We revealed clear benefit of buffered electrolytes to stabilize the pH, and consequently insertion/disinsertion potential as well as induce lower hysteresis (i.e., increase energy efficiency).

Regarding the NH4 + -based aqueous electrolytes, our analysis confirms that NH4 + allows for reversible bulk proton insertion in TiO2. It completes our previous study on MnO2, where we 89 evidence that such electrolyte also allows for proton-coupled electrodissolution of MnO2 to soluble Mn 2+ . 13 Overall, these results demonstrate that NH4 + -based aqueous electrolytes allows for a range of proton-coupled charge storage mechanisms, in which the charge carrier in the electrode material (i.e., H + ) differ from the charge carrier in the electrolyte (i.e., NH4 + ). This conclusion is in stark contrast with some previous studies concluding on a charge storage mechanism based on the reversible insertion of the NH4 + cation in Titanate 14 , V-based oxides, 8,10 MoO3 or MnOx electrodes in NH4 -based aqueous electrolytes. Indeed, the mild acidity of such electrolytes led the authors to consider that protons (or hydroniums) have minor contribution in the charge storage mechanism, thereby ignoring the weak Brønsted acidity of the NH4 + cation. We bring here the proof that this reactivity should not be overlooked.
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Chapter III

Comparative study of proton-coupled charge storage in amorphous and anatase GLAD-TiO2 electrodes under mild buffered aqueous conditions: Elucidating the effect of crystallinity

Introduction

In the first chapter, we presented thermal annealing as a simple way to convert the amorphous GLAD-TIO2 mesoporous film into crystalline anatase. We also showed that the electrode morphology is preserved after thermal annealing, whereas the size of the constitutive nanoparticles areas significantly increased, leading thus to a decreased electrochemical active surface. In the present chapter, we present a systematic comparative analysis of the electrochemical reactivity of the amorphous and anatase electrodes to address fundamental questions of high importance regarding proton-coupled charge storage. These questions are the following:

(1) what is the stoichiometry concerning the insertion of protons in crystalline TiO2-based materials?

(2) how fast is reversible proton insertion in a crystalline phase as compared to an amorphous one?

(3) how does its rate performance compare to reversible Li + insertion in organic electrolytes?

By answering these questions, we aim at providing significant insights into the structural requirements that a metal oxide phase has to meet in order to allow for a fast and reversible bulk proton insertion. Based on the previous chapter, our electrolyte of choice for the investigation of proton-coupled charge storage is 1 M acetate buffer of pH = 5.

I. Investigation of reversible proton insertion by cyclic voltammetry

Consideration under thermodynamic equilibrium conditions

Cyclic voltammogram was recorded at 1 mV•s -1 on the anatase GLAD-TiO2 electrode in the 1 M acetate buffer (pH = 5). Obtained CV is overlaid with the one recorded on the amorphous GLAD-TiO2 electrode (full line, Figure 1A). Also, the data recorded in the same potential window on both electrodes in the 0.5 M KCl electrolyte (pHi = 5, HCl adjusted) are given for comparison (dashed line, Figure 1A). We observed that, in the potential window where TiO2 is fully conductive, the current intensity recorded in the buffered electrolyte is considerably increased compared to the one in unbuffered media, which corresponds mainly to EDLC. These current increases in the buffered media are directly related to the growth of a pair of reversible peaks, either sharp in case of anatase or broad in case of amorphous.

Chapter

The peak shaped CV is characteristic of a faradaic charge storage process resulting from the following reversible proton insertion-coupled electron transfer reaction: 1

𝑇𝑖 𝐼𝑉 𝑂 2 + 𝑥𝑒 -+ 𝑥𝐶𝐻 3 𝐶𝑂𝑂𝐻 ↔ 𝑇𝑖 1-𝑥 𝐼𝑉 𝑇𝑖 𝑥 𝐼𝐼𝐼 (𝑂) 1-𝑥 (𝑂𝐻) 𝑥 + 𝑥𝐶𝐻 3 𝐶𝑂𝑂 -(1)
From integration of the cathodic or anodic peak currents in Figure 1A, the number of In parallel, we also evaluated the reversible lithium-ion storage capacity of our anatase GLAD-TiO2 electrode in a 1 M LiClO4 acetonitrile electrolyte. The resulting CV recorded at 1 mV•s -1

is overlaid with the one obtained in the acetate buffer (Figure 1B). It is interesting to note that from integration of the peak currents shown in Figure 1B with the reversible insertion of Li + in the anatase electrode, a charge storage of 125 mA•h•g -1 is obtained. This value is close to those got with the insertion of H + , clearly attesting to a bulk insertion mechanism. However, unlike

Li + insertion that show relatively high CE of 87 % (note that deviation from 100 % is ascribed to some trace water in the electrolyte as the experiment was performed outside of the glow box and as the LiClO4 is highly hydroscopic salt), H + insertion in TiO2 is associated with a rather 95 poor Coulombic efficiency (CE), i.e., 67 % and 24 % for the amorphous and anatase GLAD-TiO2 electrodes, respectively. This poor CE is the consequence of the competitive HER, as discussed in the previous chapter. The HER is more clearly discernible at the anatase electrode (see the net exponential increase of the cathodic current below -1.4 V in Figure 2) mainly because in this case the potential is scanned at more negative values (explaining thus the poorer CE value with anatase compared to amorphous).

Irrespective of the proton storage capacity, the shapes and potential positions of the faradaic peak of the TiO2 phase (Figures 1A and2) show a striking contrast compared to the amorphous phase. The CV recorded at anatase exhibits a pair of well defined, reversible and sharp faradaic peaks, centered on a mid-point potential (E1/2) of -1.26 V (vs. SCE), which differs greatly from the amorphous film showing very broad faradaic bumps located at 𝐸1⁄2 = -1.04 V. Such contrasting behavior shows that, from a thermodynamic point of view, the proton insertion reaction in TiO2 is not equivalent between the amorphous and crystalline phases of TiO2. These divergences can be phenomenologically considered thanks to the wellestablished concept of Frumkin intercalation isotherm, which considers energetic interactions between insertion sites. 4,5 In that context, the equation governing the equilibrium potential of TiO2 as a function of its reduction state through reaction 2 is given by the following modified Nernst equation:

𝐸 𝑒𝑞 = 𝐸 𝑇𝑖𝑂 2 /𝑇𝑖𝑂𝑂𝐻 0 -0.059𝑝𝐻 + 𝑅𝑇 𝐹 𝑔𝜃 + 𝑅𝑇 𝐹 𝑙𝑛 ( 𝜃 1 -𝜃 ) (2)
where (1 -𝜃) corresponds to the state-of-protonation (i.e., the fraction of protons inserted into the lattice relative to maximal number of insertion sites), 𝐸 𝑇𝑖𝑂 2 /𝑇𝑖𝑂𝑂𝐻 0 is the standard potential of the TiO2/TiOOH couple (in V), and 𝑔 is the Frumkin parameter characterizing the mean interaction energy between the intercalation sites (positive for repulsion and negative for attraction). From this modified version of the Nernst equation, we can also define the mid-point potential 𝐸1/2 at 𝜃 = 0.5:

𝐸 1/2 = 𝐸 𝑇𝑖𝑂 2 /𝑇𝑖𝑂𝑂𝐻 0 -2.302 𝑅𝑇 𝐹 𝑝𝐻 + 0.5 𝑅𝑇 𝐹 𝑔 (3)
Under thermodynamic equilibrium conditions, this latter expression allows to access the 𝑔 parameter once both the pH of the electrolyte and the standard potential of the TiO2/TiOOH couple are known. Within this framework, a critical value of 𝑔𝑐𝑟𝑖𝑡 = -4 marks the limit where the solid solution insertion process switches to an insertion process driven by a first-order phase 96 transition with zero-height energetic barrier. 4 On account of the slow scan rate used to record the CVs in Figure 1, we assume that the insertion reaction occurs almost under thermodynamic equilibrium. Under these conditions, a noticeable difference between the two mid-point potentials characterizing the reversible insertion of protons in the amorphous and anatase electrode (i.e., 𝐸 1⁄2 = -1.4 𝑉 and -1.26 𝑉, respectively), indicates a significant ∆𝑔 value difference between the amorphous and crystalline phases of TiO2 (a ∆𝑔 of  17 can be estimated based on the ∆𝐸1⁄2 of -0.22 V). On the other hand, reversible lithium-ion insertion in anatase electrode have mid-point potential of 𝐸1⁄2 = -1.2 V, that is very close to proton insertion.

However, it is important to notice that proton insertion is pH dependent, whereas lithium insertion depends on the activity of Li + in the solution. Thus, similar insertion peak potential between proton and lithium insertion does not represent energetic of the process.

The results obtained here are strongly reminiscent of what was observed with the reversible Li + insertion in TiO2-based electrodes. 2,[6][7][8][9][10][11][12][13][14][START_REF] Huang | Tunable Pseudocapacitance in 3D TiO2-δ Nanomembranes Enabling Superior Lithium Storage Performance[END_REF][START_REF] Jiang | Evidence for Fast Lithium-Ion Diffusion and Charge-Transfer Reactions in Amorphous TiOx Nanotubes: Insights for High-Rate Electrochemical Energy Storage[END_REF] In anatase, it was established that Li + insertion is accompanied by a reversible phase transition from a lithium-poor tetragonal phase to a lithiumrich orthorhombic Li0.5TiO2 phase. 6,12 This translates into a pair of well-defined faradaic peaks in CV, separated by a significant potential hysteresis under thermodynamic equilibrium (peakto-peak potential separation ∆𝐸𝑝 > 0), 2,11 as also reported here in Figure 1B. In the Frumkin framework, such a phase transformation is thus associated with 𝑔 < 𝑔𝑐𝑟𝑖𝑡. 5 A contrario, the insertion of Li + in amorphous TiO2 was characterized by a pair of symmetric but very broad faradaic waves in CV (meaning thus a 𝑔 value > 0), [7][8][9][10][13][14][START_REF] Huang | Tunable Pseudocapacitance in 3D TiO2-δ Nanomembranes Enabling Superior Lithium Storage Performance[END_REF][START_REF] Jiang | Evidence for Fast Lithium-Ion Diffusion and Charge-Transfer Reactions in Amorphous TiOx Nanotubes: Insights for High-Rate Electrochemical Energy Storage[END_REF] leading some groups to conclude that in amorphous TiO2, the reversible Li + insertion proceeded through a solid solution reaction over a distribution of insertion potentials (reflecting thus the highly disordered structure of TiO2). 9,17

Analysis of the process dynamics

To better understand the dynamics of the proton insertion-coupled electron transfer reaction, CVs were recorded at different scan rates ranging from 1 mV•s -1 to 1 V•s -1 in the pH 5 buffered electrolyte (Figures 2A andB). At the same time, the anatase electrode was also tested in the 1 M LiClO4 acetonitrile electrolyte in order to compare proton and lithium insertion dynamic and the corresponding CVs are given in Figure 2C. Note that in order to still distinguish the faradaic peaks at high scan rates (i.e., 𝜐 ≥ 10 mV • s -1 ), the potential window had to be 97 enlarged for all conditions tested. First, we compared the scan rate dependence of the faradaic peak hysteresis ∆𝐸𝑝 (Figure 3).

All electrodes display a comparable scan rate dependence of ∆𝐸𝑝 > 0 V. At the slowest scan rates, the ∆𝐸𝑝 values tend to maintain a constant positive value (∆𝐸𝑝 > 0), suggesting that the electrochemical reaction has reached the thermodynamic equilibrium. This non-zero value of ∆𝐸𝑝 does not agree with the Nernst equation (equation 2), for which no voltage gap between the anodic and cathodic peak under thermodynamic control of ion insertion is expected.

However, such behavior echoes what has also been observed with reversible Li + insertion in anatase, leading below 1 mV•s -1 to a stable and large peak-to-peak separation in CV (Table1).

The non-zero value of ∆𝐸𝑝 observed at equilibrium in CV was proposed as a diagnostic criterion for a phase transformation of the active electrode material during ion insertion and its magnitude reflects the energetic barrier associated to the nucleus formation. 5 In case of the anatase electrode, we report on a significantly lower ∆𝐸𝑝 value in case of reversible H + insertion as compared to reversible Li + insertion, thus suggesting that the associated phase transformation occurs through a less energetic nucleation barrier than with Li + . This observation is fully consistent with the minor orthorhombic distortion predicted between anatase and the H0.5TiO2 crystalline structures. 18 Upon increasing the scan rate, the exponential growth of ∆𝐸𝑝 indicates an electrochemical process increasingly rate-controlled by the interfacial proton-coupled 98 electron transfer kinetics (Figure 3). It also most likely includes a contribution of the residual uncompensated ohmic drop at the highest scan rates. Second, we plotted the cathodic peak current as a function of the scan rate (Figure 4A), that reveals a distinct behavior between the amorphous and anatase film. Indeed, with the former the cathodic peak current density scales linearly with 𝑣 (slope 1 in log-log scale), while with the latter it scales linearly with √ 𝑣 (slope 0.5) and this for both the proton and Li + insertion.

These results suggest that the rate of solid-state proton diffusion across the amorphous TiO2 is not rate-limiting within the time window of the experiments (at least for scan rates ranging from 1 to 50 mV•s -1 ). A contrario, the slope of 0.5 with anatase suggests a diffusion-controlled H + insertion within the bulk of TiO2, remaining in this case valid over the complete range of scan rates investigated. Such a difference between the apparent dynamic of proton insertion in anatase and amorphous electrode is reminiscent of what has been reported in the literature for Li + insertion in amorphous vs. anatase TiO2 electrodes. 8,9,[START_REF] Jiang | Evidence for Fast Lithium-Ion Diffusion and Charge-Transfer Reactions in Amorphous TiOx Nanotubes: Insights for High-Rate Electrochemical Energy Storage[END_REF] Indeed, as for proton insertion at slow scan rates, insertion of Li + in amorphous TiO2 is not controlled by the mass transport of Li + in the solid phase, in contrast to Li + insertion in anatase. It was therefore concluded that Li + diffuses more rapidly in the amorphous than in the anatase phase (by ca. two-order of magnitude). However, these analyses were performed without rigorously taking into account the true specific surface area developed by the initial amorphous phase compared to the one developed by anatase after thermal crystallization, which can be very different. Here, we will demonstrate that the difference in slope observed on the plots of Figure 4A is not due to a difference in the diffusion rate of the cation in the two phases, but rather results from a difference in the electroactive surface area developed by each of the GLAD-TiO2 electrodes. can be inferred from the fit of equation 4 to the experimental cathodic peak currents plotted in Figure 4A. Despite the contribution of HER to the faradaic insertion peak, the 𝐷𝐻,𝑖𝑛 value determined here for the anatase electrode remains close to the one we had previously determined at amorphous GLAD TiO2 films (10 -15 cm 2 • s -1 ). 19,[START_REF] Kim | Evidencing Fast, Massive, and Reversible H+ Insertion in Nanostructured TiO2 Electrodes at Neutral pH. Where Do Protons Come From?[END_REF] This result strongly suggests that proton migration/diffusion within the crystalline phase of TiO2 occurs at an almost similar rate than within the amorphous phase. Using the same equation 4 to fit the data obtained in Figure 3D with Li + , a 𝐷𝐿𝑖,𝑖𝑛 value of 3 × 10 -16 cm 2 • s -1 was recovered, which is one order of magnitude lower than the proton. It is worth noting that, strictly speaking, equation 4 is only valid for a reversible electron transfer reaction associated to a solid solution insertion process, wherein the inserted cation is assumed to homogeneously diffuse throughout the solid phase.

Therefore, it should not be applicable to an electrode material involving phase transformation, which is typically the case with the insertion of Li + in anatase. Still, the present 𝐷𝐿𝑖,𝑖𝑛 value is close to the one predicted by first-principles calculations for Li + diffusion in the orthorhombic Li0.5TiO2 phase. 21 Note that the diffusion limitation observed for the proton insertion in anatase at scan rates < 0.02 V•s -1 (2.2 min) and it might correspond to the phase propagation diffusion rather than proton insertion. Also, model used for the diffusion coefficient calculation assumes the random diffusion of the protons inserted, whereas it is not the case. If we consider proton insertion as a wave propagation process, protons are inserted preferentially in the front of the wave.

101 Finally, we compared the reversible charge storage capacity 𝑄𝑑 as a function of the scan rate (Figure 4B). Corresponding experimental conditions and results obtained are given in Table 2. As the potential window was not constant for all scan rates used, we also calculated the time window associated with each CV. From these results, we make the following observations :

(1) At the amorphous electrodes, the 𝑄𝑑 value remains at an almost constant and high value at all scan rates used. This indicates that the electrode can be fully charged/discharged within a time window < 20 s, thus confirming that reversible proton insertion is a very fast process at nanostructured amorphous TiO2 electrodes.

We notice that 𝑄𝑑 values over 168 mA•h•g -1 (equivalent to 𝑥 > 0.5 ) were obtained at the highest rates and for the larger potential windows. This could be explained by the contribution of EDLC to charge storage process.

(2) At the anatase electrode, the amount of protons reversibly inserted is systemically lower compared to amorphous, still it is difficult to conclude as neither the potential window nor the time window are fully equivalent. Notice also that the reverse potential used at anatase is less negative than the one for amorphous. On the other hand, the 𝐸1⁄2 value is negatively shifted in the case of anatase. Thus, potential used might contribute to the lower charge storage in the case of anatase.

(3) At the anatase electrode, we notice that reversible proton insertion allows for higher 𝑄𝑑 values at high rates as compared to Li + insertion. This is fully consistent with the assumption that proton insertion is a faster process compared to Li + insertion. Indeed, due to the small size of proton [START_REF] Pohl | The Size of the Proton[END_REF] (i.e., 5 orders of magnitude smaller than lithium), it is expected to be faster charge carrier and enable batteries with high-rate performance.

Thus, high-rate performance was further investigated by galvanostatic experiments and results will be given in the subsequent section as well as Section III. 

Modelling and simulations

In order to move towards a more quantitative analysis of the CVs, we have next considered the possibility to simulate them from the one-dimensional two-compartments model previously published by our team. 19 The latter takes into account the following three-step process: i.e., (i) the 1D diffusion/convection mass transport of the proton donor/acceptor in the electrolyte compartment, (ii) the heterogeneous proton-coupled electron transfer reaction at the boundary metal oxide/electrolyte interface separating the two compartment, and (iii) the 1D diffusional mass transport of H + within the solid metal oxide compartment. An important aspect of this model is the geometric equivalence we have used to convert the mesoporous GLAD film-coated electrode to a simpler bulk thin-film electrode, as sketched in Scheme 1 and expressed through the following mole conservation law:

𝐶 𝑂 0 𝑆 𝑎 𝑑 𝑎 = (1 -𝑝)𝑥𝐶 𝑂 0,𝑡𝑜𝑡 𝑆𝑑 𝑓 ( 5 
)
where 𝐶 𝑂 0 is the volumetric concentration of immobile redox-active units (i.e., Ti IV O2) able to be reduced into immobile RH units (i.e., Ti III OOH) within the bulk film, 𝑆𝑎 is accessible specific solid surface of the film, 𝑑𝑎 the flat compact film thickness, 𝑝 is the porosity of the mesoporous film (i.e., the ration of the void volume to the geometric volume) and 𝑥 a stoichiometric factor indicting the fraction of immobile redox-active units (i.e., 𝑥 = 𝐶 0 ⁄𝐶 0,𝑡𝑜𝑡 ), 𝑆 is geometric surface and 𝑑𝑓 is film thickness (1 µm).

Scheme 1. Representation of (top) the nanostructured GLAD-TiO2 electrode morphology (dark yellow) before and (magenta) after thermal annealing as deduced from the microscopy imaging, and (bottom) equivalent bulk thinfilm-coated electrode illustrating the maximal penetration length of a proton within the bulk TiO2.

The geometric equivalence not only allows for a simpler modeling but also defines the maximal penetration length 𝑑𝑎 of protons in TiO2. Taking into account the fact that the specific surface area of the anatase GLAD film is significantly reduced compared to that of the original amorphous one, it can be calculated that the inserted protons have to diffuse through a greater thickness of bulk TiO2 with the anatase (𝑑𝑎 = 4.3 nm) than with the amorphous film (𝑑𝑎 = 1.2 nm). Consequently, if an identical value of 𝐷𝐻,𝑖𝑛 in both materials is assumed, the time required (i.e., 𝑡 = 𝑑𝑎 2 ⁄𝐷𝐻,𝑖𝑛) to fully protonate TiO2 is significantly shortened for the amorphous amorphous film compared to that of anatase (by a factor > 10). It is worth noting that the calculated 𝑑𝑎 values are in quite good agreement with the average grain sizes estimated from the TEM images (see Chapter 1, Figure 6). In addition, we have included in our model the capacitive contribution to the overall current, which, from a given onset potential value, evolves exponentially as a function of the applied potential (characterizing thus the transition between an insulating to a conductive TiO2 film) until reaching a maximum value representative of the double-layer capacitive current generated by the mesoporous electrode in its fully conductive state. [START_REF] Renault | Unraveling the Charge Transfer/Electron Transport in Mesoporous Semiconductive TiO2 Films by Voltabsorptometry[END_REF] Within this framework and according to the methodology detailed in the Appendix, we first successfully simulated the purely capacitive contribution in the CVs (Figures 5A and5B).

For such a purpose we have used the 𝐶𝑑𝑙 and SA values determined above and then iteratively adjusted the conduction band potential value, 𝐸𝐶𝐵, for each TiO2 phase. From the best fit of the simulated curves to the experimental CVs, 𝐸𝐶𝐵 values of -0.51 V and -0.65 V (vs. SCE) were finally recovered for the amorphous and anatase phase, respectively (Table 1).

We next simulated the CVs in the presence of a proton donor and acceptor (i.e., in presence of the buffer) in the electrolyte compartment, thus generating, besides the capacitive current, a faradaic current associated with the reversible insertion of protons into the solid phase. The model detailed in the Appendix is similar to the one we had previously reported, 19 except for the boundary conditions at the TiO2/electrolyte interface (at 𝑧 = 0) where the standard Butler-Volmer equation was here combined with a Frumkin type intercalation isotherm to account for the average interactions between the intercalation sites in TiO2, thus leading to equation S7 (see Appendix). In addition to the capacitive and faradaic current contributions, we have also included in the model the irreversible current response resulting from the HER, that was not included in the modeling of the capacitive contribution (see Appendix for details). The model was solved numerically by a finite difference method implemented in the software Comsol Multiphysics (see Appendix), allowing to simulate and thus predict the CV plots for any parameter conditions. The simulated CVs shown in Figure The shape, amplitude and potential position of the computed CVs at 1 mV•s -1 are in quite good agreement with those obtained experimentally, for both the anatase and amorphous GLAD TiO2 electrodes (Figures 5C and5D), indicating that our model is suitable for replicating not only qualitatively but also, to some extent, quantitatively the experimental data. From the best set of parameters used to simulate the CVs (see Table 1), the following important information was drawn:

(1) Whatever the TiO2 electrode, the CVs were appropriately simulated using a unique standard potential value for the Ti IV O2/Ti III OOH couple (i.e., 𝐸 𝑇𝑖𝑂 2 /𝑇𝑖𝑂𝑂𝐻 0 = -0.94V vs. SCE), a result which supports that the intrinsic thermodynamics associated with the redox-active couple structures 𝑇𝑖 𝐼𝑉 /𝑇𝑖 𝐼𝐼𝐼 in TiO 2 is the same for the amorphous and anatase

(2) The interfacial charge transfer kinetics is also not very different between both phases, which is understandable if we consider that the concerted proton-electron charge transfer reaction is achieved at solid interfaces of the same physicochemical nature.

(3) The factor accounting for the major differences observed between the CVs of amorphous and anatase electrodes is the Frumkin g parameter. This parameter is positive for amorphous TiO 2 (𝑔 𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠 = +16, meaning repulsive interactions between insertion sites) and negative for anatase (𝑔𝑎𝑛𝑎𝑡𝑎𝑠𝑒 = -3, suggesting attractive interactions). These two values of the opposite sign are consistent with the reversible pair of proton insertion peaks, very broad and spread-out in the case of amorphous TiO 2 , while sharper and better defined with anatase. In addition, 𝑔 𝑎𝑛𝑎𝑡𝑎𝑠𝑒 is close to the critical value 𝑔𝑐𝑟𝑖𝑡 = -4 characterizing a phase transition, which therefore suggests that proton insertion in anatase probably occurs through a two-phase transformation.

(4) In contrast to amorphous TiO 2 , it was necessary to adjust the magnitude of 𝐷𝐻,𝑜𝑢𝑡 to a value 4-fold higher than 𝐷 𝐻,𝑖𝑛 to properly simulate the magnitude of the backward disinsertion peak current with anatase, therefore indicating an apparent solid-state proton diffusion faster during the discharge than during the charge. Such an observation is an additional argument in favour of a proton charge storage mechanism governed by a phase transition in anatase, for which the diffusional propagation of the two-phase transition front in the material is not necessarily identical between charge and discharge.

Despite the use of an identical proton diffusion coefficient during the charge in both phases (i.e., 𝐷 𝐻,𝑖𝑛 = 3• 10 -15 cm 2 • s -1 ), the simulated insertion peak currents (not shown) were observed to vary linearly with 𝑣 and √ 𝑣 for the amorphous TiO 2 and anatase respectively, thus correlating very well with the experimental results reported in Figure 4A. This result also clearly shows that the key parameter which governs here the rate of proton insertion (and so the proportionality with 𝑣 or √ 𝑣 ) is not the diffusion coefficient of H + in the solid matrix but the average distance 𝑑𝑎 that the proton has to travel within the solid phase (the latter being defined by the size of grains making up the active material).

II. Galvanostatic performances of the anatase GLAD-TIO2 electrodes

Galvanostatic experiment

Reversible proton insertion in the nanostructured GLAD-TiO 2 electrodes was next investigated by galvanostatic cycling at a rate of 1.4 A•g -1 (equivalent to 0.36 mA•cm -2 ). The shapes and potential positions of the galvanostatic charge/discharge curves (Figure 6) corroborate well the reversible waveforms in CVs (Figure 5). For the amorphous GLAD-TiO2 electrode, the charge (i.e., proton insertion) is accompanied by a continuous increase in potential towards negative values, which is reminiscent of the broad cathodic faradaic wave observed in CV. A contrario, with the anatase electrode the charging potential rapidly reaches a relatively stable value at -1.3 V (a more negative potential than with the amorphous TiO2, which is consistent with the CVs), leading thus to a well-defined horizontal charging plateau, a behavior that is again the sign of a two-phase transformation of the active material. 5 What is interesting to point out here is that the marked contrast we observed between the anatase and amorphous TiO2 is quite comparable to what is reported in the literature with Li + insertion from aprotic organic electrolytes. [7][8][9][13][14][START_REF] Huang | Tunable Pseudocapacitance in 3D TiO2-δ Nanomembranes Enabling Superior Lithium Storage Performance[END_REF][START_REF] Jiang | Evidence for Fast Lithium-Ion Diffusion and Charge-Transfer Reactions in Amorphous TiOx Nanotubes: Insights for High-Rate Electrochemical Energy Storage[END_REF][17] Concerning the discharge curves, if we disregard the interference of HER at the end of charges, they are almost symmetrical in shape to the charges and this regardless of the TiO2 phase. The voltage hysteresis (~ 0.05 V for anatase) is also quite small, indicating a fast reversible insertion reaction without significant Ohmic drop. From these galvanostatic curves, gravimetric capacities of 137 and 78 mA•h•g -1

were retrieved for the amorphous and anatase electrodes, respectively. Both are, however, associated with a rather low CE (67 % and 37 %, respectively). These low CEs are clearly associated to the competitive HER, which increasingly interferes at the end of the galvanostatic charges, an interference that is also more pronounced with the anatase electrode simply because it needs to reach a more negative cut-off potential value.

In situ Raman spectroscopy

To further confirm that proton insertion in anatase is associated with a phase transformation, we investigated the structure of the electrode by in situ Raman microscopy during galvanostatic cycling (see Experimental part for details). Raman spectroscopy is a wellsuited technique to investigate the tetragonal-to-orthorhombic phase transition of TiO2, which is associated with an increased number of Raman-active modes. [START_REF] Baddour-Hadjean | Raman Investigation of the Structural Changes in Anatase LixTiO2 Upon Electrochemical Lithium Insertion[END_REF][START_REF] Hardwick | Electrochemical Lithium Insertion into Anatase-type TiO2 : An in situ Raman Microscopy Investigation[END_REF] The Raman spectra recorded at different 𝑥 values of 0, 0.07 and 0.15 are given in Figure 7. At 𝑥 = 0.15 (i.e., 55

mA•h•g -1 )
, the characteristic bands of the anatase phase at 396, 516 and 636 cm -1 (see also Chapter I, Figure 4) have disappeared in favor of new bands at 212, 317 and 354 cm -1 as well as a large multi-component band in the 450 -750 cm -1 region. The latter, highlighted in the inset of Figure 7, could be fitted with 6 individual Lorentzian components. Upon further increasing the protonation state of the electrode, the Raman bands completely vanish. This process is fully reversible since the initial Raman spectrum of anatase is recovered at the end of the galvanostatic cycle. Such potential dependent Raman features, with detection of the orthorhombic phase for 𝑥 values as low as 0.07, are very similar to what is reported for the reversible lithiation of anatase in organic media. [START_REF] Laskova | Lithium Insertion into Titanium Dioxide (Anatase): A Raman Study with 16/18 O and 6/7 Li Isotope Labeling[END_REF][START_REF] Gentili | Lithium Insertion into Anatase Nanotubes[END_REF] Furthermore, the spectrum recorded for 𝑥 = 0.15 shares significant common features with the one reported for orthorhombic Li0.5TiO2. Indeed, a similar 6

In the case of the anatase electrode, we also notice that the Nafion-coating decreases the competitive HER. Besides, the Nafion coating also taints the magnitude of the faradic peaks as well as the peak-to-peak separation, which are respectively slightly decreased and increased (Figure 8A). Still, the overall charge reversibly stored remains almost constant (Table 4). These results suggest that the Nafion coating causes a slight increase in the charge transfer resistance, which is in line with what has been reported previously. [START_REF] Eyövge | Nafion Coated Mg50Ni50 and (La,Mg)2Ni7 Negative Electrodes for NiMH Batteries[END_REF] Despite this, the galvanostatic charge/discharge curves in the presence of the Nafion-coating show significant improvements of the reversible gravimetric capacity in a 1 M acetate buffer, thus enabling up to 148 mA•h•g - 1 , which corresponds to a stoichiometric value of 𝑥 = 0.45 (Figure 8B). This gain in capacity is clearly the consequence of the HER inhibition by the Nafion-film coating, resulting in improved CEs (Table 4). Note that difference in the CE from cyclic voltametric and galvanostatic experiment is mainly due to different time windows of the experiment (i.e., 3 times shorter in galvanostatic experiment, which gives less time for HER to occur).

Cycling stability

The cyclability of the Nafion-coated anatase GLAD-TiO2 electrodes was next investigated under either strong or mild accumulation conditions. For strong accumulations, a 𝑄𝑑 of  150 mA•h•g -1 was selected by fixing the negative cut-off potential to -1.4 V during the charge, whereas for mild accumulations, a fixed charge of 100 mA•h•g -1 was applied. The results are presented in Figure 9, together with the previous data recorded at the amorphous electrode.

Under strong accumulation conditions, the charging curves evolve upon cycling, also less rapidly in the case of anatase as compared to amorphous. The negative cut-off potential value is reached more and more rapidly (Figures 9A and9B), while keeping a constant low hysteresis, indicating little evolution in the ohmic drop and interfacial electron/ion transfer rates.

Consequently, the amount of charge reversibly stored in the electrode is progressively decreased, with only half of the initial charge retrieved after 55 cycles for the anatase Nafioncoated GLAD-TiO2 electrode, compared to 32 cycles for the amorphous electrode. The CE remains, however, almost constant upon cycling, evidencing that both proton insertion and competitive HER are simultaneously decreased upon cycling the electrodes under strong accumulation conditions. We attribute this decrease reactivity to a loss of active material, as already discussed in the previous chapter. As for its amorphous counterpart, the charge storage performances of the anatase electrode could however be significantly improved upon cycling the electrodes under mild accumulation conditions. In such a case, the 𝑄𝑑 (and CE) values retrieved are first slightly increased during the few initial cycles, before reaching 84  1 mA•h•g -1 (and 83 %) after 10 cycles. A gradual decrease in these performances is observed during the next 135 cycles, with little evolution of the shape of the corresponding galvanostatic curves (Figure 9C). Under such mild accumulation conditions, the cyclability of the anatase electrode is significantly improved as compared to the amorphous, despite anatase having lower average CE value (~ 75 %). Finally, combining the Nafion-coating with mild accumulation conditions allows to achieve up to 135 cycles at the anatase GLAD-TiO2 electrodes, with reasonably good CE.

Rate performance

The rate performances of the anatase and amorphous Nafion-coated GLAD-TiO2 electrodes were evaluated by galvanostatic rate experiments under mild accumulations conditions (i.e., by fixing the charging capacity to 100 mA•h•g -1 which corresponds to 𝑥 = 0.3) within the potential window of 2 V. The rate performance of anatase GLAD-TiO2 electrodes was also evaluated in the 1 M LiClO4 acetonitrile electrolyte under the same conditions. The obtained charge/discharge curves are given in Figure 10 and corresponding reversible gravimetric capacities and CE at each step are given in Figure 11. Table 5 provides rates used in all symmetric tests. Regarding the proton-coupled charge storage, 𝑄𝑑 and CE are systematically lower at the anatase electrode as compared to the amorphous one. For both electrodes, the 𝑄𝑑 and CE values decrease/increase upon decreasing/increasing the rate, with a more pronounced ratedependence at the anatase electrode (Figures 10 and11A). Therefore, increasing the rate allows for improved charge storage performances at both electrodes by limiting the impact of the two competitive reactions leading to hydrogen evolution, i.e., the faradaic HER, occurring during the charge and the non-faradaic self-discharge reaction. Subsequently, a discharge gravimetric capacity exceeding 90 mA•h•g -1 (and CE > 90%) could be obtained at both electrodes for rates higher than 0.7 and 5.6 A•g -1 for the amorphous and anatase electrode, respectively. What is
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more, these performances are conserved upon further increasing the rate up to 45 A•g -1 , for which the hysteresis between charge and discharge remains < 1 V and the overall potential window < 2 V (Figure 10). Differently, lithium insertion in anatase GLAD-TiO2 undergoes a significant decrease in the charge storage capacity with the rate increase above 2.8 A•g -1 (Figures 10 and11B). From the charge/discharge curves (Figure 10) it can be seen that, at rates above 2.8 A•g -1 , the electrode can no more be charged up to 100 mA•h•g -1 within the 2 V potential window so 𝑄𝑐 is limited by the negative cut-off value (fixed at -2 V vs. SCE). As a result, the 𝑄𝑑 value of the following discharge is also decreased. This effect is more pronounced as the rate is further increased, meaning that lithium-ion insertion, unlike proton, presents rate-limiting steps which is most likely related to the slower diffusion of the inserted lithium. This is in good agreement with results we obtained by CV and presented in the Section I.

The improved performances reached using H + as charge carrier were further assessed by comparing the rate performances of the present GLAD-TiO2 electrodes with a series of pure as well as composite nanosized amorphous and anatase TiO2 electrodes toward Li + insertion/disinsertion in organic electrolytes.Under moderate accumulation conditions (i.e., 𝑄𝑐 = 100 mA • h • g -1 ), the nanostructured anatase as well as amorphous nanostructured GLAD-TiO2 electrodes show improved rateperformances regarding the reversible H + insertion as compared to what is reported in the literature (and in the present work) regarding reversible Li + insertion. Indeed, reversible gravimetric capacities are reported to significantly decrease upon increasing the galvanostatic cycling rate, with the best performances for anatase (100 mA•h•g -1 at ca. 17 A•g -1 ) yet achieved at a nanosized (2.8 -nm thick) TiO2 film deposited onto a gold mesoporous substrate (see in Figure 12). 8 Interestingly, proton insertion in anatase GLAD-TiO2 delivers 97 mA•h•g -1 at rate as high as 45 A•g -1 , what is more than 2.5 times faster than the best performances of lithium ion insertion in anatase. 8 

III. Further investigation of the high-rate performance

We cycled the GLAD-TiO2 electrodes using two different galvanostatic protocols, symmetric and asymmetric. First, in symmetric protocol, both the charge and the discharge rates were simultaneously increased during the cycling. On the other hand, in asymmetric protocol the charging rate was kept constant (e.g., at 𝑖 = 5.7 A•g -1 ) and only the discharge rate was increased with the cycling.

Symmetric rate cycling

Intrigued by the high-rate performances, we pursued further investigation of Nafion-coated GLAD-TiO2 electrodes at high-rates. Notably, we took two directions: (1) investigation of the high-rates under the strong accumulation conditions (i.e., charge storage close to maximal 𝑥 = 0.5) and ( 2) investigation of the rates above 45 A•g -1 upon widening potential window beyond 2 V.

a. The question of rate performance under the strong accumulation conditions

In order to determine the ability of the anatase Nafion-coated GLAD-TiO2 electrode to be fully charged at high rates, we performed galvanostatic cycling under strong accumulation conditions (i.e., by fixing the charge close to the maximal value 𝑥 ~ 0.5 which translates to

capacity of ~ 172 mA•h•g -1 )
, starting at a rate of 11.2 A•g -1 and up to a rate of 90 A•g -1 (i.e., 600 C). Note that increase in charging capacity beyond 172 mA•h•g -1 doesn't significantly improve charge storage, but rather leads to HER and substantial decrease in CE. In the same line, the rates lower than 11.2 A•g -1 were not investigated due to larger contribution of HER. At the beginning and the end of the high rates cycling, we also recorded one cycle at the standard rate of 1.4 A•g -1 under moderate accumulation conditions (up to 100 mA•h•g -1 ) to evidence any electrode fading. The results of this symmetric galvanostatic cycling protocol are given in Figure 13 and Table 5.

From these experimental data, we conclude that it is possible to fully charge the anatase electrode up to 𝑥 = 0.45 in the full range of high rates tested, with a good Coulombic Efficiency.

However, this occurs at the expense of a significantly increased hysteresis between the charge and discharge potentials and thus a lower energetic efficiency (Table 5). We also notice that the strong accumulation conditions used to cycle the electrode at high rates induce some electrode fading, as evidenced by the ca. 15 % decay in the 𝑄𝑑 value achieved under moderate accumulation conditions at standard rate (Figure 13B). In comparison, the same level of decay is observed after 17 cycles under strong accumulation conditions at the standard rate of 1.4 A•g - 1 (Figure 9). This indicates that electrode decay is more pronounced at high rates, despite higher CE, which leads us to conclude that HER is not the main cause of observed decay.

The fact that we are able to fully charge the anatase GLAD-TiO2 electrode at an intensity as high as 90 A•g -1 is quite consistent with the CVs recorded at high rates, presented in the Section I and Table 1. Indeed, we could also reach high 𝑄𝑑 values upon performing cyclic voltammetry up to 1 V•s -1 , within the potential and time windows roughly equivalent to the one used in the present galvanostatic experiment. A significant hysteresis between the faradaic peaks was also reported (Table 1). The lower CE and 𝑄𝑑 values are attributed to the fact that CV were recorded in absence of Nafion-coating on the GLAD film, thus inducing more HER (for the influence of Nafion-coating see Section II, Part 3). The results obtained here at high rates are hard to conciliate with the evidence of protoninsertion being a diffusion-controlled process, as deduced from the cyclic voltammetry experiments performed at low rates (i.e., < 0.02 V•s -1 , equivalent time 2.2 min). Indeed, in the framework of the two-compartment model presented in Scheme 1 and assuming a semi-infinite linear diffusion for the inserted proton as well as a linear gradient (Nernst approximation), the Fick's law describing the gradient of inserting protons within the TiO2 compartment is as follows:

𝑖 𝑓 𝐹𝑆 𝑎 = -𝐷 (𝐶 𝑧=0 -𝐶 𝛿 ) 𝛿 (6) with Once such a state is reached (for 𝑡 = 0.4 s), it is no longer possible to keep a constant incoming flux of protons at 𝑧 = 0 since 𝐶𝑧=0 cannot be further increased. Accordingly, 𝑖𝑓 is decreasing whereas the overall intensity is kept constant, which means that the contribution of EDLC is progressively increasing, thus leading to a drift of the charging potential towards more and more negative values. This is exactly what is observed for Li + insertion in anatase (Figure 10), but clearly not what we observe experimentally regarding proton insertion in the anatase electrode. In conclusion, the high rates data presented here cannot be rationalized in a classical diffusion model. The inadequacy of the model developed to the high-rate behaviour of the anatase electrode was further confirmed by the inability of simulations to account for the experimental data (unless the diffusion coefficient of proton was increased by orders of magnitude). This seems to be highly specific to the proton charge carrier, since the galvanostatic curves recorded in presence of Li + (Figure 10) are consistent with what is expected for a process rate-limited by diffusion.

b. The question of rate limit

Since fast fading of the electrode was observed under strong accumulation conditions, further high-rate analyses were carried out at the anatase Nafion-coated GLAD-TiO2 electrode under mild accumulation conditions (i.e., by fixing 𝑄𝑐 to 100 mA•h•g -1 which corresponds to 𝑥 = 0.3) over a potential window with potential cut-off values selected not to limit the process (e.g., -6.8 V to 8 V for the highest rate used). The results obtained for intensities ranging from 45 to 672 A•g -1 are given in Figure 14. First, we notice that the shape of the galvanostatic charge and discharge curves is not significantly affected by the rate (Figure 14A). They still exhibit well-defined plateaus characteristics of a phase transformation electrode, even at the highest rate investigated here. The potential hysteresis between charge and discharge is scaling linearly with the intensity and is thus indicative of a resistive contribution (Figure 14B). We also notice that the equilibrium potential, defined as the average potential between charge and discharge, remains constant at -1.21 V until 90 A•g -1 and is then negatively increased to a value of -1.4 V, for which we have no definitive explanation yet (Figure 14C).

Note that from the application point of the view, it does not make much sense to have such a large potential window as the loss of energy is huge. Assuming 1 C to be defined as 0.15 A•g - 1 , the highest rate used in the present study is equivalent to 4 480 C, which is a quite unusual rate for an insertion battery, more comparable to the rates used for supercapacitors.

Finally, we were able to reversibly store up to 92 mA•h•g -1 at a rate as high as 672 A•g -1

(which is associated to a 0.5 s charging time). This is again not in line with a charge process rate-limited by diffusion as discussed earlier. At such a high rate, the thickness of the diffusion layer associated with the maximal value of 𝐶𝑧=0 -𝐶𝛿 = 0.022 mol • cm -3 is estimated at 0.07 nm (thus << 𝑑𝑎 = 4.3 𝑛𝑚). Accordingly, only a tiny amount of protons is expected to be inserted before EDLC contributes significantly to the charge storage mechanism. We probably have some contribution of EDLC, accounting for the linear decrease in potential at the early stage of the discharge, but it remains minor. In order to determine if this unexpected behavior at high rates is a specificity of the anatase electrode, we performed similar symmetric galvanostatic experiments at a range of amorphous GLAD-TiO2 electrodes (Figure 15). First at Nafion-coated amorphous GLAD-TiO2 electrodes (full lines, Figure 15A), we notice that upon increasing the rate at a value of 168 A•g -1 , the shape of the charge curve is modified with an inflexion of the potential at the end of the charge (see the arrow) before reaching a plateau (see asterisk). This behavior is associated with a significant decrease in both the 𝑄𝑑 and CE values. We also notice a similar small inflexion of the charging potential at the very end of one charge curve recorded at 90 A•g -1 . This is also associated with a decrease in both 𝑄𝑑 and CE, although less pronounced than at a higher rate. We notice some variability among the electrodes and in one set of data recorded up to 90 A•g -1 , we observe no potential inflexion during the charge, as well as high 𝑄𝑑 and CE values (dashed lines, Figure 15A).

The experiment was repeated at an amorphous GLAD-TiO2 electrode in the absence of the Nafion-coating (Figure 15B). As previously stated, we notice that the Nafion-coating has little effect on the shape of the galvanostatic curves and in this experiment, potential inflexion at the very end of the charge is detected at 45 A•g -1 . This inflexion occurs earlier once the rate is increased to 90 A•g -1 and followed by a plateau. Again, this evolution in the charging curve is associated with a significant decrease in 𝑄𝑑 and CE. Dashed lines in A comparison with the previous set of data (Figure 10).

Finally, the experiment was also performed at a Nafion-coated amorphous GLAD-TiO2

electrode, but soaked in a 3 M acetate buffer of pH 5. The aim of this study was to identify if a significant pH gradient is established at the electrode/electrolyte interface upon charging/discharging the electrode at such high rates. We notice no significant effect of an increase in the buffer concentration on the shape of the galvanostatic curves (Figure 15C). But again, the charging potential reaches a stable value (plateau) at the end of the charge at 90 A•g - 1 , leading to a significant decrease in the 𝑄𝑑 and CE values.

Overall, these observations show that the charge reversibly stored at the amorphous GLAD-TiO2 electrode is limited once the rate is increased up to 90 -165 A•g -1 . We assume that this is due to a limitation by the solid-state diffusion of the inserted proton, as suggested by the inflexion of the charging potential. And we attribute the plateau marked by an asterisk in Figure 15 to the irreversible consumption of faradaic electrons by the competitive HER.

In order to confirm this assumption, we used equation 6 to estimate the intensity required to charge the film up to 50 % of its maximal capacity (i.e., 75 mA•h•g -1 ) before the inserting flux starts to decrease because of 𝐶 𝑧=0 is reaching its maximal value (see Scheme 3 below), considering the electroactive surface area of the amorphous film and the 𝑑𝑎 value of 1. The good consistency between this rough estimate and the experience confirms that the two-compartment model we developed is well-suited to describe the proton-coupled charge storage process occurring at the amorphous GLAD-TiO2 electrode. Upon increasing the rate, it becomes rate-limited by the bulk diffusion of the inserted proton. This conclusion further highlights the fact that the anatase electrode exhibits unexpected behavior regarding reversible proton insertion.

Asymmetric rate cycling

Finally, we wanted to deconvolute the discharge from the charge and investigate if it was possible to evidence some limitation by diffusion of the discharge process. Therefore, we performed asymmetric galvanostatic cycles by first charging the electrode up to 100 mA•h•g -1 at a moderate rate, assuming that under these conditions we give enough time for the electrode to be almost under thermodynamic equilibrium conditions at the end of the charge, i.e., with an almost homogeneous distribution of charges. We next investigated the following galvanostatic discharges over a wide range of intensities.

The experiments were performed at both anatase and amorphous Nafion-coated GLAD-TiO2 electrodes in the 1 M acetate buffer, using a constant charging rate of 5.7 A•g -1 , as well as at anatase GLAD-TiO2 electrodes in 1 M LiClO4 organic electrolyte at a charging rate of 2.8 A•g -1 . (Figure 16). Based on the experimental data we can conclude:

(1) The discharge is a faster process than the charge. Even in the case of the amorphous electrode, that is well-described by the classical diffusion model, we do not observe any limitation of the discharge by diffusion in the intensity range investigated, which is larger than the one used for the charge. The same observation stands for Li + . These results sign a significant asymmetry of the charge storage mechanism.

This was already suggested from the simulations of the CV, leading to a higher value for D H,out as compared to DH,in in the case of the anatase electrode (see page 105 -Table 3).

(2) H + is a faster charge carrier as compared to Li + . This was previously established for the charge, but here we evidence it to also be the case for discharge. Indeed, the discharge curves associated with H + remain plateau-shape, whereas those of Li + are very sluggish. Besides, a significant decrease of both 𝑄𝑑 and CE is observed for the highest rates only with Li + .

Further investigations are need to better understand the specific behavior of the anatase electrode. An appropriate technique should be in situ with high time resolution. We can think of Spectro electrochemistry where, by using anatase GLAD-TiO2/FTO electrodes, a blue coloration of the TiO2 film is associated with proton insertion. This way, we could investigate the influence of the charge/discharge rate on the spectroscopic features of the film.

IV. Conclusion

In the present study, we explored the effect of crystallization on the reversible proton insertion ability of nanostructured TiO2 electrodes prepared by glancing angle deposition. We demonstrate that not only the amorphous but also anatase electrodes allowed for a maximal reversible gravimetric capacity of ~ 150 mA•h•g -1 in a mild buffered aqueous electrolyte containing a Brønsted weak acid as a proton source. Based on a simple continuum twocompartment model integrating a Frumkin isotherm, we succeeded in numerically simulating the CVs. These simulations revealed that the different shapes and positions of the reversible faradaic waves are mainly the consequence of the short-range interactions between inserted protons in TiO2, which also strongly differ between the amorphous and crystalline phase of TiO2. The above results demonstrate that proton insertion in both anatase and amorphous TiO2 takes place according to a bulk charge storage mechanism and certainly not, as previously reported, through a near-surface charge storage process. [START_REF] Zhang | A Durable VO2(M)/Zn Battery with Ultrahigh Rate Capability Enabled by Pseudocapacitive Proton Insertion[END_REF][32][START_REF] Ghicov | Interlayer Separation in Hydrogen Titanates Enables Electrochemical Proton Intercalation[END_REF] They also call into question the recently proposed notion that bulk proton insertion in titanium oxides requires hydrated or protonated layered titanate structures. 34,[START_REF] Kang | Hydronium Ions Stabilized in a Titanate-Layered Structure with High Ionic Conductivity: Application to Aqueous Proton Batteries[END_REF] Indeed, this is not consistent with our present findings where bulk proton insertion is shown effective even with the nonlayered and non-hydrated anatase structure (i.e., a 3D network of edge-sharing TiO2 octahedra). Additionally, one should note that the gravimetric capacities and CEs we have here obtained by CV significantly outperform those previously achieved with layered titanates (82 mA•h•g -1 with 𝐶𝐸 = 45 % for H2Ti3O7 or 40 mA•h•g -1 for Ti3O7(H2O)2 at the same rate of 10 mV•s -1 ). 34,[START_REF] Kang | Hydronium Ions Stabilized in a Titanate-Layered Structure with High Ionic Conductivity: Application to Aqueous Proton Batteries[END_REF] We provide here strong evidence that the good performance of the GLAD-TiO2 electrodes are rather linked to their nanostructure.

Importantly, we demonstrated fast proton insertion kinetics, for the amorphous and the anatase crystalline phase. Moreover, for the anatase phase, proton diffusivity was definitely shown to outperform lithium-ion diffusivity, on both charge and discharge. This fast kinetics is consistent with the small size of proton and its ability to induce a lower energy barrier to the phase transformation. Further investigation at high rates revealed a specific behavior of the anatase electrode compared to the amorphous. Notably, we were able to almost fully charge the anatase electrode at a rate as high as 90 A•g -1 (i.e., 6 s charging time), although at the expense of a lower energy efficiency. Moreover, under mild accumulation conditions, charge storage of 92 mA•h•g -1 could be achieved at rates as high as 672 A•g -1 (i.e., 0.5 s charging time), thought with huge hysteresis (i.e., ∆𝐸 ~ 10 V). This specific behavior is not in line with the results obtained at low rates, evidencing a charge storage process that is limited by diffusion. Further work is required to fully understand observed behavior. We believe that this is a general feature of proton as charge carrier, that certainly extends to other metal oxide-based materials, beyond TiO2. What is more, the high-rate performances of the GLAD-TiO2 electrodes toward reversible proton insertion are reminiscent of those obtained at a VO2(M) cathode (over 75 % capacity retention at 40 A•g -1 ). [START_REF] Zhang | A Durable VO2(M)/Zn Battery with Ultrahigh Rate Capability Enabled by Pseudocapacitive Proton Insertion[END_REF] Further investigations are now required to develop optimized electrodes/electrolytes assemblies allowing to fully benefit from the great charge storage performances related to the reversible H + insertion in mild aqueous electrolytes.

Chapter IV

Investigating lithium-ion insertion in anatase GLAD-TiO2 electrodes in aqueous media

Introduction

In the previous chapter, in addition to proton-coupled charge storage, we examined lithiumion insertion in anatase GLAD-TiO2 electrodes in organic media, which has been the subject of extensive studies in the literature. In the present chapter, our focus shifts from organic to aqueous lithium-ion electrolytes. Contrary to organic media, TiO2 was not widely investigated for lithium-ion insertion in aqueous media. The cathode was constituted of an array of vertically oriented nanostructured anatase TiO2 nanotube, which showed limited lithium-ion insertion ability (up to 𝑥 = 0.2). They ascribed the low insertion capacity to competitive HER. 4 In 2011, the same group reported on an alkaline TiO2/LiMn2O4 lithium-ion battery, operating in a mixed salt electrolyte (i.e., 3.5 M LiCl / 0.25 M Li2SO4). 5 More recently, in 2015, Liu et al. presented an alkaline CoxNi2-xS2/TiO2 battery, based on dual ion insertion (Li + at TiO2 and OH -at the positive electrode). 6 In all studies, competitive HER was reported at a potential just slightly more negative than reversible Li + insertion. However, none of these studies, except the very initial one, considered the possibility of reversible proton insertion as a competitive charge storage mechanism. Besides, the definitive assessment of Li + as inserting cation in TiO2 was mainly based on X-Ray diffraction patterns, but the peaks associated to the LixTiO2 or Li0.5TiO2 phase were of very low intensity when not identical to the TiO2 phase. Based on the new knowledge we bring regarding reversible proton insertion in aqueous electrolytes, we consider that reversible Li + insertion in speaking, this model is only valid for an ionic strength < 1 M. Still, we obtained a linear relationship between the mid-potential and the lithium-ion activity and the slope of 0.063 is close to the value of 0.059 predicted by the Nernst equation. This provides an unambiguous confirmation that Li + is the inserting cation in the LiCl aqueous electrolytes.

From the integration of the cathodic or anodic peak currents recorded in LiCl electrolytes (Figure 1A), the amount of charge reversibly stored was estimated to be 97 mA•h•g -1 (with CE 65 %) in the 3 M electrolyte and 114 mA•h•g -1 (with CE = 51 %) in the 0.5 M electrolyte. These values indicate that HER is observed in both electrolytes and more pronounced at lower lithiumion salt concentrations. We notice that HER is also clearly evidenced in the 3 M KCl electrolyte, in which reversible proton insertion is not observed (which is the main difference with the results presented in Chapter II on amorphous TiO2). Finally, because of HER, the potential window was not further increased toward more negative potentials and consequently charge storage associated to reversible Li + insertion was limited to 𝑥 ~ 0.35. In Figure 1B, we compared the CVs recorded at Nafion-coated GLAD-TiO2 electrodes in 3 M LiCl electrolyte (pH = 11) and the 1 M acetate buffer (pH = 5). We observe that proton insertion in the pH 5 buffered media is occurring at a less negative potential compared to lithium-ion insertion. However, unlike Li + , proton insertion is pH dependent, thus we translated the experimental CV recorded at pH = 5 to higher pH values (pH = 9 and 11), by taking into account -59 mV/pH unit shift (in short dashed lines in Figure 2B). We notice that the faradaic peaks associated to Li + and H + insertion are almost overlapping in a pH 9 buffered electrolytes, which means that both cations are expected to competitively insert. However, at pH = 11, the proton insertion peak lies at a potential much more negative than the insertion peak of Li + . Thus, under such conditions, Li + insertion is thermodynamically favoured over proton insertion. This is in accordance with the fact that most reports on lithium insertion in aqueous media were actually using strongly basic electrolytes (i.e., few molar LiOH). [1][2][3][4] Besides, we notice that the peak-to-peak separation in the 3 M LiCl (𝛥𝐸𝑃 = 0.31 V) is significantly higher than in the 1 M acetic acid pH 5 (∆𝐸𝑃 = 0.16 V). We thus assume that reversible Li + insertion from aqueous electrolyte is again associated to a phase transformation, as from an organic electrolyte. The energy barrier associated to the nucleation step is higher than the one associated to proton insertion, as discussed in the previous chapter.

Based on these results, we can conclude that lithium-ion insertion is thermodynamically favoured at higher lithium salt concentrations and more basic pH conditions.

Galvanostatic experiment

We next investigated Nafion-coated anatase GLAD-TiO2 in the 3 M LiCl electrolyte (pH = 11) by galvanostatic cycling at a rate of 1.4 A•g -1 (equivalent to 0.36 mA•cm -2 ). The cut-off values were fixed either at -1.7 V (identical to reversal potential used previously in CV) or at -1.76 V vs. SCE. Charge and discharge plateaus were observed at -1.54 V and -1.25 V, respectively (Figure 2A). The plateau shaped galvanostatic charge/discharge curves as well as their potential positions (Figure 2A) correlate well with the reversible peaks observed in CV (Figure 1). Upon charging up to the cut-off value of -1.7 V, the amount of charge reversibly stored is 100 mA•h•g -1 , with CE = 86 %, which is also in a good agreement with the values obtained from CV (i.e., 97 mA•h•g -1 and CE = 65 % at 1 mV•s -1 ). Keep in mind that the time window of the CV is ca. 3-times larger than the one for the galvanostatic cycling, resulting in a lower CE because of the competitive HER occurring at very negative potentials. Upon increasing the cut-off value to -1.76 V, the amount of charge reversibly stored could be increased to 135 mA•h•g -1 (𝑥 = 0.4), but at the expense of a low CE = 67 %. At such a negative cut-off potential, we observe a plateau (marked by an arrow in Figure 1A), that is reminiscent of that observed in the 3 M KCl electrolyte. Next, we investigated the cyclability of the Nafion-coated anatase GLAD-TiO2 electrode in the 3 M LiCl electrolyte under mild accumulation conditions (𝑄𝑐 = 100 mA•h•g -1 ) and the rate of 1.4 A•g -1 (Figure 2B). These conditions are identical to the ones used in the previous chapter regarding reversible proton insertion, allowing thus to comment on the cyclability of the anatase film toward reversible insertion of Li + versus H + . Up to 160 cycles were performed, with only a minor evolution of the galvanostatic charge/discharge curves. The initial discharge capacity was 84 mA•h•g -1 , slowly decreasing to 75 mA•h•g -1 after 160 cycles (capacity retention of 88 %). Note that further cycling was not attainable due to degradation of the insulating nail varnish delimiting the active surface area during prolonged cycling in the basic media.

Surprisingly, better cycling stability under mild accumulation conditions was achieved upon lithium-ion insertion in aqueous media than upon proton insertion in 1 M acetate buffer pH 5

(Figure 2C). Although, higher charge storage and CE were achieved in buffered media between the 10 th and 95 th cycle. This result calls for further investigation. Particularly, it would be interesting to test electrode cycling stability in buffered media at a more basic pH (i.e., by notably using a CAPS buffer, 𝑝𝐾𝑎 = 10.4) and compare the result with the lithium electrolyte at the similar pH, in order to estimate if this is really a specificity of the inserting cation.

II. Comparison between the aqueous and organic Li-ion electrolytes

In order to compare lithium-ion insertion in aqueous and organic media, we overlayed in Figure 3 the CVs recorded at 1 mV•s -1 in either an aqueous electrolyte containing 1 M LiCl initially stabilized at pH = 11 (by KOH), or an acetonitrile electrolyte containing 1 M LiClO4.

The CVs were recorded at anatase GLAD-TiO2 electrodes with or without Nafion-coating in aqueous and organic electrolyte respectively.

In both electrolytes, a pair of reversible faradaic peaks is observed, with similar shapes and intensities (the higher intensity of the cathodic peak in the LiCl aqueous electrolyte being attributed to a significant underlying contribution of HER). Yet eye-catching is the difference in mid-point potential that is significantly downshifted in aqueous as compared to organic media. It is worth noting that both observed potentials are in accordance with reported values in literature for similar scan rate and electrolyte compositions (Table 1). This potential shift indicates that the thermodynamics of reversible Li + insertion is strongly affected by the chemical nature of the solvent, which is expected since its desolvation/solvation is expected to occur prior/after insertion/disinsertion. According to Marcus et al., the Gibbs free energy of Li + transfers from pure water to pure acetonitrile is ∆𝑟𝐺 0 = + 28.5 kJ•mol -1 . 7 This confirms that Li + is less solvated in acetonitrile as compared to water. We can estimate the voltage corresponding to this extra energy to be ∆𝐸 = ∆𝑟𝐺 0 𝐹 = 0.3 𝑉. This value is close to the experimental shift of -0.24 V in mid-point potential that we observed. Accordingly, we ascribe the observed difference in mid-point potential to the higher energetic cost of Li + desolvation in aqueous compared to acetonitrile electrolyte.

Besides, in both electrolytes, we report close values of peak-to-peak separation (Table 1).

We thus assume that desolvation/solvation at the metal oxide/electrolyte interface remains not rate-limiting in both electrolytes, so that the hysteresis remains governed by the energetics of the phase transformation. Indeed, in the case of slow charge transfer, increase in the peak-topeak separation and decrease in the peak intensity are expected, none of which is observed in present case. 10 

III. High rates performances

In the previous chapter, we showed that upon increasing the rate of the galvanostatic cycling in organic media, we reached mass-transport limitation during the charging step.

This limitation was assumed to be due to slow Li + diffusion within the bulk TiO2 network.

Therefore, we also investigated the high-rate performances of the Nafion-coated anatase GLAD-TiO2 electrodes in the 3 M LiCl electrolyte (initially stabilized at pH = 11 by KOH). As in the previous chapter, the galvanostatic rate experiments were performed under mild accumulations conditions (𝑄𝑐 = 100 mA•h•g -1 , which corresponds to 𝑥 = 0.3), with rates ranging from 1.4 to 90 A•g -1 . The obtained results are given in Figure 4.

The main observation here is that we were able to charge the electrode up to 100 mA•h•g - 1 in the 3 M LiCl aqueous electrolyte, with good CE, over the entire range of rates investigated (Figure 4A). This differs significantly from what was reported for Li + insertion in acetonitrile (Figure 4D) and attributed to rate-limitation by bulk Li + diffusion. This difference is quite unexpected since limitation by diffusion within the bulk material should not depend on the chemical nature of the solvent. Besides, as we previously established, proton is a faster charge carrier compared to Li + (Chapter II), this observation questions the nature of the inserted cation at high rates and the possible contribution of proton. To investigate this hypothesis, we compared the rate performances of the electrode in a 3 M LiCl and 3 M KCl aqueous electrolyte (under identical experimental conditions).

In the KCl electrolyte, the very low amount of the charge reversibly stored (< 26 mA•h•g - 1 ) at rates below 11.2 A•g -1 is indicative of HER being dominant over proton insertion during the charge. This confirms Li + to be the main inserting species in the 3 M LiCl aqueous electrolyte for i < 11.2 A•g -1 . Upon further increasing the rates, the amount of charge reversibly stored in the 3 M KCl aqueous electrolyte is increased (up to 89 mA•h•g -1 at the highest rate investigated here), indicating that proton insertion dominates over HER during the charge. This observation shows that upon increasing the charging rate, we kinetically disfavor HER and favor reversible proton insertion, but at a cost of high hysteresis (low energy efficiency) and a very sluggish discharge curve. Indeed, as the pH of the KCl electrolyte is not buffered, we assume the local pH to be quite basic during the charge, due to proton consumption arising from both proton-coupled charge storage and HER. The following discharge curve is no more plateau shaped, but shows a sluggish biphasic behavior (Figure 4B). We assume that the two phases of the discharge curve correspond to the presence of different proton acceptors at the metal oxide/electrolyte interface:

first, the fraction of OH -generated during charge and which remains close enough to the interface to neutralize the disinserted protons and next H2O, leading to the local production of H3O + and a strong local acidification of the electrolyte. Accordingly, significant changes in the local pH are occurring upon charging/discharging the electrode in the 3 M KCl aqueous electrolyte, which is reminiscent of what we reported in Chapter II at amorphous GLAD-TiO2 electrodes. Comparing now the shape of the galvanostatic potential curves recorded at high rates in the LiCl and KCl aqueous electrolytes, we note some similarities. They mainly concern the discharge curve, which shape in the LiCl electrolyte evolves significantly from a welldefined plateau at the lower rates to a sluggish curve at the higher rates, which extends over a wide range of potential, as in the KCl electrolyte. This might thus be indicative of local pH variations during the discharge and thus of some proton disinsertion. Such a charge storage mechanism involving both Li + and H + insertion at high rates remains hypothetic at this stage and calls for further investigation. UV-visible absorption spectroelectrochemistry might be one way to decipher between inserting species since different absorbance changes were reported during reductive electrochemical doping of nanostructured anatase TiO2 films in a basic aqueous electrolyte containing LiOH, compared to the electrolyte containing NaOH. 11

IV. Conclusion

We unambiguously demonstrated that lithium-ion can be reversibly inserted in nanostructured anatase TiO2 electrode from aqueous electrolytes. We also showed that lithiumion insertion is thermodynamically favored once pH >> 9. We further revealed that under basic condition, the electrode behaviour in KCl electrolyte differs significantly from the one observed in LiCl electrolyte, as HER, rather than reversible proton insertion, is dominating reaction at low to medium rates (i.e., at 1mV•s -1 in cyclic voltammetry and below 11.2 A•g -1 in the galvanostatic experiment). Still, our experimental results suggest that under basic conditions, proton could be a competitive inserting cation to lithium ion, once the rate is sufficiently increased (i.e., above 11.2 A•g -1 ). These results call for attention. We should be extremely careful in aqueous media, even in the absence of a specific weak Brønsted acid, as proton donor is omnipresent (i.e., 55 M H2O as a solvent) and thus competitive proton insertion should be taken into account depending on the time scale of the experiment. Last but not least, charge/discharge process is shown to be asymmetric, with the discharge being much faster as compared to charge for both proton and lithium-ion insertion.

Conclusion and perspectives

In the present PhD Manuscript, the reversible proton-coupled charge storage at nanostructured TiO2 electrodes was thoroughly investigated as function of electrolyte composition and TiO2 crystallinity. This work was achieved at well-defined and highly reproducible nanostructured GLAD electrodes made out of the pure active material. Indeed, GLAD electrodes, presented in Chapter I, are closer to model than battery electrode, but still their use enabled us to provide comprehensive framework for proton coupled-charge storage in TiO2.

First, we employed the Nafion-coating and restricted charge storage to the mild accumulation conditions in order to stabilize the electrode and extend its "lifetime". This initial improvement allowed for the further investigation. With as-prepared amorphous Nafion-coated GLAD-TiO2 electrodes we revealed the interplay between the electrochemical features of proton-coupled charge storage and electrolyte composition. We showed that proton insertion in GLAD-TiO2 can be achieved over almost entire pH, excluding the strongly acidic electrolytes which trigger acidic dissolution.

We highlight the benefits of buffered electrolytes, which by stabilizing the local pH, also stabilize the insertion/disinsertion potential and reduce hysteresis between charge and discharge. Using the wide range of buffered electrolyte, we showed that proton insertion is only dependent on the pH, but not on the chemical nature of the buffer. Consequently, we were able to use GLAD-TiO2 as local pH probe in unbuffered media.

We demonstrate that all Brønsted acids are capable of providing protons during the TiO2 reduction, even water as the weakest Bronsted acid. In this light, 𝑁𝐻4 + is ruled out as proton provide, rather than inserting species. However, proton coupled-charge storage in unbuffered media is connected with local pH gradient. The existence and the spatial extent of pH gradient was visualized using the colorimetric pH indicators. During charging (i.e., proton insertion and TiO2 reduction), local pH is basic. A contrario, during discharging (i.e., proton disinsertion and TiO2 oxidation), local pH is acidic. This large difference in pH, induces high hysteresis between charge and discharge potentials, that in turn lower energy efficiency.

The obtained results shad a new light on the importance of the electrolyte choice, and give researcher broader picture of the possible electrolyte options for proton providing electrolytes beyond strong acids.

The other research direction explored during this PhD is the influence of the active material crystallinity on proton-coupled charge storage. In the present work, proton insertion is shown to be bulk, reversible and fast process not only in amorphous but also in the anatase 3D structure.

This finding is contrary to generally accepted belief that layered structure and/or structural water are features of metal oxides required for reversible proton insertion. Furthermore, by using in situ Raman spectroscopy we evidence, for the first time, the phase transformation in TiO2 upon proton insertion, similar to the one occurring upon lithium ion insertion. We provide solid evidence that proton is much faster charge carrier than lithium, as expected from its small size. Proton is thus promising charge carrier for batteries operating at high rates, although TiO2

is not suitable active material. Therefore, more effort is needed to develop active material that can materialize on fast proton features. We think that findings presented here extend beyond TiO2 and provide framework to investigate other MOx. One emerging topic in the literature, which is needed to diversification of battery world beyond LIB.

Lithium can also insert in TIO2 from aqueous electrolytes, but this needs to be achieved under strong basic conditions and moderate rates. What is more, at the high cycling rates, contrary to moderate rates, possibility of proton co-insertion cannot be neglected. Also, asymmetry of the charge/discharge process, with charge being much slower than discharge, is shown to be the case for both proton and lithium insertion.

It is also worth noting, that apart from GLAD, composite electrodes made out of commercial TiO2 nanoparticles mixed with activated carbon and Nafion were also tried.

However, with such composite electrodes significant issues were encountered, including: low reproducibility, bad slurry adhesion on titanium current collector and difficulty to suppress HER. Still, in galvanostatic experiment in acetate buffer electrolyte at pH = 5, we were able to reach up to 163 mA•h•g -1 with CE 46 % at a rate of 8.6 A•g -1 . This result further supports our findings, that proton insertion in TiO2 is bulk, reversible and fast process, are general feature of TiO2 not restricted to GLAD.

All in all, we provide a complete overview of the reactivity of TiO2 regarding reversible proton storage in aqueous media. Furthermore, specificity of proton as extremally fast charge carrier is ruled out. We hope that the present work will be the source of inspiration for other scientist and attract more researcher's attention to the exciting field of proton-coupled charge storage.

I. Chemicals and materials

All chemicals were purchased from commercial suppliers and used as received without further purification. Potassium chloride ( ≥ 99.5 %), lithium chloride ( ≥ 99.98 %), ammonium chloride ( ≥ 99.5 %), acetic acid ( ≥ 99 %), potassium acetate ( ≥ 99 %), sodium acetate ( ≥ 99 %), HEPES ( ≥ 99.5 %), HEPES sodium salt ( ≥ 99.5 %), CAPS ( ≥ 98 %), potassium phosphate tribasic ( ≥ 98 %), potassium phosphate dibasic ( ≥ 98 %), potassium phosphate monobasic ( ≥ 99 %) and phenolphthalein were pursed from Sigma-Aldrich/Merck.

Hydrochloric acid 37 %, acetone and ethanol (Normapur) were pursed from VWR Chemicals, potassium hydroxide and sodium hydroxide ( ≥ 99 %) from EMSURE, bromocresol green (in aqueous solution 0.02 %) from Kuhlman Paris, LiClO4 ( ≥ 98 %) was purchased from Fluka and stored in a glove box. Nafion D-520 dispersion was purchased from Alfa Aesar. All aqueous solutions were made with deionized water (18.2 MΩ cm).

II. GLAD-TiO2 electrodes

1. Deposition conditions for the GLAD-TiO2 film

For GLAD-TiO2/Ti electrodes, clean glass substrates were first coated with a dense 250 nm thick layer of Ti using a deposition angle of 5°. GLAD-TiO2 deposition followed at a fixed oblique angle of 72° while continuously rotating the substrate at a rate of one complete rotation for every 10 nm of TiO2 film growth until the mesoporous TiO2 film was 1 µm thick, which corresponds to the deposition of 0.25 mg TiO2 per cm 2 . 1 For GLAD-TiO2/FTO electrodes, the same deposition conditions were applied on a commercial FTO-coated glass substrate. The resulting amorphous GLAD-TiO2 electrodes were used without further annealing step. Anatase GLAD-TiO2 electrodes were prepared by heating under air at 400 °C for 2 h at the heating rate 5 °C / min in Carbolite CWF 1200 oven.

Electrode cleaning step

Prior to use, electrodes were cleaned in an ultraviolet ozone cleaner (UV/O3

ProcleanerTMplus, Bioforce Nanosciences) for 15 min and subsequently soaked at room temperature in acetone and then ethanol for 15 and 30 min, respectively. The electroactive GLAD-TiO2 surface was delimited by depositing nail vanish to define a rectangular geometric surface area of 0.56 cm 2 .

Nafion coating

NafionTMD-520 dispersion, 5 % w/w in water and 1-propanol, was diluted in mixture of water and ethanol (50 % : 50 %) in a 1 to 3 volume ratio. 20 µL of this mixture was deposited on the delaminated electrode surface and left to dry 30 min in ambient air at room temperature, prior electrode use. This procedure gave ~ 3 µm thick Nafion film on the top of the electrode, although we noticed some variability in the Nafion film thickness (see Chapter I).

III. Electrochemical measurements

1. Electrochemical set up used All electrochemical measurements were performed in a three-electrode cell with the following configuration:

• GLAD-TiO2 as working electrode (WE) -1µm thick nano porous film, used geometric electrode surface area S = 0.56 cm 2

• SCE as reference electrode (RE)

• Pt wire as counter electrode (CE) -99.9% pure Pt as shown in Scheme 1. In this set up, electrodes were connected to potentiostat (Biologic VSP potentiostat operated by EC-Lab software). The potential is measured between working and reference electrode, whereas the current is measured between working and counter electrode.

Accordingly, the current intensity is negative for the charge (i.e., proton insertion) and positive for the discharge (i.e., proton disinsertion). The measurements have been done applying two most widely used electrochemical techniques: cyclic voltammetry and chronoamperometry.

Note here that all experiments have been done under constant argon flow as shown on Scheme 1. Argon was provided inside the cell, as follow: minimum 20 min before the experiment inside the solution and during the full duration of the experiment above the solution. This was necessary as presence of oxygen can lead to the electrode discharge. 2 In CV, a systematic ohmic If we take TiO2 as an example, in the forward scan, the applied potential is moved toward negative values (as presented in scheme),TiO2 reduction is observed leading to a negative current intensity. In the reverse scan, the applied potential is moved back from 𝐸𝑓 to 𝐸𝑖 and electrochemical process is reversed, meaning TiO2 is re-oxidized leading to a positive current intensity.

The speed at which potential is swept from 𝐸𝑖 to 𝐸𝑓 and back is the scan rate (𝑣) -that gives the change of potential per unit of time. Usually, on the cyclic voltammograms (CVs), current intensity is normalized to the electrode geometric surface area (as current response is dependent on the surface area, it enables comparison between electrodes).

Generally, cyclic voltammetry is used to investigate kinetics, thermodynamics and nature of electrochemical process. For charge storage application, as discussed in the Methodology part, it gives the possibility to easily distinguish between EDLC and faradaic charge storage mechanisms. It is also possible to determine the amount of the charge stored by integrating the current intensity of the cyclic voltammogram.

b. Chronoamperometry

Chronoamperometry (also called galvanostatic) is a current-controlled technique where the potential is measured as a function of time upon applying a fixed current intensity. 4 The main principle of this technique is presented in Scheme 3.

Scheme 3. Applied current intensity as a function of time during one galvanostatic cycle.

If we take again TiO2 as an example (Scheme 3), first constant current intensity of 𝑖 = -0.2 mA is applied to working electrode leading to TiO2 reduction. After some defined timeinterval 𝑡𝑠𝑤𝑖𝑡𝑐ℎ (or cut-off potential), the sign of the current and/or intensity is changed. This defines one cycle. The sign of the current intensity defines whether the electrons are flowing to the electrode (-negative sign, indicate reduction process at the working electrode) or from electrode (+ positive sign, indicates oxidation process at the working electrode). As a response to the current applied, the potential of the working electrode evolves, due to change in its redox state.

IV. Real-time UV-visible absorption spectroscopy

Galvanostatic cycling experiments were conducted in a home-made modified UV-visible cuvette using a Metrohm Autolab controlled by the GPES software and synchronized with a UV-visible spectrometer (Torus, Ocean Optics). Synchronization allowed for simultaneous recording of the optical absorbance and electrochemical response. For this set of experiments TiO2 was deposited on FTO substrate (instead of Ti), using the same deposition conditions. The Phenolphthalein was used as basic colour indicator (at pH > 8.2 it changes from colourless to pink). The Electrodes were charge to 𝑥 = 0.15 (ca. 50 mA•h•g -1 ) and spectra were followed at 780 nm for TiO2 color change and at 552 nm for phenolphthalein colour change, during charge and discharge (one galvanostatic cycle). 0.2 M phenolphthalein solution was prepared in ethanol as a mother solution. Then it was used to make 0.5 M phenolphthalein solution by diluting it in 10 % ethanol and 0.5 M KCl or 1 M acetic acid solution at initial pH = 5. 0.7 mM Bromocresol green was added into 0.3-0.5 M KCl. All KCl electrolytes were initially stabilized at pH = 5 by addition of 1 mM acetate buffer.

V. Movie recording and data analysis

Side-view films of the spectroelectrochemical cell were recorded in macro mode, using a

Canon EOS 550D camera on a stand. The image resolution was 19201080 pixels and time resolution was fixed to 25 images/s. Using the ImageJ2 software, 5 we extracted 1 image/s of the movie, that were next treated by the split channel color tool in order to extract the RGB components (with 8-bit encoding, which corresponds to a level ranging from zero to 255).

VI. In situ Raman spectroscopy

Raman spectra were recorded with a Labram microscope (Horiba Jobin-Yvon) equipped with a 10× objective and a 633 nm excitation wavelength. Ex situ measurements were performed on dried GLAD electrodes, with 30 s integration time. In situ Raman microscopy was achieved in a home-made spectroelectrochemical cell adapted from the literature, 6 with a thin Pt wire as 

VII. Structural characterization

1. X-ray powder diffraction (XRD)

X-ray powder diffraction (XRD) measurements were carried out with a Bruker model D8/Discover X-ray diffractometer using a filtered Cu Kα radiation (λ = 1.54178 Å). The 2θ range for each sample was from 20° to 50° with a step size of 0.02°. The collected data were carefully analyzed using EVA tm software.

Scanning and transmission electron microscopies

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were used to investigate the morphology of the GLAD electrodes and the size of TiO2 crystallites.

For SEM imaging, an ultra-high resolution Hitachi S-5500 cold field emission SEM was used with a 30 kV accelerating voltage and 30 A emission current. For ex situ TEM analysis, a

Hitachi HT7700 TEM equipped with a W electron source was used at 100 kV. In order to study the anatase crystallite formation, in situ TEM investigation was performed with a Hitachi H9500 environmental TEM (ETEM) equipped with a gas-injection heating holder. Both SEM and TEM samples were prepared by scraping the GLAD film from the Ti/glass substrate and transferring to holey carbon-coated 400-mesh copper grids (Electron Microscopy Sciences).

Atomic force microscopy (AFM) was performed using a Veeco Instruments MultiMode Nanoscope IV AFM equipped with an E scanner.

𝑖

To obtain a clear image from the surface, high resolution, soft tapping mode AFM Probes (MikroMasch USA, Inc.) with low spring constants of 5.0 N/m and 1 nm radius were used.

The area fractions of gaps between posts were determined by image analysis using ImageJ software. To examine internal structural changes within the GLAD-TiO2 electrodes after galvanostatic cycling, a focussed ion beam (FIB) process was performed using a Zeiss NVision 40. This tool is a dual-beam instrument combining a Schottky field emission SEM for imaging with a focused beam of gallium ions to remove sections of the film. To protect the film surfaces and avoid charging issues, the samples were pre-coated with a 200 nm thick layer of Au-Pd using a Gatan precision sputtering system. Ion milling was performed with a 30 kV gallium ion beam operating with a beam current of 80 pA.

VIII. Activity coefficient calculations

Truesdell-Jones activity coefficient model is given by: log 𝛾 𝑖 = -𝐴𝑧 𝑖 2 ( √𝐼

1 + 𝐵𝑎 𝑖 0 √𝐼 ) + 𝑏 𝑖 𝐼
where 𝑧𝑖 is the valence of the ion 𝑧, and 𝐼 is the solution ionic strength. All quantities carrying the subscript 𝑖 are ion-specific parameters (𝑎 0 , 𝑏𝑖). The parameters A and B are dependent on the temperature T and the dielectric constant 𝜀 and for the standard conditions (water at 25°C) have the following values: 𝐴 = 0.5085 M -1⁄2 and 𝐵 = 0.3281• 10 8 M -1⁄2 m -1 . 7

In the case of Li + ion 𝑎 = 4.76 • 10 -8 m and 𝑏 = 0.20 7

Note that this model is valid for 𝐼 < 1 M.

Then activity is given by:

𝑎𝑖 = 𝛾𝑖 • 𝑐𝑖
where 𝛾𝑖 is the ion activity coefficient and 𝑐𝑖 is the ion concentration.

Electrolyte compartment (𝒛 < 𝟎)

Outside the film, the electrolyte compartment is filled with a buffered aqueous electrolyte consisting of a mixture of proton donor AH, proton acceptor A -, and free protons H + , which diffuses normal to the electrode (linear semi-infinite diffusion) with a diffusion coefficient D AH ,D A -, and D H + , respectively.

The concentrations C AH , C A -and C H + rapidly equilibrate according to the following acid-base equilibrium:

𝐴𝐻 𝑘 + 𝑘 - ⇄ 𝐴 -+ 𝐻 +
The latter is characterized by a thermodynamic equilibrium constant :

K A = k + k - = C A -C H + C AH = 10 -pH C A - C AH
For the electrolyte compartment, we can thus write the following three coupled diffusion-reaction differential equations: Film compartment (𝟎 < 𝒛 < 𝒅 𝒂 )

𝜕𝐶 AH 𝜕𝑡 =
Within the active material compartment, the inserted protons at the solid/electrolyte interface migrate across the solid-phase through a H-atom hopping process equivalent to a diffusion-like process (finite linear diffusion), the rate of which can be described by the following derivative equations on the solid-phase concentrations of O and RH: where D H,in and D H,out are the apparent solid-state diffusion coefficient of protons during the reduction (i.e, insertion) and oxidation (i.e., disinsertion) step of the metal oxide film, respectively. As we will see, their values are not necessarily identical.

Note that because the film is electronically conductive when protons are inserted, we can consider a uniform potential across the bulk film and also assume that there is no potential drop at the film/underlying electrode interface.

III.

Boundary conditions at the solution-film interface where i f is the faradaic current generated by the proton-coupled electron transfer reaction and g a dimensionless constant characterizing the mean interaction energy between intercalation sites (positive for repulsion and negative for attraction).

The state-of-protonation of the film being given by θ = 

Electrode self discharge

A last contribution that also had to be taken into account in the model is the self-discharge of the protonated film. The latter was indeed observed to interfere in the galvanostatic experiments carried out at slow rates. We assumed that this self-discharge could be formally described by the spontaneous surface recombination of two inserted protons, leading to the release of H2:

2 RH 𝑘 𝑠𝑒𝑙𝑓 → 2 O + 𝐻 2
where k self is the rate constant of the reaction. The flux of this reaction at z = 0 can thus be defined by:
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 1 Figure 1. Electrical energy production and the carbon footprint by source (Raw data adapted from Ref. 2). 2
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 2 Figure 2. Global electrical storage capacity by the technology used based on 2017 report (Raw data adapted from Ref. 21).21 
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 3 Figure3. Lithium-ion battery configuration based on "rocking-chair" operating principle.[START_REF] Baddour-Hadjean | Raman Investigation of the Structural Changes in Anatase LixTiO2 Upon Electrochemical Lithium Insertion[END_REF] 
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 4 Figure 4. Pourbaix diagram presenting the electrochemical stability window of water (ESW). Note that operating potential window of the active material must be within the ESW.32 
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 11 Scheme 1. Formation (charge) and release (discharge) of double layer in electrochemical capacitor.
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 1 Figure 1. Electrochemical features of ideal double layer electrical capacitance in (A) cyclic voltammetry (B) galvanostatic charge/discharge (chronopotentiometry) experiment.
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 2 Figure 2. Electrochemical features of ideal faradaic process in (A) cyclic voltammetry (B) galvanostatic charge/discharge (chronopotentiometry) experiment.
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 3 Figure 3. Dependence of the TiO2 electrochemical response based on the applied potential: (A) Schematic presentation of the semiconductive TiO2 electronic structure; (B) Cyclic voltammograms of a mesoporous amorphous TiO2 film soaked in an aqueous solution containing 0.3M KCl initially stabilized at pH = 3. Scan rates:(blue) 0.1, (purple) 0.2 and (magenta) 0.5 V•s -1 (ECB = -0.58 V vs. SCE at pH = 3).14 
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 4 Figure 4. Cyclic voltammograms recorded at a 1 µm thick GLAD-TiO2/ITO electrode in an aqueous solution of (blue) 14 mM HCl (pH 1.85) or buffered solutions (pH 7.0) of (grey) 1 mM HEPES or (red) 100 mM HEPES. All solutions also contained 0.3 M KCl as supporting electrolyte. CVs are expressed in flux density. Scan rate: 0.1 V•s -1 . 15
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 5 Figure 5. Galvanostatic charging and discharging curves recorded at 1.6 A•g -1 at GLAD-TiO2/Ti electrodes in aqueous electrolytes (adjusted to pH 3.0) containing (blue) 0.3 M KCl, (green) 0.25 M acetic acid and 0.3 M KCl, or (red) 0.25 M AlCl3.The negative cut-off potential (dotted line) was fixed to (top) -0.82 V or (bottom) -1.12 V.14 
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 1 Figure 1. Main methods used for the preparation of TiO2 nanostructured thin film electrodes. 1
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 2 Figure 2. (A) Schematic presentation of GLAD-TiO2/Ti electrodes (B) Top-view and (C) Cross-sectional SEM image of as-deposited (amorphous) GLAD-TiO2 film.
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 3 Figure 3. Polyhedral presentation of anatase TiO2 3D structure.[START_REF] Jiang | Evidence for Fast Lithium-Ion Diffusion and Charge-Transfer Reactions in Amorphous TiOx Nanotubes: Insights for High-Rate Electrochemical Energy Storage[END_REF] 

  heating rate of 5 °C/min was used

Figure 5 .

 5 Figure 5. In situ transmission electron microscopy (TEM) images recorded on a portion of the film scraped off the Ti substrate and showing: as-deposited GLAD-TiO2 film to be mainly amorphous (red area indicating minor crystallinity) and annealed film formation of the large facetted crystallites with anatase phase.

Figure 6 .

 6 Figure 6. Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM) images obtained at the GLAD-TiO2 electrodes (A-D) before and (E-I) after thermal annealing at 400 °C. (A, E) Top-view SEM images. (B, C, F, G) Cross-sectional SEM images. (D, H) ex situ showing the formation of the large facetted crystal with anatase phase.(D, H) ex situ TEM images recorded on a portion of the film scraped off the Ti substrate and showing the formation of the large facetted crystal with anatase phase.

Figure 7 .

 7 Figure 7. (Green) Nano-AFM mapping of the top surface of a GLAD-TiO2 film (left) prior to and (right) after thermal annealing with the (red) corresponding threshold-processed images highlighting the gaps between GLAD posts.

Figure 8 .

 8 Figure 8. Electrochemical features at (dark yellow to green) an amorphous and (black to magenta) anatase GLAD-TiO2/Ti electrode in an aqueous electrolyte (adjusted to pH 5.0) containing 0.5 M KCl. (A) cyclic voltammograms recorded at (dark yellow, black) 10, (olive, purple) 20 and (green, magenta) 100 mV•s -1 and normalized to the scan rate v. (B) Scan rate dependence of the capacitive current density (ja) measured at -1.0 V. The dashed lines are the linear regression fits passing through zero, leading to slopes of 17.4 and 4.5 mA•s•V -1 •cm -2 (r 2 = 0.999 and 0.998) for amorphous and anatase, respectively.

Figure 9 .

 9 Figure 9. Cross-sectional SEM image of an amorphous GLAD-TiO2 electrode covered by a ca. 3 µm Nafion film.

Figure 10 .

 10 Figure 10. Cyclic voltammograms recorded in 0.5 M KCl electrolyte (stabilized at pH = 5 using HCl): (A) amorphous (B) anatase GLAD-TiO2/Ti electrodes. (short dashed line) non-coated and (full line) Nafion coated GLAD-TiO2 electrodes. To ensure reproducibility data were recorded at: 2 uncoated electrodes for both anatase and amorphous, 4 Nafion-coated amorphous and 1 Nafion-coated anatase electrode. Scan rate 10 mV•s -1 .

electrolyte 1 .

 1 Evidencing proton-coupled charge storage in the acetate buffer (pH 5) Cyclic voltammograms (CVs) were recorded at relatively moderate scan rates, from 1 to 10 mV•s -1 , in a potential window ranging from 0 to -1.3 V vs. SCE. The CVs recorded at 5 mV•s -1 is presented on Figure 1A (dark red line) along with the one recorded in an inert KCl electrolyte of same pH (grey dashed line). The KCl electrolyte used here has the identical composition as the one used in the chapter I (0.5 M KCl initially stabilized at pH = 5 by HCl).

Figure 1 .

 1 Figure 1. (A) Cyclic voltammograms of amorphous GLAD-TiO2 electrodes recorded at 5 mV•s -1 in (dark red) 1 M acetate buffer pH = 5 (grey dashed line) 0.5 M KCl electrolyte initially stabilized at pH = 5 (by HCl). Arrows on the CVs indicate scan direction. Dark red arrows indicate proton insertion/disinsertion direction in the buffered electrolyte. (B) CVs recorded in the buffered electrolyte at (pink) 1 mV•s -1 (dark red) 5 mV•s -1 (wine) 10 mV•s -1 . Note that current flux in normalized by scan rate for (B).

4 A

 4 •g-1 . At this rate one galvanostatic cycle takes ~ 15 min, which is roughly equivalent to a CV performed at a scan rate of 3 mV•s -1 (in the potential window 0 to -1.3 V vs. SCE). It thus falls 64 within the range of rates where charge storage occurs under thermodynamic equilibrium conditions with modest HER. Under such experimental conditions (cut off value -1.3 V vs. SCE and the current intensity 1.4 A•g -1 ), continuous galvanostatic cycling was performed and the corresponding results are given in Figure2.

Figure 2 .

 2 Figure 2. Galvanostatic cycling of amorphous GLAD-TiO2 electrodes in 1 M acetic acid buffer (pH = 5) at 0.36 mA•cm - 2 (or 1.4 A•g -1 ) under strong accumulation conditions. (A) Galvanostatic charge/discharge curves for 1 st 9 th and 20 th cycle. Dashed line presents the cut off value -1.3 V. Gray arrow indicates decrease in discharge capacity. (B) Discharge capacity (black) and columbic efficiency (red) as function of cycle number.

Figure 3 .

 3 Figure 3. FIB-cross sectional SEM images and CVs recorded at a (left images and dark yellow CV) uncycled and (right images and black CV) cycled amorphous GLAD-TiO2 electrode. The galvanostatic cycling of the electrode was performed under strong accumulation conditions in a 1 M acetate buffer (pH 5) and at a rate of 1 mA•cm -2 , until the discharge gravimetric capacity of the electrode was decreased by 40 % (equivalent to ~ 10 cycles). The CVs were recorded in a 0.5 M KCl aqueous electrolyte (pH 5) at 0.1 V•s -1 .
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Figure 4 .

 4 Figure 4. (A) Cyclic voltammograms and (B) Galvanostatic cycles recorded at amorphous GLAD-TiO2 electrodes (blue) with and (black) without a Nafion coating. The electrolyte was 1 M acetate buffer (pH = 5), the scan rate was 1 mV•s -1 in CV, and galvanostatic cycling was performed with a cut-off value of -1.3 V and a rate of 1.4 A•g -1 .

Figure 5 .

 5 Figure 5. Continuous galvanostatic cycling experiments performed in 1 M acetate buffer (pH 5) at (grey) non-coated and (coloured) Nafion-coated amorphous GLAD-TiO2 electrodes under different accumulation conditions: (A,C) strong accumulation conditions using a negative cut-off potential of -1.3 V or mild accumulation conditions using fixed charge of (D) 107 mA•h•g -1 corresponding to 𝑥 = 0.32 and (B,E) 87 mA•h•g -1 corresponding to 𝑥 = 0.26; (A-E) the galvanostatic charge/discharge curves (only one cycle out of ten is shown). First and last cycles are presented in dashed lines. (F) Discharge capacities, Qd, and (G) corresponding Coulombic efficiencies (CE), recovered from continuous galvanostatic cycling experiments. Rate used 1.4 A•g -1 (or 0.36 mA•cm -2 ).

Figure 6 .

 6 Figure 6. (A) Continuous galvanostatic cycles performed at Nafion-coated amorphous GLAD-TiO2 electrode under mild accumulation conditions of 84 mA•h•g -1 (𝑥 = 0.25) using the identical charging rate of 5.6 A•g -1 of a constant value of 84 mA•h•g -1 , but different discharge rates with a positive cut-off potential of 0.0 V. The numbers on the curves indicate the cycle number associated to the following discharge rate: (1, black) 5.6 A•g -1 , (2, navy) 0.07 A•g - 1 , (3, blue) 0.03 A•g -1 , (4, cyan) 0.015 A•g -1 , and (5, black) 5.6 A•g -1 . (B) Capacity retention as a function of resting time in reduced (charged) state, current intensity 1.4 A•g -1 .

Figure 7 .

 7 Figure 7. Galvanostatic cycling experiments performed at Nafion-coated amorphous GLAD-TiO2 electrodes under mild accumulation conditions (80 mA•h•g -1 ) in different buffered electrolytes the galvanostatic (A) charge and (B) discharge curves in: (red) acetic acid buffer, (light green) phosphate buffer pH 7.2, (green) HEPES buffer, (red) ammonia buffer, (light blue) CAPS buffer, and (navy) phosphate buffer pH 12.2 electrolyte. Corresponding molarity and pH are given in Table 1. Rate 1.4 A•g -1 (C) Apparent potential derived from galvanostatic cycling as a function of electrolyte pH (red dots) charging potential at 80 mA•h•g -1 charge (black dots) discharging potential at 40 mA•h•g - 1 discharge. Short dashed lines present linear regression of the experimental data.

(reaction 5 )

 5 in all buffered electrolytes, regardless of their chemical composition and pH.Subsequently, the potential values recorded at the end of charge (80 mA•h•g -1 ) or at the half of discharge (40 mA•h•g -1 ) were plotted as a function of the bulk pH (Figure7C). Using linear regression of the experimental data, slopes of 59 mV/pH unit for the charge and 61 mV/pH unit for discharge were obtained. Those slope values are in perfect agreement with the theoretical value of 59 mV/pH unit predicted by the Nernst equation for a reaction involving one proton and one electron (equation5). Consequently, the potential corresponding to different state-of-charge can be directly used as a sensor of the local pH value at the electrode. And we will next take benefit of the calibration curves established here to quantitatively analyse the galvanostatic curves recorded in unbuffered electrolytes.Indeed, the question that arises next is the following: what are the consequences if only the weak acid is present in the electrolyte (i.e., without conjugated base and thus under unbuffered conditions)?2. Electrolytes containing only a weak acid: NH4 + case

Figure 8 .

 8 Figure 8. Galvanostatic cycling experiments performed at Nafion-coated amorphous GLAD-TiO2 electrodes under mild accumulation conditions (80 mA•h•g -1 ) in different electrolytes. The galvanostatic (A) charge and (B) discharge curves in full lines: (cyan) 0.5 M KCl, (fluorescent green) 0.5 M KCl + 0.4 M NH4Cl, and in dashed lines: (red) 1 M acetic acid buffer pH = 5, (green) 0.75 M HEPES buffer pH = 7.9, (navy) 0.5 M phosphate buffer pH = 12.2 electrolyte. Rate 1.4 A•g -1 (C) Apparent potential derived from galvanostatic cycling in buffered electrolytes as function of pH used to estimate local pH in unbuffered media.

Scheme 1 .

 1 Scheme 1. Schematic representation of (A) the initial state and (B) acid and base mass transport at the GLAD-TiO2electrode under reducing steady-state conditions in the unbuffered NH4Cl electrolyte.

  -3 for proton insertion. Please note that we are making two assumptions here, first that diffusion coefficients for both species are identical (𝐷 = 𝐷𝑁𝐻 4 + = 𝐷𝑁𝐻 3 , leading thus to the identical 𝛿𝑚𝑎𝑥 value) and that the faradaic intensity is equal to the applied intensity in the galvanostatic cycle neglecting the contribution of EDLC (i.e., 𝑖𝑓 = 𝑖𝑎𝑝𝑝). Note also that in galvanostatic experiments, the intensity is fixed and constant over time, which means that the electron flux is constant. Therefore, once steady-state conditions are reached, the concentrations 77 at 𝑧 = 0 reach constant values which are directly linked to the intensity value. Consequently, the local pH remains constant and the electrode potential relies on the state-of-protonation of the electrode, as in buffered electrolytes, as stated by the following Nernst equation:These simple considerations allow us to rationalize why the charge curve almost overlays with that of the buffered electrolytes after a time interval estimated to 65 s (equivalent to Qc = 25 mA•h•g -1 ), which corresponds to the time required to reach the steady-state. This time laps allows to estimate the thickness of the diffusion-convection layer 𝛿𝑚𝑎𝑥 = 0.055 cm and in turn the local concentrations of NH4 + and 𝑁𝐻3 at 𝑧 = 0. It is therefore possible to estimate the local pH value at the electrode/electrolyte interface (𝑝𝐻)𝑧=0 according to the following equation:

Figures

  Figures 8A and 8B (full cyan lines) display the galvanostatic curves recorded at 1.4 A•g -1 in the 0.5 M KCl electrolyte. Their biphasic shape is strongly reminiscent of what was discussed above concerning the unbuffered NH4Cl electrolyte. During the charge, we notice that a steadystate regime is reached once 𝑄𝑐 > 40 mA•h•g -1 (equivalent to 100 s), from which the charge curve perfectly overlaps to that recorded in the pH 12.2 buffer. Based on the time required to attain steady-state conditions and on the diffusion coefficient of OH -ions (𝐷𝑂𝐻-= 5.310 -5 cm 2 •s -1 ), we can estimate the maximal thickness of the diffusion-convection layer 𝛿𝑚𝑎𝑥 value to = 0.13 cm.

  14 mM HCl electrolyte (pH = 1.85) at 100 mV•s -1 . 1 In that study, the Faradaic waves were centred at -0.82 V (vs. SCE) and the ∆𝐸𝑝 = 0.22 V were reported (see Methodology part, Figure 4. Page 38). Those values are very close to what we observed here.

Figure 9 .

 9 Figure 9. Experiments performed at Nafion-coated amorphous GLAD-TiO2 electrodes in (light magenta) 0.65 M KCl electrolyte at pH 2.0 (HCl adjusted) or (blue) unbuffered 0.5 M KCl electrolyte initially stabilized at pH 5 (HCl adjusted) (A) black to blue data recorded at scan rate from 100 to 1 mV•s -1 (B) Cyclic voltammograms recorded at 10 mV•s -1 . Note that current flux is normalized to scan rate.

Figure 10 .

 10 Figure 10. Left: (top) Galvanostatic charge and discharge curves and (bottom) concomitant absorbance variations recorded at 552 nm upon cycling a GLAD-TiO2/FTO electrode in (magenta) an unbuffered electrolyte containing 0.5 mM Phenolphthalein + 0.3 M KCl, (grey) a buffered electrolyte containing 0.5 mM Phenolphthalein + 1 M acetate buffer at pH = 5 and (dashed red lines) an unbuffered electrolyte containing 0.3 M KCl. The unbuffered electrolytes were initially stabilized at pH 5 by addition of 1 mM of acetate buffer. The rate was 0.36 mA•cm -2 and the charge was fixed to 50 mA•h•g -1 (equivalent to 126 s). Right: photographs of the spectroelectrochemical cell in (top) the axis of the light beam or (bottom) side-view at t = 0 s, t = 63 s, t = 126 s and t = 245 s during galvanostatic cycling in the unbuffered electrolyte containing 0.5 mM Phenolphthalein + 0.3 M KCl.

Figure 11 .

 11 Figure 11. Analysis of the spatial expansion dynamics of the pH front upon cycling a GLAD-TiO2/FTO electrode in the unbuffered electrolyte containing 5 M KCl and a colorimetric indicator. A: Snapshot at t = 63 s extracted from the movie recorded in presence of 0.5 mM phenolphthalein and (B) associated green level profile along a section marked by the grey box in A. (C) galvanostatic cycles recorded at 0.36 mA•cm -2 in presence of (magenta) 0.5 mM phenolphthalein or (blue) 0.7 mM bromocresol green and (D) associated time-dependence of the green level at z = 0. (E): distance between the front of green level 70 and the left end of the box (i.e., d = 0 cm) and (F) distance between the front of the green levels (from light to dark pink) 115, 70 and 30 and the metal oxide/electrolyte interface (i.e., z = 0 cm) in presence of 0.5 mM phenolphthalein.

  During the following discharge, the green level increases back. It recovers its initial value after 200 s and further increases up to ~ 105 at the end of the discharge, which is indicative of a significant decoloration of the electrolyte. In the corresponding movie extract (See Figure 12), one can indeed notice that a thin light-yellow layer develops at the electrode/ electrolyte interface at the end of the discharge. This light-yellow coloration of the electrolyte reflects the local predominance of the acid form of the colorimetric indicator, thus confirming that (𝑝𝐻) 𝑠=0 ≪ 4.7 at the end of the discharge. This observation supports our previous assessment of a local pH close to 2.5 based on the end of the discharge potential value.

Figure 12 .

 12 Figure 12. Video snapshots during a galvanostatic cycle carried out at 0.36 mA•cm -2 at a GLAD-TiO2/FTO electrode in an unbuffered electrolyte containing 0.5 M KCl initially stabilized at pH 5 and (magenta) 0.5 mM phenolphthalein or (blue) 0.7 mM bromocresol green. The electrode/electrolyte interface localized at z = 0 is systematically materialized by a dotted line.
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5 M

 5 KCl as supporting electrolyte at the pH = 0.65. Initial galvanostatic cycle was performed at 1.4 A•g -1 using a negative cut-off value -0.7 V vs. SCE, which is equivalent to 𝑄𝑐 = 70 mA•h•g -1 . Surprisingly, very low 𝑄𝑑 = 27 mA•h•g -1 and CE = 39 % were observed. Such a low CE indicates that HER is the major Faradaic process occurring during electrode charging, whereas proton-coupled charge storage is minor. For comparison, 𝑄𝑑 = 78 mA•h•g -1 and CE = 98 % were previously achieved in the pH 5 acetate buffer, when charged up to 𝑄𝑐 = 80 mA•h•g -1 (Figure13A). In the next 4 cycles, the charging potential increased negatively more and more rapidly, leading to a decreased amount of charge passed before reaching the negative cut-off value. The charge reversibly stored was ultralow (i.e., ~ 6 mA•h•g -1 in 4 th cycle). Such change in the galvanostatic charging curve is reminiscent to what we observed during electrode fading in cycling experiments (see Figure5).

Figure 13 .

 13 Figure 13. Analysis of the Nafion-coated GLAD-TiO2 electrode under strong acidic conditions (A) Galvanostatic charge/discharge curves recorded in (full line) 0.25 M HCl pH = 0.65, (dark cyan) 1 st , (cyan) 4 th cycle and (short dashed red line) cycle recorded in the 1 M acetate buffer pH = 5 given for comparison. (B) Cyclic voltammograms recorded in 0.5 M KCl electrolyte solution pH = 5 (HCl adjusted), (black) on fresh electrode and (grey) on the electrode after cycling in 0.25 M HCl pH = 0.65. (C) Images of a fresh electrode and an electrode after cycling in 0.25 M HCl pH = 0.65. Current intensity 1.4 A•g -1 . Scan rate 10 mV•s -1 .

3 Figure 1 .

 31 Figure 1. (A) Experimental CVs recorded at an (dark yellow) amorphous and (magenta) anatase GLAD-TiO2 electrode immersed in an aqueous electrolyte (pH 5.0) made of (dashed curves) 0.5 M KCl or (solid curves) 1 M acetate buffer. (B) Experimental CVs recorded at anatase GLAD-TiO2 electrodes in a (magenta) 1 M acetate buffer or (blue) 1 M LiClO4 acetonitrile electrolyte. The scan rate for all CVs is 1 mV•s -1 .

Figure 2 .

 2 Figure 2. CVs recorded at (A) an amorphous and (B) an anatase GLAD-TiO2 electrode in a 1 M acetate buffer electrolyte (pH 5) (C) an anatase GLAD-TiO2 electrode in a 1 M LiClO4 acetonitrile electrolyte as a function of the following different scan rates v (from light green to sand): 0.002, 0.005, 0.01, 0.02, 0.05, 0.1, 0.2, 0.5 and 1 𝑉 • 𝑠 -1 . For the better visualization of the scan rate dependence, the current was normalized to v.

Figure 3 .

 3 Figure 3. Influence of the scan rate on the value of the potentials of anodic and cathodic faradaic peaks (Ep) recorded by CV at (A) amorphous and (B, C) anatase GLAD-TiO2 electrodes in (A, B) 1 M acetate buffer aqueous electrolyte or (C) 1 M LiClO4 acetonitrile electrolyte.

Figure 4 .

 4 Figure 4. (A) Scan rate dependence of the cathodic peak current densities recorded at amorphous and anatase GLAD TiO2 electrodes (same color code as in Figure 1). The straight dashed lines are the fits of equation 4 to the experimental data using: (black) 𝐷𝐻,𝑖𝑛 = 4 • 10 -15 𝑐𝑚 2 • 𝑠 -1 or (grey) 𝐷𝐿𝑖,𝑖𝑛 = 3 • 10 -16 𝑐𝑚 2 • 𝑠 -1 . The solid black line that fits the low scan rate data recovered from the amorphous GLAD-TiO2 electrode has a slope of 1. (B) Scan rate dependence of the charge stored calculated by cathodic peak integration.

Table 3 . 9 *

 39 Set of adjusted parameters used in the model to simulate the CVs reported in Figure5Parameters differing between the TiO2 phases are typed in bold. All potentials are given in V vs. NHE. The parameters describing the 1 M buffered electrolyte compartment were for all simulations as follow (with AH = CH3COOH and A -= CH3COO -): 𝐷 𝐴𝐻 = 𝐷𝐴-= 4.5 × 10 -6 cm 2 • s -1 , 𝐷 𝐻 + = 9.5 × 10 -5 cm 2 • s -1 , 𝑝𝐾𝑎 = 4.76, 𝐶 𝐴𝐻 + 𝐶 𝐴 -= 1 M, 𝐶 𝐻 + 0 = 10 -5 M, 𝑘 + = 10 9 M -1 • s -1 and 𝑘-𝐾𝑎 = 2433 s -1 .

Figure 5 .

 5 Figure 5. (A,C) Experimental and (B,D) Numerically simulated CVs of an (dark yellow) amorphous and (magenta) anatase TiO2 electrode in (A,B) 0.5 M KCl initially stabilized at 𝑝𝐻 = 5 (by HCl) (C,D) 1 M acetate buffer (see text above and Appendix for details on the simulation)

Figure 6 .

 6 Figure 6. Galvanostatic charge and discharge curves recorded at 1.4 A•g -1 at (dark yellow) amorphous and (magenta) anatase GLAD-TiO2 electrodes in the absence of a Nafion-film coating.

Figure 7 .

 7 Figure 7. In situ Raman spectra of the anatase GLAD-TiO2 electrode, recorded over the time course of a galvanostatic cycle performed at 1.4 A•g -1 . The spectra are offset for clarity but their intensity scale is identical. The magenta lines correspond to the discharged (𝑥 = 0) electrode (solid) before and (dashed) after one cycle of charge/discharge.

Figure 9 .

 9 Figure 9. Continuous galvanostatic cycling experiments performed at Nafion-coated (red) anatase and (blue) amorphous GLAD-TiO2 electrodes in a 1 M acetate buffer (pH 5): (A, B) the galvanostatic charge/discharge curves (only one cycle out of ten is shown) were obtained under strong accumulation conditions using a negative cut-off potential of -1.3 V for the amorphous electrode and -1.4 V for the anatase electrode. (C, D) the galvanostatic charge/discharge curves obtained under mild accumulation conditions using a constant charge of 100 mA•h•g -1 with a discharge controlled by a positive cut-off potential of 0.0 V (the first cycle is represented by the dashed black curves and the numbers on each curves indicate the cycle number). Corresponding discharge capacities, 𝑄𝑑 and Coulombic efficiencies recorded under (E) strong accumulation conditions (F) mild accumulation conditions.All experiments were performed at a rate of 1.4 A•g -1 .

Figure 10 .

 10 Figure 10. Galvanostatic charge/discharge curves obtained by rate jump experiments performed at a fixed amount of charge (100 mA•h•g -1 ) and fixed potential window -2.0 to 0 V vs SCE for Nafion-coated amorphous (E and F) and anatase (A and B) GLAD-TiO2 electrodes in 1 M acetate buffer or for non-coated anatase GLAD-TiO2 electrode in 1 M LiClO4 acetonitrile electrolyte (C and D). Color code: High rates (black) 1.4 A•g -1 , (dark green) 2.8 A•g -1 , (green) 5.6 A•g -1 , (light green) 11.2 A•g -1 , (cyan) 22.5 A•g -1 , (dark cyan) 45 A•g -1 ; Low rates (black) 1.4 A•g -1 , (navy) 0.7 A•g -1 , (blue) 0.35 A•g -1 , and (black) 1.4 A•g -1 .

Figure 11 .

 11 Figure 11. Reversible discharge gravimetric capacities (A) Aqueous electrolyte: 1 M acetate buffer (𝑝𝐻 = 5) data obtained at Nafion-coated (star) amorphous and (ball) anatase GLAD-TiO2. Note that CE (%) and 𝑄𝑑 (mA•h•g -1 ) may be plotted on the same axes as the charge accumulation was fixed at 100 mA•h•g -1 . (B) Organic electrolyte: 1 M LiClO4 obtained at non-coated (ball) anatase GLAD-TiO2 electrodes. Every 5 cycles, the charge/discharge rate was changed according to the following sequence: (black) 1.4 A•g -1 , (dark green) 2.8 A•g -1 , (green) 5.6 A•g -1 , (light green) 11.2 A•g -1 , (cyan) 22.5 A•g -1 , (dark cyan) 45 A•g -1 , (black) 1.4 A•g -1 , (navy) 0.7 A•g -1 , (blue) 0.35 A•g -1 , and (black) 1.4 A•g -1 . Note that 1 C = 0.15 A•g -1 .

Figure 12 .

 12 Figure 12. Rate performances of the (left, blue dots) amorphous and (right, red dots) anatase Nafion-coated GLAD-TiO2 electrodes in the 1 M acetate buffer electrolyte (𝑝𝐻 = 5). (right, gray dots) anatase GLAD-TiO2 in the 1 M LiClO4 acetonitrile electrolyte. The dashed line corresponds to the charging gravimetric capacity fixed to 100 mA•h•g -1 in the present study. The grey symbols are the reported gravimetric capacities of (left, plain symbols) amorphous and (right, hollow symbols) anatase TiO2 electrodes in ref (✓) 17 , () 16 , () 8 , (◆) 30 , () 15 and () 7 .

Figure 13 .

 13 Figure 13. Galvanostatic charge/discharge curves obtained by: (A) rate jump experiments performed at a fixed amount of charge (𝑥 ~ 0.5) and open potential window for a Nafion-coated anatase GLAD-TiO2 electrode in 1 M acetate buffer. Color code: (green) 11.2 A•g -1 , (cyan) 22.5 A•g -1 , (dark cyan) 45 A•g -1 , (gold) 90 A•g -1 . The black dashed line corresponds to an identical charge accumulation at the standard rate 1.4 A•g -1 recorded at a different electrode. (B) moderate accumulation conditions (x ~ 0.3) and standard rate of 1.4 A•g -1 (black) before and (gray) after rate jump experiment.

2 . 2 .

 22 Scheme 2.

Figure 14 .

 14 Figure 14. (A) Galvanostatic charge/discharge curves obtained by rate jump experiments performed at a fixed amount of charge (100 mA•h•g -1 ) and open potential window at Nafion-coated anatase GLAD-TiO2 electrodes in 1 M acetate buffer 𝑝𝐻 = 5. Color code: (blue) 45 A•g -1 (dark cyan) 90 A•g -1 , (olive) 168 A•g -1 , (light green) 336 A•g - 1 , (gold) 672 A•g -1 . Dashed lines comparison with the previous set of data (Figure 10) (B) Potential hysteresis between charge and discharge as a function of current intensity (C)

Figure 15 .

 15 Figure 15. Galvanostatic charge/discharge curves obtained by rate jump experiments performed at a fixed amount of charge (100 mA•h•g -1 ) and open potential window in (A,B) 1 M acetate buffer 𝑝𝐻 = 5 at (A) Nafioncoated (B) non-coated amorphous GLAD-TiO2 electrodes (C) in 3 M acetate buffer pH = 5 at Nafion-coated amorphous GLAD-TiO2 electrode. Color code: (gray) 1.4 A•g -1 (blue) 45 A•g -1 (dark cyan) 90 A•g -1 , (olive) 168 A•g -1 .Dashed lines in A comparison with the previous set of data (Figure10).

Scheme 3 .

 3 Scheme 3. TiOOH concentration profile within the TiO2 film compartment at the amorphous electrode.

Figure 16 .

 16 Figure 16. Galvanostatic discharge curves obtained by asymmetric rate jump experiments performed at a fixed amount of charge (100 mA•h•g -1 ), fixed charge intensity (𝑖𝑐 = -5.6 A•g -1 ) and open potential window for Nafioncoated amorphous and anatase GLAD-TiO2 electrodes in 1 M acetate buffer or (𝑖𝑐 = -2.8 A•g -1 ) at non-coated anatase GLAD-TiO2 electrodes in 1 M LiClO4 acetonitrile electrolyte. Color code for discharge rates: (up) (green) A•g -1 , (florescent green) 11.2 A•g -1 , (cyan) 22.5 A•g -1 , (dark cyan) 45 A•g -1 , (down) (from light to dark orange) 153 A•g -1 ,229 A•g -1 , 305 A•g -1 , 382 A•g -1 , 458 A•g -1 and 535 A•g -1 .

First in 2006 ,

 2006 Manickam et al. reported on reversible Li + insertion in anatase TiO2 nanoparticles under strongly basic conditions (i.e., saturated LiOH electrolyte).1 From the X-Ray diffraction pattern of the reduced electrode, LixTiO2 was identified, as well as Ti2O3, TiO and TiO2, which were attributed to proton intercalation. The same year,Reiman et al. reported on nanostructured titanium dioxide films prepared by evaporation induced self-assembly (EISA), to form LixTiO2 with 𝑥 as high as 0.27, in 1 M aqueous LiOH electrolyte.2 Afterwards, in 2008, Wu et al. investigated the influence of the thermal annealing temperature on the lithiumion insertion in nanostructured titanium oxide films fabricated directly by an anodic electrodeposition. They showed that low crystalline film has poor Li + insertion ability contrary to the crystalline anatase structure, which allows for reversible Li + insertion in 1 M LiOH electrolyte. 3 After these few preliminary reports, some others reported on alkaline battery assemblies incorporating a TiO2-based negative electrode. In 2010, Gao et al. proposed a TiO TiO2/Ni(OH)2 rechargeable battery operating in a mixed 1.5 M LiOH / 4 M KOH electrolyte.

Figure 1 .

 1 Figure 1. Cyclic voltammograms recorded at Nafion-coated anatase GLAD-TiO2 electrodes in (A) (dark cyan, full line) 3 M LiCl, (light green, full line) 0.5 M LiCl or (black, dashed line) 3 M KCl, all electrolytes initially stabilized at pH = 11 (by KOH); (B) (dark cyan, full line) 3 M LiCl (pH = 11) compared to data previously obtained in 1 M acetate buffer pH = 5 (magenta, full line). Dashed lines are obtained by translating the CV in the acetate buffer pH = 5 by -59 mV/pH unit to estimate reversible proton insertion at pH 9 (dashed blue) and 11 (dashed navy).

Figure 2 .

 2 Figure 2. Galvanostatic experiments performed at Nafion-coated anatase GLAD-TiO2 electrodes in 3 M LiCl initially stabilized at pH = 11 (by KOH) (A) at two different cut off limits -1.7 V (dark cyan) and -1.76 V (green) in comparison with 3 M KCl initially stabilized at pH = 11 (by KOH) one cycle with Qc = 100 mA•h•g -1 (black dashed line) (B) cycling 1 st and 160 th cycles are in short dashed line, (black to blue) every 20 cycle is presented. Current intensity 1.4 A•g -1 (C) Corresponding discharge capacities, 𝑄𝑑 and Coulombic efficiencies compared (blue) with data previously recorded in 1 M acetate buffer pH = 5 (light pink).

Figure 3 .

 3 Figure 3. Cyclic voltammograms recorded at (cyan) Nafion-coated anatase GLAD-TiO2 electrodes in a 1 M LiCl aqueous electrolyte initially stabilized at pH = 11 (by KOH) and (blue) non-coated anatase GLAD-TiO2 electrode in a 1 M LiClO4 acetonitrile electrolyte. Scan rate 1 mV•s -1 .

Figure 4 . 1 ,

 41 Figure 4. Galvanostatic charge/discharge curves obtained by rate jump experiments performed at a fixed amount of charge (100 mA•h•g -1 ) for Nafion-coated anatase GLAD-TiO2 electrodes in (A) 3 M LiCl (B) 3 M KCl both initially stabilized at pH = 11 (by KOH). (C) Corresponding reversible discharge gravimetric capacities: (star) 3 M KCl and (ball) 3 M LiCl. Qd (mA•h•g -1 ) and CE (%) may be plotted on the same axes because the charge accumulation was fixed at 100 mA•h•g -1 . Colour code: (black) 1.4 A•g -1 , (dark green) 2.8 A•g -1 , (green) 5.6 A•g -1 , (light green) 11.2 A•g - 1 , (cyan) 22.5 A•g -1 , (dark cyan) 45 A•g -1 , (very dark cyan) 90 A•g -1 . (D) Comparison between charging/discharging curves at 22.5 A•g -1 in 3 M LiCl with the data previously obtained in 1 M LiClO4 in acetonitrile on non-coated anatase GLAD-TiO2/Ti electrode. 0.15 A•g -1 = 1C.

Scheme 1 .

 1 Scheme 1. Electrochemical cell configuration together with the picture of electrochemical set-up used.

  drop compensation was performed (~ 30 Ohm). The current density was calculated from the current intensity normalized to the electrode geometric surface area 𝑆. All potentials are quoted versus SCE (0.242 V vs. NHE).1. Basics of the electrochemical methods used in the present study a. Cyclic voltammetryCyclic voltammetry is the technique where potential of working electrode is varied according to different potential time programs (scan rates) and the current response of the system is registered.3 The basic principle of cyclic voltammetry is shown in Scheme 2. One cyclic consists of two linear scans: forward and reverse. In the forward scan, the potential is swept from starting potential 𝐸𝑖 to final potential 𝐸𝑓 in potential region where electron transfer (faradaic process) on a top of charge separation (EDLC) is occurring. In other words, electrode material has to be electroactive in this potential window (between 𝐸𝑖 and 𝐸𝑓).

Scheme 2 .

 2 Scheme 2. Change of the potential as a function of time during cyclic voltammetry experiment. In the present example scan rate of 1 mV•s -1 and potential window 0 to -1.5 V are used.

  counter electrode was a Pt wire isolated from the solution by a bridge and the reference electrode was an Ag/AgCl/sat. KCl electrode (DriRef 2, WPI Instrument, E = 0.2 V vs. NHE). The absorption was monitored in transmission mode, with an accumulation time of 4 ms and an average of 50 individual spectra (the effective integration time was thus 0.2 s).The spectroelectrochemical measurements were performed using cell schematically presented on Scheme 4. The cell was filled with 1.2 mL of electrolyte containing pH indicator.

Scheme 4 .

 4 Scheme 4. Spectroelectrochemical cell used in the present study together with the front and side view picture of the set-up used. Picture taken out of the spectrometer.

Figure 1 .

 1 Figure 1. Picture of a home-made spectroelectrochemical cell used for in situ Raman spectroscopy. Picture captured during the measurement.

1 .

 1 Faradaic charge storage reactionAt the solution-film interface, proton insertion/disinsertion occurs through the following reversible proton-coupled electron transfer reaction: O + AH + e -⇄ RH + A - characterized by the standard potential E 0 of the (O+AH)/(RH+A-) proton-coupled electron transfer couple, 𝑘 0 the standard heterogeneous rate constant of the process, and α the transfer coefficient. The kinetic of this interfacial electrochemical insertion reaction can be described using the Butler-Volmer formalism for a concerted process, modified by a Frumkin-type energetic term in such a way to take into account the non-ideality resulting from the interaction energy between the intercalation sites in the host matrix, .i.e.:

  It is worth to note that the standard potential of the (O+AH)/(RH+A -) couple is linked to the standard potential of the O/RH couple through the 𝑝𝐾 𝑎 of the AH/A -couple according to: semiconductive film).4 E CB is the conduction band potential of TiO2, which pHdependence is given by the following expression: E CB = i.e., pH = 0) conduction band potential.5 Assuming that the charge/discharge of the double-layer and chemical capacitances are almost instantaneous, we can thus apply the following source term for the capacitive current at the boundary solution-film interface:

  0 < z < d a : C O = C O 0 and C RH = 0 t = 0, z < 0 and z = ∞, ∀t: C A -= C A - 0 , C AH = C AH 0 and C H + = bulk concentrations of each buffer species in the electrolyte). augmentation/diminution locale du pH a été confirmée par spectroélectrochimie et par des films en vue latérale, en utilisant des indicateurs colorimétriques appropriés. Nous démontrons notamment que l'extension spatiale du front de pH, formé initialement à l'interface électrode/électrolyte et qui s'étend vers l'électrolyte, est contrôlée par diffusion. Dans de tels électrolytes non tamponnés, l'évolution significative du pH local lors de la charge/décharge de l'électrode entraîne une grande hystérésis de potentiel, et donc une efficacité énergétique du processus de stockage de charge significativement plus faible que dans le cas des électrolytes tamponnés. De plus, dans le cas de l'électrolyte à base de NH4 + , nos résultats démontrent sans ambiguïté que le NH4 + ne peut pas s'insérer de manière réversible dans la matrice de TiO2 mais agit plutôt comme un donneur de protons, ce qui remet en question certaines études précédemment publiées. Dans le chapitre III, nous abordons la question de l'influence de cristallinité du matériau actif sur le processus de stockage de charge par une étude de la réactivité électrochimique des électrodes GLAD-TiO2 amorphe et anatase en milieu tamponné légèrement acide. Dans la partie I, nous mettons en évidence un stockage de charge réversible identique jusqu'à ~150 mAhg -1 dans le TiO2 anatase et amorphe, mais associé à des formes différentes des voltamogrammes cycliques ainsi que des courbes galvanostatiques. Nous révélons que l'insertion réversible de protons dans l'anatase se produit via une transition de phase, ce qui est confirmé par la spectroélectrochimie Raman in-situ, alors que l'insertion réversible de protons dans le TiO2 amorphe se produit via une insertion en solution solide. Par conséquent, nous avons introduit l'isotherme de Frumkin dans l'équation de Nernst pour tenir compte des différentes interactions à courte portée dans les deux films, et rendre compte des potentiels apparents d'insertion. Nous avons aussi démontré que le stockage de charge couplé aux protons est limité par le transport de masse (c'est-à-dire la diffusion) dans le cas de l'anatase, contrairement à l'amorphe. Cette différence cinétique a été attribuée à l'augmentation de la taille des nanoparticules primaires lors du recuit thermique, induisant une plus grande longueur de pénétration pour le cation d'insertion. Enfin, un coefficient de diffusion apparent supérieur d'un ordre de grandeur dans le cas de H + par rapport à Li + a été estimé pour la phase anatase. Dans la deuxième partie de ce chapitre, nous étudions les performances à haute vitesse de cyclage de l'insertion réversible de protons dans les électrodes anatase et amorphe. Nous montrons que l'insertion de protons est un processus extraordinairement rapide dans les deux électrodes (c'est-à-dire qu'une capacité gravimétrique réversible aussi élevée que 96 mA•h•g -1 a été atteinte à une vitesse de 45 Ag -1 sur

  

  

  

  

Table 1 .

 1 Overview of the metal oxides and electrolytes investigated for reversible proton insertion.

	Metal oxide	Electrolyte used (pH)	Year Ref.
	H2W2O7	3 M H2SO4	2020 61
	WO3.0.6H2O	0.1 M H2SO4	2018 33
	αMoO3	4.4 M H2SO4	2020 62
	MoO3	1 M H2SO4	2018 63
	MoO3	2 M H2SO4 + 2 M MnSO4	2020 64
	H3+X IrO4	0.5 M HClO4	2019 65
		1 M H2SO4	2018 66

Table 1 .

 1 The main properties of anatase TiO2.[START_REF] Huang | Tunable Pseudocapacitance in 3D TiO2-δ Nanomembranes Enabling Superior Lithium Storage Performance[END_REF] 

Table 2 .

 2 Some examples of the annealing conditions used in different studies to obtain anatase TiO2.

	Sample	Thickness	Temperature	Duration	Atmosphere	Ref
			(°C)	(h)		.
	GLAD TiO2	300 nm	400	2	air	5
	TiO2 NTs	400 nm	280	3	air	18
	TiO2 NTs	1.9 µm	300-500	2	air	18
	TiO2-δ	n.d.	400	6	air	23
	TiO2 NTs	2.4 µm	400	1	air	19
	TiO2-x NTs	1 µm	400	5	argon	20
	TiO2/nonporo	2/7/20 nm	600	1	air	24
	us Au					
	TiO2 NTs	1 µm	480	3	air	21
	TiO2 NTs	4 µm	450	1	air	22
	TiO2@C	n.d.	800	2	argon	25
	nanospheres					

Table 4 .

 4 Features

of GLAD-TiO2 electrodes used in the study. With film thickness (in µm), active material mass density (in mg•cm -2 ) and nanoparticles average diameter (in nm).

Table 1 .

 1 Charge

	Technique	CV		Galvanostatic	
		Qd	CE	Qd	CE
	-Nafion	144	67	148	69
	+ Nafion	147	75	151	84
	b. Galvanostatic cyclability under different accumulation conditions (levels of charge)

stored (in mA•h•g -1 ) and columbic efficiency (in %) in 1 M acetate buffer deduced from the data presented on

Figure 5. 

Table 2 .

 2 Discharge capacity and Columbic efficiency obtained at different discharge rates keeping constant charge rate 5.6 A•g -1 (corresponding to the Figure6A).

	Cycle number Current intensity (A•g -1 )	𝑸𝒅 (mA•h•g -1 )	CE (%)
	1	5.6	81	97
	2	0.07	65	77
	3	0.03	57	68
	4	0.015	35	42
	5	5.6	73	87

Table 3 .

 3 Extended range of buffered electrolytes used in the study. With added KCl (in mol•L -1 ), ionic strength (in mol•L -1 ).

	Molarity	Buffer	𝒑𝑲𝒂	pH	Added KCl	Ionic
						strength
	1	Acetic acid	4.75	5	No	0.75
	0.5	Phosphate	7.20	7.2	No	0.75
	0.75	HEPES	7.55	7.9	No	0.50
	0.4	Ammonium	9.25	9.1	0.50	0.75
	0.35	CAPS	10.40	9.8	0.65	0.75
	~0.5	Phosphate	12.10	12.2	No	1.25

Table 1 .

 1 Electrochemical

features of pure anatase TiO2 electrodes regarding the reversible insertion of Li + from organic electrolytes or reversible insertion of H + from an aqueous electrolyte.

Film morphology Inserting cation Ep (V) a Ref.

  

	Nanoparticles	Li +	0.26	2
	Nanotubes	Li +	0.31	7
	Nanotubes	Li +	0.5	16
	Dense film on 3D substrate	Li +	0.65	8
	Dense film	Li +	0.57	9
	Nanocolumns	H +	0.1	This work
	Nanocolumns	Li +	0.35	This work

a Peak-to-peak potential difference recorded by cyclic voltammetry at 1 mV•s

-1 

  2 

  to roughly estimate the apparent solid-state diffusion coefficient of H + in the anatase GLAD film, we have first used the following modified Randles-Sevcik equation (previously established by our group from a simple continuum 1D two-compartment model with an isotropic diffusion of the species in each compartment)19 :where 𝑗 𝑝,𝑐 is the faradaic current density of the cathodic peak current (normalized to the geometric electrode area 𝑆), 𝐹 the Faraday constant (96 485 C•mol -1 ), 𝐶 𝑇𝑖 0 the maximal concentration of Ti ions in TiO2 (i.e., 0.048 mol•cm-3 , assuming that 𝑥 is equal to 0.5, where x is the maximal mole fraction of protons that can reversibly insert in the fully reduced phase) 19 , and 𝐷𝐻,𝑖𝑛 the apparent solid-state diffusion coefficient of H + in the metal oxide lattice during insertion. Assuming a 𝑆𝐴 value of 150 for anatase (see Chapter I), 𝐷𝐻,𝑖𝑛 of 4 × 10 -15 cm 2 • s -1

	𝐽 𝑝,𝑐 =	𝑖 𝑝,𝑐 𝑆	= 0.446𝐹(𝑆𝐴)𝐶 𝑇𝑖 0 √ 𝐷 𝐻,𝑖𝑛 𝐹𝑣 𝑅𝑇	(4)

• 𝑠 -1 . The solid black line that fits the low scan rate data recovered from the amorphous GLAD-TiO2 electrode has a slope of 1. (B) Scan rate dependence of the charge stored calculated by cathodic peak integration. 100 In order

Table 2 .

 2 Experimental conditions and obtained results for scan rate dependence of the charge storage (corresponding to Figure4B). With: scan rate (in V•s -1 ), potential window (in V), ∆𝐸𝑝 (in V), 𝑄𝑑 (in mA•h•g -1 ), CE (in %). *∆𝐸𝑝 is approximated for the proton insertion at scan rate values ≥ 0.1 V • s-1 

			Amorphous H +					Anatase H +					Anatase Li +		
	Scan rate	Potential window	Time window	∆𝑬	𝒑	𝑸	𝒅	CE	Potential window	Time window	∆𝑬 𝒑	𝑸	𝒅	CE	Potential window	Time window	∆𝑬	𝒑	𝑸 𝒅	CE
	1	2.5 to -3.5	13 s	2.00*	171	73	1 to -3	8 s	3.7*	99	76	2 to -4	12 s	3.08	37	
	0.5	1 to -2.3	15 s	1.80*	175	87	0.5 to -2.5	12 s	2.5*	98	74	1 to -3	16 s	2.70	51	
	0.2	0 to -1.7	18 s	1.00*	176	98	0.5 to -2.5	30 s	1.91*	137	51	1 to -3	40 s	2.75	64	
	0.1	0 to -1.6	30 s	0.73*	172	97	0 to -2.2	44 s	1.30*	137	46	0 to -2.3	43 s	1.12	66	
	0.05	0 to -1.5	50 s	0.34	177	96	0 to -2.2	1.5 min	0.95	147	28	-2.3 -0.3 to	1.4 min	1.01	72	
	0.02	0 to -1.4	2.2 min	0.20	168	93	0 to -1.7	2.8 min	0.56	114	34	0 to -2.5	4.2 min	0.73	85	
	0.01	0 to -1.3	4.3 min	0.18	144	93	0 to -1.6	5.3 min	0.38	142	48	0 to -2.5	8.3 min	0.6	94	
	0.005	0 to -1.3	8.6 min	0.16	148	89	0 to -1.5	10 min	0.30	128	45	-1.54 -0.54 to	5.7 min	0.51	72	
	0.002	0 to -1.3	21.5 min	0.11	146	78	0 to -1.5	25 min	0.20	114	20	-1.54 -0.54 to	15 min	0.30	95	
	0.001	0 to -1.3	43 min	0.06	144	67	0 to -1.5	50 min	0.10	132	24	-1.84 -0.54 to	23.3 min 0.35		

Table 4 .

 4  and columbic efficiency (in %) in 1 M acetate buffer corresponding to data presented in Figure8.

	Technique	CV		Galvanostatic	
		𝑄𝑑	CE	𝑄𝑑	CE
	-Nafion	132	24	78	37
	+ Nafion	149	32	148	69

Table 5 .

 5 Experimental rates used for symmetric tests

Table 6 .

 6 Experimental conditions and experimental data corresponding to the Figure 13. The performance achieved on another electrode at the standard rate of 1.4 A•g

	Current intensity	Potential window	Time window	∆𝑬	𝑸𝒅	CE
	11.2	-1.6 to 0.5	100 s	0.47	151	88
	22.5	-1.8 to 1.5	50 s	0.78	156	91
	45	-2.2 to 1.5	25 s	1.3	150	87
	90	-2.8 to 1.5	12 s	2.4	140	81
	1.4	-1.4 to 0	15.3 min	0.06	148	69

-1 

is given for comparison. Where current intensity (in A•g -1 ), potential window (in V), ∆𝐸 (𝑉) at 75 mA•h•g -1 , 𝑄𝑑 (𝑖𝑛 mA•h•g -1 ) and CE (in %).

Table 1 .

 1 Electrochemical

	Structure	Electrolyte	𝒗	𝑬 𝟏/𝟐	∆𝑬	𝑸 𝒂	Year Ref.
	Nanoparticles	5 M LiOH	0.025	-0.348	0.296	91	2006 1
	Nanoparticles	1 M LiOH	25	-0.940	0.24	n.g.	2008 3
	Nanotubes	1.5 M LiOH / 4 M KOH	1	-1.381	0.28	67	2010 4
	Nanotubes	3.5 M LiCl/0.25 M Li2SO4	2	-1.350	0.38	70	2011 5
	Nanoparticles	2 M LiClO4 in acetonitrile	0.1	-1.041	0.25	158	1997 8
	Nanotubes	1M LiClO4 in acetonitrile	10	-1.091	0.65	n.g.	2007 9
	Nanocolumns	1M LiCl (pH=11)	1	-1.44	0.29	108	This work
		1M LiClO4 in acetonitrile	1	-1.20	0.35	125	This work

features of pure anatase TiO2 electrodes regarding the reversible insertion of Li + from aqueous electrolytes as compared to organic LiClO4 in acetonitrile. All potentials are expressed vs. SCE. With 𝑣 (in mV•s -1 ), 𝐸1/2 and ∆𝐸 (in V), 𝑄𝑎 (in mA•h•g -1 ).

  𝐷 AH 𝜕 2 𝐶 AH 𝜕𝑧 2 + 𝑘 + 𝐶 𝐴 -𝐶 𝐻 + -𝑘 -𝐶 AH (𝑆2) 𝜕𝐶 𝐴 - 𝜕𝑡 = 𝐷 𝐴 - 𝜕 2 𝐶 𝐴 - 𝜕𝑧 2 -𝑘 + 𝐶 𝐴 -𝐶 𝐻 + + 𝑘 -𝐶 AH (𝑆3) 𝜕𝐶 𝐻 + 𝜕𝑡 = 𝐷 𝐻 + 𝜕 2 𝐶 𝐻 + 𝜕𝑧 2 -𝑘 + 𝐶 𝐴 -𝐶 𝐻 + + 𝑘 -𝐶 AH (𝑆4)

une fenêtre de potentiel de 2 V). Ce résultat est en contradiction apparente avec l'observation que l'insertion de protons est limitée par la diffusion sur l'anatase, et ne peut être expliqué que par l'existence d'un mécanisme alternatif de stockage de charge dans lequel nous supposons que la transformation de phase est gelée, de manière analogue à ce qui a été précédemment rapporté pour l'insertion réversible de Li + dans les électrodes LiFePO4. Nous remarquons que ce mécanisme est hautement spécifique au proton, puisqu'aucune insertion de lithium n'est rapportée sous des taux de stockage de charge extrêmes. Ces résultats mettent en évidence les spécificités du proton en tant que porteur de charge.En conclusion, ce travail fournit de nouvelles perspectives significatives sur le stockage de charge couplé au proton aux électrodes de TiO2, en rationalisant l'influence de différents paramètres intrinsèques et extrinsèques. Il souligne les avantages du proton en tant que porteur de charge extraordinairement rapide, ainsi que des électrolytes tamponnés pour éviter l'établissement de gradients de pH importants. Bien que le TiO2 ne soit probablement pas le matériau le plus approprié pour les applications de stockage d'énergie, les connaissances acquises peuvent être utilisées avec d'autres oxydes métalliques ou des systèmes de molécules organiques.
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Chapter I

Electrode characterization: from amorphous to anatase GLAD-TiO2. How does thermal annealing influence the film morphology and the electroactive surface area? component bands are reported in the 420 -700 cm -1 region, of which the main ones have been assigned to O-Ti-O axial and equatorial stretches, [START_REF] Hardwick | Electrochemical Lithium Insertion into Anatase-type TiO2 : An in situ Raman Microscopy Investigation[END_REF] and shown to be strongly dependent on O and Li isotopic labelling. [START_REF] Laskova | Lithium Insertion into Titanium Dioxide (Anatase): A Raman Study with 16/18 O and 6/7 Li Isotope Labeling[END_REF] Bands at 317 and 354 cm -1 are also present in the LixTiO2 spectrum, but with low sensitivity to isotopic labelling. Finally, by replacing Li + with a proton in the orthorhombic phase, a significant upshift of the 6-component band is expected, while the two bands at lower energies should remain virtually unchanged. The Raman data presented here are thus fully consistent with a tetragonal-to-orthorhombic phase transformation of the crystalline TiO2 electrode during protonation.

Nafion-coated anatase electrodes

In a similar way to what has been achieved in Chapter II to improve the cyclability of the amorphous electrode, the anatase GLAD-TiO2 films were coated with a protective protonconductive Nafion-layer (see Experimental section for details). The SEM images of the resulting modified electrode evidence a ~ 3 m thick Nafion-film homogeneously deposited on top of the nanostructured GLAD-TiO2 electrode (see Chapter I Figure 9). The CV response of this Nafion-coated GLAD-TiO2 electrode in the 0.5 M KCl inert electrolyte (Chapter I Figure 10) showed that the Nafion coating has negligible effect on the double-layer electrical capacitance of the electrode, but significantly reduces HER at 𝐸 < -1.1 V. This inhibiting effect of HER is also present in a 1 M acetate buffer electrolyte as attested on amorphous electrodes (Chapter II, Figure 4). In the present chapter, we address this issue by investigating both the competition between reversible proton and Li + insertion in aqueous electrolytes, as well as the influence of the solvent on reversible Li + insertion. We also question the factors influencing the competition between reversible Li + and proton insertion in aqueous media by investigating the high-rate performance of the electrode.

I. Evidencing Li + insertion in aqueous electrolytes

Cyclic voltammetry

In order to investigate reversible Li + insertion in TiO2, we recorded cyclic voltammograms at Nafion-coated anatase GLAD-TiO2 electrodes in aqueous electrolytes containing 0.5 to 3 M LiCl and initially stabilized at pH 11 (by addition of KOH). We also recorded the CV in a 3 M KCl electrolyte (also stabilized at pH 11), as "blank" electrolyte allowing solely for reversible proton insertion and HER. The CVs recorded at 1 mV•s -1 are given on Figure 1.

In the LiCl electrolytes, we observed a pair of reversible well-defined peaks that are not obtained in the KCl electrolyte. Accordingly, we ascribe this increase in the current intensity to reversible lithium-ion insertion, as described by the following reaction:

where 𝐿𝑖 + designs the solvated lithium ion and 𝑥 designates the fraction of lithium-ions being reversibly inserted (0 < 𝑥 < 1).

For this reaction, the mid-potential 𝐸1/2 derived from the Nernst equation is as follows:

where 𝐸 𝑇𝑖𝑂 2 /𝐿𝑖 𝑥 𝑇𝑖𝑂 2 0 is the standard potential of the TiO2/Li𝑥TiO2 couple (in V), 𝑎 𝐿𝑖 + is the lithium-ion activity in the electrolyte solution and 𝑔 is the Frumkin parameter characterizing the mean interaction energy between the intercalation sites. In the 3 M LiCl electrolyte, the midpotential value is -1.41 V (vs. SCE) and its value is strongly dependent on the concentration of the Li + salt. We thus plotted the experimentally mid-potential as a function of lithium-ion activity for concentrations of 0.5, 1 and 2 M (inset on the Figure 1A). We used the Truesdell- 

II. Model

The model is almost the same than the one we have published. 1 Briefly, the porous semiconductive TiO2 film (defined by a thickness df and an accessible specific solid surface area Sa), deposited over a flat and inert conductor of geometric surface area S, is assimilated to a flat compact film of thickness da and accessible surface Sa. The migration of protons within the solid phase is assumed to follow a linear finite diffusion, occurring normal to the metal oxide/electrolyte interface. Outside the film, the diffusion of soluble species in the electrolyte is also considered linear but semi-infinite toward a surface area S (Scheme S1). This modeling simplification is valid if the constrained diffusion within the pores is assumed negligible, which is here the case considering the small and the relatively large and opened porosity of the nanostructured GLAD TiO2 film, allowing for fast diffusion of the electrolyte species throughout the film. The model also assumes a homogeneous distribution of immobile redox units O (i.e., Ti IV O2) able to be reduced into immobile RH units (i.e., Ti III OOH) within the bulk film (with a total volumic concentration C O 0 of redox-active units). For all species, activities will be assimilated to concentrations in the following. On the basis of this simplified two compartments model, the accessible film thickness for proton diffusion in the bulk film (i.e., 0 < z < da, corresponding to the active material compartment) along the z-axis (the origin of which is defined at the active material/electrolyte interface) can be estimated from the following mole conservation law:

where p is the porosity of the mesoporous film (i.e., the ratio of the void volume to the geometric volume S × d f ) and x a stoichiometric factor indicating the fraction of immobile redox-active units (i.e., x = In the case where it is necessary to consider the additional faradaic contribution arising from the competitive hydrogen evolution at the TiO2/electrolyte interface, the following electrochemical reduction of AH to H2 has to be taken into account at the boundary solutionfilm interface:

On account of the irreversibility of this process at the TiO2 electrode and of its dependency on the AH concentration, we have assumed it can be roughly described by the following empirical rate: 2

where k H 0 , 𝜈, α H , and E eq,H are respectively a potential-independent heterogeneous rate constant, the reaction order in proton donor, the experimental transfer coefficient and the equilibrium potential of the HER reaction. As we will see for the simulations, we have arbitrary used a value of 1 and 0.5 for 𝜈 and α H , respectively.

Double layer electrical capacitance

An additional source term that needs to be included at x = 0 is the capacitive current (i c )

resulting from both the charging/discharging of the double layer capacitance (C f = C dl × S a , with C f the total double layer capacitance of the film and C dl the differential capacitance) generated from ions adsorption at the specific surface area of the TiO2 film (the latter is mainly involved when TiO2 behaves as a metal-like conductor, i.e. at E < E CB ) and the exponential filling/emptying of the chemical capacitance (C chem ) associated to the transition from an insulating to a conductive state (a doping process which arises through the injection of electrons from the underlying conductor into the conduction band as well as bandgap localized states of TiO2). 3 The total capacitive current is in fact electrically equivalent to the charging/discharging of two capacitances in series, one being independent of potential, i. 

Expression of the current

The total current is given by sum of the faradaic and capacitive contributions, i.e. i t = i C + i f + i H , while the faradaic charge-storage current is evaluated as being proportional to the sum of all oxidized species in the film being reduced by unit of time:

Procedure for numerical calculation

The above model was numerically simulated in a finite element analysis based COMSOL Multiphysics (v. 5.5) software, with both electroanalysis and mass transport of diluted species modules, on a PC computer with Intel Core i5 CPU and 8 GB RAM, and Windows 10 operating system. The 1D simulation geometry in z-direction was as per the schematic in Scheme S1

(bottom of the left representation) based on two joint interval domains, one defined by the film dimension da and the other by the distance in the electrolyte. The latter was selected as a multiple of the diffusion layer thickness (√Dt) in order to have no longer alteration of the bulk concentrations. Direct PARDISO solver with a relative tolerance of 10 -5 was used in the software. The maximal element size was 10 -5 µm in the film domain and 2 µm in the electrolyte domain. A meshing refinement was also applied to the overall geometry. The time steps taken were controlled by the software. In order to include the influence of the natural convection that mainly take place at slow rates, a x-vector velocity field of -8 × 10 -6 m•s -1 was systematically applied to the simulations (a value which allows to restrict the growth of the diffusion layer to a maximal thickness of 200 µm). The ohmic drop in the simulations was obtained by setting the film conductivity to a constant value of 1.2 × 10 -5 S•cm -1 , which is equivalent to an ohmic drop of 8 •cm -2 .
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Thesis abstract

In order to enable higher input of renewable energy into our grid system, increase in gird storage capacity is urgently needed. One way to reach this goal is through development of an aqueous rechargeable proton "rocking chair" battery, relying on proton as a small size and light weight charge carrier, enabling fast charge/discharge and long cycling, as well as aqueous electrolytes to ensure safety, high ionic conductivity and eco-friendliness.

In the present work, titanium dioxide (TiO2) has been investigated as possible candidate for proton insertion anode material in aqueous electrolytes, using well-defined and highly reproducible nanostructured electrodes made out of the pure material as model electrodes. The reversible proton-coupled charge storage occurring at such nanostructured electrodes was thoroughly investigated as function of both intrinsic parameters, such as the TiO2 crystallinity, as well as extrinsic parameters, notably the electrolyte composition and pH. First, the influence of the electrolyte composition and pH has been studied at amorphous TiO2 electrodes by comparing reversible proton insertion in buffered and unbuffered aqueous electrolytes. This study revealed the pH-dependence of the proton-coupled charge storage process over the entire pH-range of water as well as the benefit of buffered electrolytes to stabilize the insertion/disinsertion potential and reduce potential hysteresis upon cycling. Next, the influence of the active material crystallinity was investigated by comparing proton-coupled charge storage at amorphous and anatase TiO2 electrodes. Reversible proton insertion was demonstrated to be a bulk charge storage process at both electrodes, with the crystallinity of the material only influencing the energetic but not the dynamic aspects of the process. Besides, reversible proton insertion was evidenced much faster than lithium-ion. Still, we conclude that TiO2 is not the ideal anode material for a rocking chair proton battery, due to side reactions such as competitive hydrogen evolution as well as acid dissolution. However, the fundamental knowledge gained from the present study remains of primary interest by providing a comprehensive framework for investigation of reversible proton insertion over a wide range of active materials.