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Transition metal oxides (TMOs) and double TMOs are promising materials for application as electrodes in pseudo supercapacitors or redox supercapacitors because they can exhibit increased energy density resulted from redox reactions. This PhD dissertation aims at studying and improving the electrochemical behavior of single TMOs -manganese oxides and at developing new double TMOs electrodes tailored for energy storage in redox supercapacitors, by depositing the active materials directly on stainless steel current collector via a flexible and costless electrodeposition route.

To study these electrodes for supercapacitors, their physico-chemical properties were characterized by scanning/transmission electron microscopy (SEM/TEM), energy-dispersive X-ray spectroscopy (EDX), X-ray diffraction (XRD), Raman & Infrared spectroscopy (FTIR), atomic force microscopy (AFM) and superconducting quantum interference device (SQUID). Their electrochemical properties were characterized by cyclic voltammetry and chronopotentiometry.

The results have detailed the growing, physico-chemical and electrochemical characterizations of Mn oxides, Mn-Co oxides, Ni-Mn oxides and Ni-Co hydroxides prepared by electrodeposition. Tailoring the morphology and architecture these electrodes and creating surfaces exhibiting high surface area are key parameters for enhanced pseudocapacitive performance. In detail, the research work contributed to the development of novel oxide (and hydroxides) materials for redox supercapacitors by: (i) providing novel electrodes with good pseudocapacitive performance for supercapacitors (Mn oxides, Ni-Mn oxides, Ni-Co hydroxides), (ii) fully understanding the effect of annealing on the transformation from electrodeposited mixed hydroxides to mixed oxide and their correlation with electrochemical properties for the Mn-Co oxide -based electrodes, (iii) detailing the growing mechanisms of Mn oxide films electrodeposited from nitrate based electrolyte, (iv) revealing a promising way of tailoring surface morphology of electrodeposited mixed oxides by controlling the growth of single oxides, (v) understanding the nucleation mechanism of hydroxides prepared by electrodeposition (Ni-Co hydroxides).

Thus, the results of this PhD dissertation go beyond the state-of-the-art and provided valuable highlights to advance the development of novel electrode materials for redox supercapacitors.

Résumé

Les oxydes simple ou double de métaux de transition (OMTs) sont des matériaux prometteurs pour les applications en tant qu'électrode dans des pseudo supercondensateurs ou des supercondensateur redox car ils peuvent présenter un gain de densité d'énergie résultant des réactions redox.

Ce mémoire de thèse a pour but l'étude et l'optimisation du comportement électrochimique d'électrodes d' oxydes simple de manganèse ainsi que le développement de nouvelles électrodes à base d'oxydes doubles (OMTs) conçues pour le stockage d'énergie dans les supercondensateurs redox , grâce au dépôt de ces matériaux actifs sur un collecteur de courant en acier inoxydable par électrodéposition ce qui représente une technique flexible et peu couteuse.

Afin d'étudier ces électrodes, leurs propriétés physico-chemique ont été caractérisées par microscopie électronique (SEM/TEM), spectroscopie X à dispersion d'énergie (EDX), par diffraction X (XRD), par spectroscopies Raman & Infrarrougee (FTIR), par microsopie à force atomique (AFM) et par magnétométrie SQUID (superconducting quantum interference device). Leurs propriétés electrochimique ont été caractérisées par voltamperométrie cyclique et chronopotentiométrie.

Les résultats détaillent la croissance et les caractérisations physico-chimique et électrochimique de plusieurs oxydes TMOS (TM=Mn, Mn-Co, Ni-Mn) ainsi que d'hydroxydes de Ni-Co préparés par électrodéposition. Le contrôle de la morphologie et de l'architecture des électrodes, en vue de créer des surfaces ayant des grandes surfaces actives, est le paramètre clé pour augmenter la performance du pseudo-condensateur. Dans le détail, le travail de recherche a contribué au développement de nouveau matériaux pour des électrodes à base d'oxyde (et hydroxydes) pour les supercondensateurs redox par: (i) la mise en oeuvre de nouvelles électrodes avec des bonnes performances pseudocapacitive pour des supercondesateurs (Mn oxydes, Ni-Mn oxydes, Ni-Co hydroxydes), (ii) la pleine compréhension de l'effet du recuit sur la transformation de l'hydroxyde préparés par électrodéposition en oxyde et de la corrélation résultante avec les propriétés électrochimiques pour des électrodes à base d'oxyde Mn-Co, (iii) la description détaillée du mécanisme de croissance de films d' oxyde de Mn préparés par électrodéposition à partir d'électrolytes à base de nitrates, (iv) la mise en évidence d'une méthode prometteuse de mise en forme et contrôle de la morphologie de surface d'oxydes mixtes préparés par électrodéposition et ce à travers le contrôle de la croissance d'oxyde simples , (v) la compréhension du mécanisme de nucléation des hydroxydes préparés par électrodéposition (Ni-Co hydroxydes).

Les résultats de ce mémoire de thèse vont au delà de l'état de l'art et apportent des faits marquants pour l'avancée du développement de nouveaux matériaux pour électrodes dans des supercondensateurs redox. v

Extended abstract

Transition metal oxides (TMOs) are promising materials for application as electrodes in pseudo supercapacitors or redox supercapacitors because they can exhibit increased energy density compared to electrochemical double layer supercapacitors based on carbon nanomaterials. The high energy density of electrodes based on TMOs is due to the redox reactions of the metal oxide/hydroxide with ions in the electrolyte. This redox contribution results in increased specific capacitance and thus high energy density. For this purpose, different single metallic oxides (or hydroxides), characterized by multiple valence states have been investigated and lead to promising results.

In this context, double (mixed) TMOs are expected to present higher energy density compared to their corresponding single TMOs, because more redox reactions can take place, thanks to the presence of various valences of two different metals. Several double TMOs have been proposed as redox-responsive materials for electrodes used in electrochemical energy storage systems. Surface morphology, oxide conductivity, and micro/nano architectures (including surface area and porosity) of TMO electrodes are amongst the most important factors determining the charge storage capability of the electrodes. This PhD dissertation aims at studying and improving the electrochemical behavior of single oxidesmanganese oxides and at developing new double TMOs electrodes tailored for energy storage in redox supercapacitors, by depositing the active materials directly on stainless steel current collector via a flexible and costless electrodeposition route. On the one hand, this route avoids the need of binders and additives that introduce additional resistances into the active material and ensures longterm adhesion as well as increased corrosion resistance. On the other hand, by controlling the deposition parameters it is possible to tailor the surface morphology and chemical composition of the electrodes, maximizing their charge storage capacity. For this purpose the work addresses the development of double (mixed) oxide electrodes based on the combination around Mn, Co and Ni vi oxides by electrodeposition for application in redox supercapacitors. To study these electrodes for supercapacitors, their physico-chemical properties were characterized by scanning/transmission electron microscopy (SEM/TEM), energy-dispersive X-ray spectroscopy (EDX), X-ray diffraction (XRD), Raman & Infrared spectroscopy (FTIR), atomic force microscopy (AFM) and superconducting quantum interference device (SQUID). Their electrochemical properties were characterized by cyclic voltammetry and chronopotentiometry.

Chapter 1 of the dissertation presents a brief introduction about supercapacitors and current stateof-the-art in double TMOs electrode studies for supercapacitors. Chapter 2 presents an overview of the electrodeposition method and its application to the fabrication of nanostructured metal oxides, and the electrochemical methods used to characterize the capacitive response. Chapter 3 presents the results and its discussion and is organized into 7 sub-chapters in format of papers, which are either published or accepted, or already in a final form to be submitted. Brief summaries, status of the papers and my specific contribution will be given below. Chapters 4 and 5 present the general discussion of the results and conclusions and outlook, respectively.

Mn based mixed oxides were firstly developed. Thus, the first step consisted on the electrodeposition of manganese oxides and the study of their electrochemical response and physicochemical properties (Sub-Chapter 3.1). Concomitantly, because Ni oxides and Co oxides, which display pseudocapacitive response in alkaline electrolyte, are used to fabricate the double TMOs, the electrochemical response of electrodeposited manganese oxide electrodes in alkaline electrolyte was investigated too. Sub-Chapter 3.1 was accepted for publication in the International Journal of Hydrogen Energy. My contribution was to: fabricate the electrodes, perform SEM and electrochemical measurements, interpret the results, and write the article.

Based on the previous results a new route was proposed to design manganese oxide electrodes with improved electrochemical response. The fabrication approach was based on the hydrogen bubblingassisted electrodeposition, leading to the formation of the hierarchical micro-nano Mn oxide vii electrodes (Sub-Chapter 3.2). The results showed that the novel micro-nano structured MnO2 films displayed good pseudocapacitive performance, making this approach a promising way to fabricate high performance metal oxide electrodes for redox supercapacitors. This Sub-Chapter 3.2 is planned to be submitted. My contribution was to: fabricate the electrodes, perform SEM, AFM and electrochemical measurements, interpret the results, and write the article.

Sub-Chapters 3.3 -3.5 are focused on the fabrication and study of double TMOs. Theoretical calculations demonstrate that MnCo2O4 are expected to deliver very high specific capacitances amongst various possible double TMOs. Thereby, I decided to prepare a set of MnCo2O4 electrodes.

The deposition process was based on the formation of electrodeposited TM hydroxides that are transformed to the spinel phase by thermal annealing. The evolution from the electrodeposited TM hydroxide phases into the spinel phase by thermal annealing and its correlation with electrochemical response is unclear up to now and therefore it was addressed in Section 3.3. Thus, this chapter studied in detail the chemical composition, structural, morphological evolution and electrochemical properties at each stage of the thermal annealing. MnCo2O4 electrodes revealed poor cycling stability, nevertheless the results provided interesting findings related to the effect of the annealing temperature. Sub-Chapter 3.3 is published in RSC Advances 2015, 5, 27844-27852. My contribution was to: fabricate the electrodes, perform SEM, AFM, FTIR, XRD and electrochemical measurements, interpret the results, and write the article.

Following the previous results a novel double TMO based on Ni and Mn oxides was electrodeposited (Sub-Chapter 3.4). The previous achievements allowed at selecting an annealing temperature of 250 o C. Additionally, the Ni to Mn ratio was changed to study the corresponding changes in morphological, structural and electrochemical properties. The results revealed that these are very sensitive to the Ni:Mn ratio, with the optimum value being 1:3. The electrochemical results demonstrated a synergistic effect of redox reactions in the double Ni-Mn oxides. Furthermore, the electrodes based on Ni-Mn oxide deposited at Ni:Mn ratio of 1:3 exhibited a remarkable cycling viii stability, making it a very promising pseudocapacitive material. Sub-Chapter 3.4 is published in Journal Materials Chemistry A, 2015, 3, 10875-10882. My contribution was to: fabricate electrodes, perform SEM and electrochemical measurements, interpret the results, and write the article.

With the aim of increasing the charge storage capacity of the Ni-Mn oxide based electrodes, resulting from its very promising redox performance, this oxide was electrodeposited on 3D metallic foams prepared by hydrogen bubbling assisted electrodeposition (Sub-Chapter 3.5). The novel electrodes, composed of Ni-Mn oxide nanosheets on metallic foams, exhibited an enhanced pseudocapacitive performance compared to the corresponding oxides deposited directly on the stainless steel. Sub-Chapter 3.5 is published in Nanoscale 2015, 7, 12452-12459. My contribution was to: fabricate the oxide layers, perform SEM and electrochemical measurements, interpret the results, and write the article.

Since the mixed oxides based on Ni oxide displayed a good pseudocapacitive performance and since Ni-Co oxides/hydroxides have been proposed as redox-active materials for charge storage due to the synergistic contribution from the Ni and Co oxides/hydroxides, they were also electrodeposited over stainless steel current collectors (Sub-Chapter 3.6). The electrode was engineered in a way that it was possible to deposit two consecutive layers of Ni(OH)2 and Co(OH)2. This strategy is expected to sum up the contribution of the individual hydroxides to the total redox response. In fact, these electrodes presented specific capacitance values 30% above those resulting from the synergistic redox contribution in mixed Ni-Co hydroxides. Sub-Chapter 3.6 is planned to be submitted. My contribution was to: fabricate electrodes, perform SEM and electrochemical measurements, interpret the results, and write the article.

In this work, electrodeposition was used to prepare the electrodes because there is no need of using binders or foreign additives to prepare the active films. Given the relevance of this approach, the last part of this dissertation (Sub-Chapter 3.7) concerns to the fundamental understanding of the growing processes, which are still scarcely discussed. Therefore, the mechanisms of film formation were ix studied by fitting the current transients with different 3D growing models. The study was complemented by in-situ electrochemical AFM. The instantaneous nucleation based growing mechanism has been retrieved from these studies. Sub-Chapter 3.7 is planned to be submitted. My contribution was to: perform the current transients, ex-situ SEM and AFM, and in-situ electrochemical AFM measurements, perform the fittings, interpret the results, and write the article.

Overall, the results have detailed the growing, physico-chemical and electrochemical characterizations of Mn oxides, Mn-Co oxides, Ni-Mn oxides and Ni-Co hydroxides prepared by electrodeposition. Tailoring the morphology and architecture these electrodes and creating surfaces exhibiting high surface area are key parameters for enhanced pseudocapacitive performance. In detail, the research work contributed to the development of novel oxide (and hydroxides) materials for redox supercapacitors by: -Providing novel electrodes with good pseudocapacitive performance for supercapacitors (Mn oxides, Ni-Mn oxides, Ni-Co hydroxides).

-Fully understanding the effect of annealing on the transformation from electrodeposited mixed hydroxides to mixed oxide and their correlation with electrochemical properties for the Mn-Co oxide -based electrodes.

-Detailing the growing mechanisms of Mn oxide films electrodeposited from nitrate based electrolyte.

-Revealing a promising way of tailoring surface morphology of electrodeposited mixed oxides by controlling the growth of single oxides.

-Understanding the nucleation mechanism of hydroxides prepared by electrodeposition (Ni-Co hydroxides).

Thus, the results of this PhD dissertation go beyond the state-of-the-art and provided valuable highlights to advance the development of novel electrode materials for redox supercapacitors. 
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. Current state-of-the-art in materials for energy conversion and storage

The fossil depletion, due to the overuse of fossil resources by the traditional electrical generation systems based on combustion engines with low energy conversion efficiency governed by Carnot cycle, and the finite natural resources available, result in increased energy price and boost the need of developing new high efficiency energy production technologies. The traditional electrical generation systems are not only limited by their low efficiency but also contribute for climate change as a result of hazard gases (CO, CO2, NO2…) produced during the energy production process, affecting directly environment and human-health. Thus, the development of new and green energy generations systems that overcome the limitation of Carnot cycle, and reduce the air pollution, are currently receiving considerable attention in the research community.

In this progress, natural energy available resources, based on renewable energies such as wind, ocean, bio and solar are current being investigated for electrical generation towards large scale or grid applications.

Other electrical generation systems such as fuel cells, metal-air batteries are being studied for both large/small scale and for mobile applications. Hydrogen fuel cells are promising devices because they display high energy conversion efficiency, with water as the only by-product. However, efficient ways to generate hydrogen and safe ways to store hydrogen still require developments. Along these lines, the development of catalysts and storage materials are receiving a lot of attention. For examples, semiconductor oxide photocatalysts for water photolysis hydrogen generation, transition metal (TM) or TM oxide electrocatalysts for water electrolysis hydrogen generation based on light metal (complex) hydrides systems for the reversible solid state hydrogen storage are currently under study.

Small organic molecules based liquid fuels such as methanol, ethanol, and formic acid can also be used in fuel cells, reducing concerns about fuel storage. Nevertheless, regardless the fuels used, the development of efficient electrocatalysts is necessary, especially oxygen electrocatalysts, which is a main drawback to commercialize fuel cells, due to the high overpotential of oxygen reduction reaction. Methods for converting CO2 into small organic molecules such as alcohols and formic acid to be used as fuels are also being developed.

Thermoelectric devices based on thermoelectric materials, with ability of converting heat energy into electrical energy are also of great interest to utilize waste heat generated by other systems/devices such as fuel cells. Current researches focus on the development of thermoelectric materials with enhanced phonon boundary scatterings and thermopower to improve its efficiency.

Metal-air (Li/Zn/Al/Si/Mg/Fe-air) batteries with high specific energy, as a result of redox reactions of metal with oxygen from air, are promising energy generation devices. Metals are considered the fuel (requiring regular replacement) in these devices, so these are also named as metal-air fuel cells.

Similar to other fuel cells, anode/cathode/electrolyte engineering/studying is still necessary to improve the efficiency of this device, namely the anode lifetime.

Presently renewable energy sources that include wind/water flow/solar energies are strategic, but these are environmentally dependent intermittent energies. The energy supply/demand varies significantly during the day, and the grid requires strategies to smooth the peak off/ peak on variations. Energy storage systems are envisaged as one of the most suitable routes to harmonize the supply/demand cycles. For this purpose the (electrical/charge) energy storage devices displaying high energy density and high power density are of utmost relevance. In this context, Li/Na ion batteries are extremely promising, but still far from applications and these are being under development and despite its increased energy densities drawbacks still exist, namely in what concerns safety issues.

These drawbacks are presently subject of intensive research. On the other hand, redox flow batteries are another option but these still lack energy density as well as demanding installation / maintenance requirements. Presently, supercapacitors are already used as "peak-shavers" in the peak on/peak off cycles and on smoothing the grid and are emerging candidates for larger scale energy storage too.

Batteries offer high energy density, due to the bulk insertion/conversion/alloying reaction (or combining of these reactions) mechanisms or electrolyte redox reactions, but are limited in lifetime.

Supercapacitors offer high power density due to the charge accumulation or fast surface redox reaction and long lifetime, but are limited in energy density.

The energy density and power density comparison of batteries and supercapacitors are depicted in Figure 1.1. Traditionally, supercapacitors are used in combination with batteries to provide additional power for applications requiring high power density. Their low energy density is an obstacle, and thus supercapacitors are normally not used as a single energy storage device. However, considering the advantages of supercapacitors in terms of power density and lifetime, and the fact that their energy density can be enhanced, it can result in a very promising energy storage device.

The key for increased energy density of supercapacitors resides on the electrode material. Currently, the development of new electrodes for enhanced energy density supercapacitors are receiving considerable attention, with some promising results being available. Thus, this PhD dissertation aims at contribution for this crucial objective by delivering novel electrode materials characterized by increased energy storage performance. The discussion above highlights the importance of materials science/engineering and electrochemistry for the development of energy conversion and storage devices. A few milestone review papers, highlighting the most recent trends can be found in literature [1][2][3][4][5][6]. New emerging journals of high impact are paying attention to this critical issue, and well-recognized journals of high level are releasing new separated sections concerning materials for energy conversion and storage.

Examples are journals from different publishers and scientific societies such as Energy & Environmental Science (RSC), Advanced Energy Materials (Wiley), Journal of Materials Chemistry A: Materials for energy and sustainability (RSC), Nano Energy (Elsevier), ChemSusChem (Wiley) and Nature Energy (launching in 2016, NPG) are key indicators of the relevance of materials research in the energy field. Indeed, we are in the energy research era and there is still a plenty of chances for researchers to study and to overcome the current state of the art in developing a new generation devices for electrical production and storage. The future application of these devices may not just rely on single component but can be in hybrid devices, taking synergistic advantages of each single device.

Supercapacitors configuration, storage mechanism and classification

First supercapacitors, with charge storage mechanism based on the adsorption of ions in electrolyte onto the surface of electrode materials, forming a Helmholtz double layer, were reported in 1957 [7].

Even though the charge storage mechanism was not understood at that time, the relation between the specific surface area of the electrode material and the charge storage capacity was identified.

Carbon materials of high specific surface have been the prime choice for this class of supercapacitors, and have been continuously applied and studied.

Generally, supercapacitors configurations are similar to other electrochemical energy conversion/storage devices. It is composed of an anode and a cathode electrode separated by a solid separator within an electrolyte (Figure 1.2). Depending on the charge storage mechanism, supercapacitors are classified in two classes (Figure 1.2) which included: (1) double layer supercapacitors which are based on non-Faradaic processes and that involve solely the formation of electrochemical double layers at the surface of the electrode and

(2) pseudo-supercapacitors, which are based on Faradaic reactions between the electrode material and the electrolyte. Supercapacitors can also be composed of two electrodes that store charge differently, one like that of double layer supercapacitors and the other one like that of pseudo supercapacitor, and so-called hybrid supercapacitors.

Double layer supercapacitors

Double layer supercapacitors are based on the fast non-Faradaic process due to the formation of an electrochemical double layer on the electrode surface, which are characterized by rectangular shape cyclic voltammograms and linear charge-discharge curves (Figure 1.3a and b). The fast non-Faradaic process leads to the high power density of the device, however, the charge storage is rather limited, being totally governed by the specific surface area of electrodes, and therefore the energy density is quite low (5-10 Wh kg -1 ) [8,9].

Porous carbons with high surface area and good conductivity including activated carbons, carbon aerogels, and carbon nanotubes are commonly studied for double layer supercapacitors [10][11][12][13][14][15][16].

Studies involve developing new preparation/activation methods to obtain high surface area carbons, tailoring carbons surface by doping, or assembling in 3D hierarchical structure to improve supercapacitive response [10][11][12][13][17][18][19]. Fundamental studies relating to the correlation of electrode properties such as pore size and distribution and electrolyte properties such as ionic radius, neutral, acidic and alkaline environments to the specific capacitance have also been reported [14,15]. The use and the study of ionic liquids in order to overcome the potential limitation of aqueous electrolyte due to water electrolysis have been also frequently reported [16]. supercapacitors [20] and (c, d) pseudo supercapacitors [21].

Recent attention has been paid to newly discovered graphene and their derivatives as new advanced materials for supercapacitors electrodes with huge number of publications due to its high electrical conductivity and high theoretical specific surface area of 2630 m 2 g -1 [22][23][24]. The supercapacitive response of graphene -based electrodes, however, do not really show a significant advantage compared to other carbon materials. It is very interesting in term of discovering new properties and designing new architectures of the new material [25]. However, in terms of materials to be used as supercapacitor electrodes, other carbon materials (structuring and designing in a rational way) can also have comparable or even better supercapacitive response than that of graphene and its derivatives [12,[26][27][28][29][30][31][32].

Pseudo supercapacitors

The pseudocapative behavior was first discovered on RuO2 electrode by S. Trasatti [33] and was extensively studied by B. Conway [34,35] on RuOx and CoOx for pseudo supercapacitors. Different from double layer supercapacitors, which have been quite known before these studies, pseudo supercapacitors involve Faradaic redox reactions of the electrode material with ions in the electrolyte. High specific surface area is also a requirement for the oxide-based electrodes to achieve an enhanced pseudocapacitive performance. RuO2 based pseudocapacitive electrodes display rectangular shape cyclic voltamograms, similar to that of double layer supercapacitors, resulting from consecutive redox reactions over the broad range of the potential window. This pseudocapacitive response is due to the multivalent states of Ru. For other transition metal oxides, the redox reactions take place in a narrower potential window, resulting in the presence of well-defined redox peaks in the cyclic voltammograms (Figure 1.3c). The charge-discharge curves also display a non-linear response, consequence of the redox reactions observed in the non-rectangular cyclic voltammograms (Figure 1.3d).

Chapter 1 10 Several Faradaic processes may contribute to the total pseudocapacitance of the electrodes [36], which are (i) underpotential deposition, (ii) redox pseudocapacitance and (iii) intercalation/insertion pseudocapacitance. (i) Underpotential deposition relates to the monolayer absorption of metal ions on another metal surface at a potential lower than that of the equilibrium redox potential. However, since pseudocapacitive materials normally work in aqueous electrolyte, this phenomenon is not important.

(ii) Redox pseudocapacitance is based on surface redox reactions of electrode materials with ions from the electrolyte. The reactions depend upon the interface between the electrode and electrolyte. Therefore, the porosity and surface area of the electrode materials are of relevance to obtain high specific capacitance values. Pseudo supercapacitors used this type of pseudocapacitive materials are further classified into redox supercapacitors.

(iii) Intercalation/insertion pseudocapacitance is based on the intercalation and redox reaction of electrolyte ions in the interlayer of pseudocapacitive materials with/without involving of phase changes. The electrode materials must have a crystal structure, with high interlayer distance among lattice planes, to allow the diffusion of ions into interlayers. The requirement of high porosity is less important as compared to redox pseudocapacitance relied on the surface absorption and charge transfer of electrolyte ions and electrodes. Pseudo supercapacitors used this type of pseudocapacitive materials are further classified into intercalation supercapacitors.

Electrochemical response underlying pseudosupercapacitors

The pseudocapacitive response and the underlying electrochemical process relating to the charge storage mechanism can be characterized by cyclic voltammetry and charge-discharge cycling (details about these techniques will be presented in the experimental method of the thesis). The electrochemical process depends on the scan rate in cyclic voltammetry and on the applied current density in charge-discharge cycling.

As a result, the current response in cyclic voltamograms depends on a scan rate. This dependence can be described as [38]:

𝑖(𝑉) = 𝑘 1 𝑣 1/2 + 𝑘 2 𝑣 (1.1) 
where i (A cm -2 ) is the current response, v (mV s -1 ) is the scan rate, k1 and k2 are constant numbers.

The first term is a contribution of redox/intercalation reactions, the reactions have been known as diffusion controlled process, varying with v 1/2 . The second term is a contribution of surface adsorption reaction or charge accumulation, which is a fast process, therefore the current response varies with v.

The contribution of redox capacitance and surface adsorption can be separated by determining k1 and k2 at each potentials, giving a quantitative contribution of those processes to the total charge storage.

The total pseudocapacitive response can also be described as [39] 

𝑄 = 𝑄 𝑣=∞ + 𝑘𝑣 -1/2 (1.2)
where Q is the total charge, Qv=∞ is the capacity governs by the surface process and it is independent of the scan rate. The diffusion-controlled capacity is depended on v -1/2 .

Thereby, by applying these approaches, it is possible to separate the current response from the two contributions, and to calculate the contribution of the double layer capacitance and the contribution of the diffusion-controlled redox capacitance to the total capacitance.

Charge-discharge measurements with different current densities also show time variation; hence this test contains kinetic information inside. However, in many reports [40,41] charge-discharge curves tend to better evidence the double layer effect compared to cyclic voltamograms. Consequently, the slope of the charge-discharge curves tends to be more linear even though well-defined redox peaks can be observed in the cyclic voltamograms. Thus, kinetic information extracted from chargedischarge curves often show very high contribution from the double layer capacitance or surface adsorption even if the cyclic voltamograms display well-defined redox peaks, giving inaccurate information when applying the most common description of current plateau in the charge-discharge curves [42]. The development of more appropriate models is thus necessary to extract kinetic information from the charge-discharge curve.

Supercapacitors metrics of electrode materials

-Capacitance (C) quantifies the amount of charge stored in a specific potential window for a known weight (or area or volume) of pseudocapacitive material. High specific capacitance is the key requirement for high charge storage or high energy density electrode.

-Rate capability is the charge storage/energy density capacity at high applied current density compared to the value at low applied current density. High rate capability value is an important requirement for high-rate applications and for fast charge of supercapacitors.

-Energy density (E) is the amount of energy that can be stored per mass (Wh/kg) or per volume (Wh/l), which is directly related to the specific capacitance by the following relationship 𝐸 =

1 2 𝐶𝑉 2 = 𝑄𝑉 2 .
-Power density (P) is charge/discharge rate, which describes how fast the same amount of energy can be absorb or deliver for a given time, P=E/t, which is directly related to rate capability.

-Cycling stability is charge capacity degradation for a given number of fully charge-discharge cycles.

High cycling stability is the important requirement for the practical application of pseudocapacitive electrodes in supercapacitors.

These metrics are totally determined by properties of electrode/electrolyte interface. For electrode materials, the following properties are of significant important to performance of supercapacitors:

surface morphology, architecture, porosity, conductivity, ionic diffusion and redox activity.

Materials for redox supercapacitors

Ruthenium oxides RuOx have been widely studied in pseudocapacitor research [43][44][45].

Experimentally, RuOx exhibit very good pseudocapacitive performance, characterized by square shape cyclic voltammograms and high specific capacitance, as described previously, making it the ideal pseudocapacitive materials. However, the high cost of RuOx prohibits their ability to be integrated in supercapacitive devices for practical uses. Therefore, cheaper oxides have been searched and studied over the last 20 years, for example, manganese oxides, nickel oxides, and cobalt oxides. They offer, not only low cost due to their natural abundance, but also a good pseudocapacitive response, thereby making them promising pseudocapacitive materials for supercapacitors. The next section will describe some promising metallic oxides and hydroxides for pseudocapacitor electrodes.

Manganese oxides

The charge storage mechanism of manganese oxides (the most commonly studied phase is MnO2) is based on surface redox reactions with cations in neutral or acidic electrolytes as below [46][47][48]:

MnO2/Mn3O4 + C + + e-↔ MnOOC/Mn3O4-C C + =H + /Na + /K + /Li + (1.3)
where C + is cations in electrolyte such as H + , Na + , K + or Li + .

Few studies have also been proposed about the pseudocapacitive response in alkaline electrolyte based on redox reaction with hydroxyl ions [49,50].

Similar to RuOx, due to the multi valence states of manganese in manganese oxides, their cyclic voltamograms display a rectangular shape, indicating a very good pseudocapacitive behavior.

Nickel oxides

Nickel oxides in alkaline electrolytes undergo the following reversible redox reactions [51,52]:

NiO + OH -↔ NiOOH -+ e - (1.4) 
The redox reaction of NiO with OH -results in phase change, thus displaying well-defined redox peaks in cyclic voltamograms, leading to very high theoretical specific capacitance.

Cobalt oxides

Cobalt oxides display alkaline electrolytes can display a capacitive response due to the following reversible redox reactions [START_REF] Chang | Recent development in spinel cobaltites for supercapacitor application[END_REF][START_REF] Rakhi | Substrate Dependent Self-Organization of Mesoporous Cobalt Oxide Nanowires with Remarkable Pseudocapacitance[END_REF]:

Co3O4 + H2O + OH -↔ 3CoOOH + e - (1.5) 3CoOOH + 3OH -↔ 3CoO2 + 3H2O + e - (1.6)
The first reaction is similar to the case of nickel oxide, and then it is followed by the second redox reactions, contributing for an increased capacitive response compared to nickel oxides. Nevertheless, it is also characterized by cyclic voltammograms with well-defined redox peaks.

Materials for intercalation/insertion supercapacitors

This class of materials includes several metal oxides/hydroxides [START_REF] Wang | Electrode materials for aqueous asymmetric supercapacitors[END_REF][START_REF] Aravindan | Insertion-Type Electrodes for Nonaqueous Li-Ion Capacitors[END_REF][START_REF] Cheng | Recent development of metal hydroxides as electrode material of electrochemical capacitors[END_REF] with high interlayer lattice such as MnO2, MoO3, Nb2O5, V2O5, TiO2, Ni(OH)2 and Co(OH)2.

The charge storage is based on the intercalation/insertion reaction within the host lattice. For example [START_REF] Wang | Electrode materials for aqueous asymmetric supercapacitors[END_REF][START_REF] Aravindan | Insertion-Type Electrodes for Nonaqueous Li-Ion Capacitors[END_REF][START_REF] Yang | Spherical α-Ni(OH)2 nanoarchitecture grown on graphene as advanced electrochemical pseudocapacitor materials[END_REF][START_REF] Yeager | Storage of Potassium Ions in Layered Vanadium Pentoxide Nanofiber Electrodes for Aqueous Pseudocapacitors[END_REF]]

[V2O5]bulk + xLi + + xe -↔ [LixV2O5]bulk (1.7) [Ni(OH)2]bulk + OH -↔ [NiOOH]bulk + H2O + e - (1.8)
The surface area is less important to the total charge storage, however high surface area electrodes are still needed for better pseudocapacitive performance.

Theoretical and experimental specific capacitance value

The theoretical specific capacitance (C/F g -1 ) can be calculated based on number of electrons that are stored/released in the redox reactions and is given by the following equation

𝐶 = ( 𝑛𝐹 𝑚 ) 𝑋 𝐸 (1.9)
where n is number of electron stored/released in the redox reactions, F is Faraday constant (96485 C mol -1 ), m is molar mass of metal oxides and E is the working potential window.

X is the surface fraction (or electrode/electrolyte interface) of the pseudocapacitive materials. It

shows that high experimental specific capacitance values can only be archived if the pseudocapacitive electrodes possess high specific surface area to maximize the number of active sites for the redox reactions. Therefore, it highlights the importance of the specific surface area to the total specific capacitance of the electrode. Nanosizing and nanostructuring are thus crucial routes to prepare electrode materials with enhanced energy storage capacitive [START_REF] Jiang | Recent advances in metal oxide-based electrode architecture design for electrochemical energy storage[END_REF][START_REF] Yuan | Mixed Transition-Metal Oxides: Design, Synthesis, and Energy-Related Applications[END_REF][START_REF] Liu | Research Progress in Nano-Structured MnO2 as Electrode Materials for Supercapacitors[END_REF][START_REF] Najafpour | Applications of the "nano to bulk" Mn oxides: Mn oxide as a Swiss army knife[END_REF][START_REF] Yue | Hierarchical micro-architectures of electrodes for energy storage[END_REF][START_REF] Yu | Interface chemistry engineering in electrode systems for electrochemical energy storage[END_REF][START_REF] Patil | Nanostructured pseudocapacitive materials decorated 3D graphene foam electrodes for next generation supercapacitors[END_REF][START_REF] Yu | Three dimensional architectures: design, assembly and application in electrochemical capacitors[END_REF][START_REF] Xu | Three-dimensional micro/nanoscale architectures: fabrication and applications[END_REF][START_REF] Montemor | Nanostructured Transition Metal Oxides Produced by Electrodeposition for Application as Redox Electrodes for Supercapacitors[END_REF]. In the past few years, studies on mixed oxides, mainly double transition metal oxides, have been gained a lot of attention as electrodes for charge storage, namely for high energy density supercapacitors due to their extraordinary electrochemical energy storage ability compared to the corresponding single transition metal oxides. Several mixed oxides have been prepared and reported

for supercapacitor electrodes such as Ni-Co, Mn-Co and Ni-Mn oxides.

In this part of the thesis, a brief review of recent development of mixed oxide electrodes for supercapacitors will be presented.

M-Co (M=Ni/Mn) Oxides

The M-Co oxides reported as materials for supercapacitors are normally in the form of spinel oxide -AB2O4, with M at the A sites and Co at the B sites of the spinel oxides.

The Faradaic processs of MCo2O4 oxides in alkaline electrolytes are based on the following redox reactions proposed in literature [START_REF] Wu | NiCo2O4-based materials for electrochemical supercapacitors[END_REF]:

MCo2O4 + OH -↔ MOOH + 2CoOOH + e - (1.10) 2(CoOOH + OH -↔ CoO2 + H2O + e -) (1.11) 
The first reaction related to the phase change, provides an electrochemical response that is typical of a battery behavior. In the second reaction, the phase changes back to the oxide state, hence extending the potential window of the redox reaction, thereby presenting pseudocapacitive behaviour. Taking into account the total redox reaction, the pseudocapacitive mechanism of MCo2O4 spinel oxide relates to three electrons transfer process.

The pseudocapacitive mechanisms, with the contribution of the redox reactions involving both metals in the mixed oxide originates an extra contribution for the high specific capacitance values typical of mixed oxides.

Ni-Co oxides

Although the theoretical specific capacitance values of each single metal oxides (mainly Co3O4 and NiO) are widely published and discussed (normally the published values correspond to a potential window of 0.5 V for these single metal oxides), the theoretical specific capacitance of NiCo2O4 is scarcely discussed in literature. Based on the pseudocapacitive mechanism, involving three electrons in the storage/release process, taking into account the molar mass of NiCo2O4 is 240.5574 g mol -1 and by applying the equation (1.9), the theoretical specific capacitance values of NiCo2O4 were calculated.

The resulting values are presented in Table 1.2 as a function of the working potential window.

NiCo2O4 spinel oxides are normally active in the potential window ranging from 0.3 to 0.6 V, hence the theoretical specific capacitance is of 4010 -2005 F g -1 , respectively. The values are higher than those of Co3O4 and MnO2 and comparable to NiO. Concerning the crystal structure, MCo2O4 have spinel structure with the general formula AB2O4 as previously mentioned. It is arranged in a cubic closed-packed lattice as depicted in Figure 1.5.

Generally, the A 2+ cations occupy octahedral sites and the B 3+ cations occupy tetrahedral sites. The mixed valences of A 2+ , A 3+ , B 2+ , and B 3+ cations at both the octahedral and tetrahedral sites are also commonly reported in literature [START_REF] Yuan | Ultrathin Mesoporous NiCo2O4 Nanosheets Supported on Ni Foam as Advanced Electrodes for Supercapacitors[END_REF]. Studies on NiCo2O4 as pseudocapacitive material for supercapacitor electrodes were initiated after the work by Hu et al. [START_REF] Wei | A Cost-Effective Supercapacitor Material of Ultrahigh Specific Capacitances: Spinel Nickel Cobaltite Aerogels from an Epoxide-Driven Sol-Gel Process[END_REF], reporting a NiCo2O4 aerogel prepared via epoxide-driven sol-gel process. g -1 at 0.5 A g -1 and 570 F g -1 at 50 A g -1 in the potential window from 0.1 V to 0.45 V. The specific capacitance retention was 95% after 1000 charge-discharge cycles and 94% after 2000 chargedischarge cycles (Figure 1.7b). Even though this work received much less attention and citations than the previously mentioned one, it is actually one of the adopted approaches in the recent development of NiCo2O4 electrodes for supercapacitors.

Two main strategies were envisaged by these pioneer researches: (i) the preparation of nanostructured NiCo2O4 in the form of power and assembly on current collectors by mixing with binder materials, and (ii) direct deposition of nanostructured NiCo2O4 on current collectors.

Currently, most of the published works have been involved into these two approaches.

In the first approach, the preparation of various nanostructured NiCo2O4 powders for supercapacitors have been published. These NiCo2O4 nanostructures include one dimension nanowires/nanotubes [START_REF] Jiang | Hierarchical porous NiCo2O4 nanowires for high-rate supercapacitors[END_REF][START_REF] Li | Electrospun porous NiCo2O4 nanotubes as advanced electrodes for electrochemical capacitors[END_REF][START_REF] An | Porous NiCo2O4 nanostructures for high performance supercapacitors via a microemulsion technique[END_REF], two dimension nanosheets [START_REF] Garg | Nickel Cobaltite Nanostructures with Enhanced Supercapacitance Activity[END_REF], and three dimension nanoparticles [START_REF] Wang | Facile and low-cost fabrication of nanostructured NiCo2O4 spinel with high specific capacitance and excellent cycle stability[END_REF][START_REF] Wu | Sol-gel approach for controllable synthesis and electrochemical properties of NiCo2O4 crystals as electrode materials for application in supercapacitors[END_REF]. For example, NiCo2O4 nanowires [START_REF] Jiang | Hierarchical porous NiCo2O4 nanowires for high-rate supercapacitors[END_REF] have been prepared by polyethylene glycol-assisted method and post thermal annealing at 250 o C. The nanowires displayed polycrystalline nature and have mesoporous structure composed of nanoparticles with size of approximately 3-6 nm (Figure 1.8a). It showed very high specific surface area of 202.2 m 2 g -1 , pore size of 2.4 nm and pore volume of approximately 1.14 cm 3 g -1 . Electrochemical studies in 1 M KOH electrolyte showed a high specific capacitance value of 743 F g -1 at 1 A g -1 and high rate capability with capacitive retention of 78.6% at 40 A g -1 , and 93.8% capacitance retention after cycling for 3000 cycles, resulting from their structural and morphological advantages. NiCo2O4 nanotubes have been prepared by electrospinning technique [START_REF] Li | Electrospun porous NiCo2O4 nanotubes as advanced electrodes for electrochemical capacitors[END_REF]. The nanotubes have diameter of 100 nm and wall thickness of 33 nm (Figure 1.8b). The nanotube wall displayed porous structure composed of nanocrystals with size of approximately 10 nm and pores with size ranging from 3 nm to 10 nm. They possessed Brunauer-Emmett-Teller (BET) surface are of 36.9 m 2 g -1 and pore volume of 0.22 cm 2 g -1 . As a result of this unique nanotube architecture, which facilitates ions and electron transports, the material displayed a high specific capacitance value of 1647 F g -1 at 1 A g -1 in 2 M KOH in the potential window from 0 V to 0.41 V (vs. AgCl/Ag), high rate capability of 77.3% at 25 A g -1 , and high stability with capacitance retention of 93.6% after 3000 cycles.

NiCo2O4 square nanosheets [START_REF] Garg | Nickel Cobaltite Nanostructures with Enhanced Supercapacitance Activity[END_REF] were synthesized using a solvothermal route (Figure 1.8c). The uniform square nanosheets, with length of few m and thickness of 50-100 nm, consisted of nanoparticles with size of approximately 5 nm constituting porous structure. The BET surface area was 100 cm 2 g -1 , pore distribution was narrow, ordered and pore size was of about 5 nm and pore volume was of about 0.227 cm 3 g -1 . These interesting properties resulted in specific capacitance values of 980 and 384 F g -1 at current densities of 0.5 and 10 A g -1 , and good cycling stability with 91% capacitance retention after 1000 cycles. nanotube [START_REF] Li | Electrospun porous NiCo2O4 nanotubes as advanced electrodes for electrochemical capacitors[END_REF], (c) hexagonal NiCo2O4 nanosheets composed of aggregated nanoparticles [START_REF] Garg | Nickel Cobaltite Nanostructures with Enhanced Supercapacitance Activity[END_REF].

By this way, the electrode materials are connected together by binders; therefore the adhesion between active materials and current collectors can be easily controlled and improved. However, the disadvantage of using binders is the reduction of the active sites for the redox reactions, hence reducing the pseudocapacitive response. Moreover most of the binders create additional resistances, thus decreasing the conductivity of the materials and increasing its equivalent series resistance (ESR).

Recent research work on NiCo2O4 electrodes for supercapacitors are based on the second approach, which allows the preparation of the pseudocapacitive materials directly on current collectors such as titanium plate, stainless steel plate, thereby avoiding the use of binders, leading to an enhanced active sites for redox reactions. Both one dimension nanowires [START_REF] Zhang | Single-crystalline NiCo2O4 nanoneedle arrays grown on conductive substrates as binder-free electrodes for high-performance supercapacitors[END_REF], two dimension nanosheets [START_REF] Lu | Controllable Synthesis of Porous Nickel-Cobalt Oxide Nanosheets for Supercapacitors[END_REF] have been deposited, by different methods, directly on current collectors. For example, NiCo2O4

nanosheets films [START_REF] Lu | Controllable Synthesis of Porous Nickel-Cobalt Oxide Nanosheets for Supercapacitors[END_REF] were prepared by galvanostatic electrodeposition in the anodic regime at 70 o C and post-thermal annealing at 200 o C. The nanosheets films have specific capacitance of 453 F g -1 at a scan rate of 5 mV s -1 and 506 F g -1 at a current density of 1 A g -1 , which was improved 50% when compared to single cobalt oxide, and capacitance retention of about 94% after 2000 cycles. The good pseudocapacitive response of the films was a result of their porous surface morphologies, which were composed of long range interconnected nanosheets. And each nanosheets also displayed porous structure with high BET surface area of 227.3 m 2 g -1 and average pore diameter of about 9.77 nm.

It should be noted that the high specific capacitance of pseudocapacitive electrodes (close to the theoretical value) can only be achieved by preparing very thin layers (few nm) of active materials directly on a flat substrate. This approach is useful in terms of fundamental studies because the redox active electrodes are less limited by the bulk diffusion, thereby very high specific capacitance values can be obtained. However, due to the very low mass loading, it is not suitable for practical applications. Thereby, regarding to this point, 3D porous current collectors offer great advantages. Its macro-porous structure allows the better dispersion of the active materials and the better diffusion of electrolyte ions into the electrode, hence reducing the diffusion length of electrolyte, increasing the electrochemical response. Carbon fiber papers [START_REF] Deng | Synthesis of ultrathin mesoporous NiCo2O4 nanosheets on carbon fiber paper as integrated high-performance electrodes for supercapacitors[END_REF], carbon cloths [START_REF] Shen | Mesoporous NiCo2O4 Nanowire Arrays Grown on Carbon Textiles as Binder-Free Flexible Electrodes for Energy Storage[END_REF] and nickel foams [START_REF] Zhang | Single-crystalline NiCo2O4 nanoneedle arrays grown on conductive substrates as binder-free electrodes for high-performance supercapacitors[END_REF] are amongst the most used 3D porous current collectors have been reported up to now.

NiCo2O4 layers have been deposited on carbon fiber papers by a solvothermal method and post thermal annealing at 350 o C [START_REF] Deng | Synthesis of ultrathin mesoporous NiCo2O4 nanosheets on carbon fiber paper as integrated high-performance electrodes for supercapacitors[END_REF]. The deposited NiCo2O4 displayed interconnected nanosheets morphology and conformably covered carbon fibers inside the carbon paper (Figure 1.9a). Each nanosheets consisted of nano-sized pores of approximately 2-5 nm. BET results revealed the mesoporous structure, with surface area of approximately 206.7 m 2 g -1 and pore size distributed from 2 nm to 5 nm. As a result, a high specific capacitance value of 1422 F g -1 and 999 F g -1 at current densities of 1 A g -1 and 20 A g -1 have been reported. The capacitance loss was about 15.6% after 3000 cycles. NiCo2O4 films were also prepared surfactant-assisted hydrothermal method on carbon textiles [START_REF] Shen | Mesoporous NiCo2O4 Nanowire Arrays Grown on Carbon Textiles as Binder-Free Flexible Electrodes for Energy Storage[END_REF]. The films uniformly covered fibers of the textiles, displaying porous morphology composed of nanowires (Figure 1.9b). The nanowires diameter was about 150 nm and their length was about several m. The nanowires were also composed of nanoparticles of 10-20 nm in size, making porous structure with pore size of about 6 nm. They exhibited high specific capacitance of 1283 F g -1 and 1010 F g -1 at current densities of 1 A g -1 and 20 A g -1 and very good charge-discharge stability with no-significant decay. At the end, the use of carbon textiles makes it a possible candidate for application as flexible electrodes.

NiCo2O4 films prepared by electrodeposition on nickel foams have also been reported [START_REF] Zhang | Single-crystalline NiCo2O4 nanoneedle arrays grown on conductive substrates as binder-free electrodes for high-performance supercapacitors[END_REF]. Films composed of ultra-thin NiCo2O4 nanosheets with thickness of 2-4 nm were obtained (Figure 1.9c), displaying very high specific capacitance of 2010 and 1450 F g -1 at current densities of 2 A g -1 and 20

A g -1 and 94% of specific capacitance is retained after charge-discharge cycling at different current densities for 2000 cycles. Those high pseudocapacitive values not only resulted from the ultrathin property of the nanosheets but also from inter-particle mesopores in the nanosheets with size ranged from 2 to 5 nm.

It should be noted that the first published work [START_REF] Yang | Electrodeposited nickel hydroxide on nickel foam with ultrahigh capacitance[END_REF], to the author's knowledge, reporting the use of a porous substrate to deposit Ni(OH)2 on nickel foam, displayed quite poor capacitance retention after cycling (only about 52% of initial capacitance retained after 300 cycles). Even though the obtained specific capacitance was very high as 3152 F g -1 at 4 A g -1 . Latter work reporting the use of NiO on nickel foam [START_REF] Huang | Facile synthesis of single-crystalline NiO nanosheet arrays on Ni foam for high-performance supercapacitors[END_REF], after thermal annealing at 350 o C for 2 hours, evidenced specific capacitance values of 674.2 F g -1 at a current density of 1 A g -1 , and capacitance retention of 93.5% after 5000 cycles. The good stability observed for NiO deposited over nickel foam might not be related only to the phase, but perhaps more related to the increased adhesion of the film to the current collector as a result of the thermal annealing. The lowered specific capacitance values can be due to the reduced surface area and the reduced bulk diffusion (due to the transformation from hydroxide to oxide phase) after thermal annealing. Thus, these results point out the advantages of using porous current collectors for supercapacitors electrodes. Nevertheless, for practical applications as supercapacitors electrodes, the mass and volume of the porous current collectors should be taken into account.

Another approach that must be mentioned in NiCo2O4 studies for supercapacitors is the development of hybrid structures of NiCo2O4 with either double layer capacitive materials or pseudocapacitive materials in powder form or directly deposited over current collectors. This is an attractive approach, because the combination of two materials with different properties may result in an enhanced effect, combining the advantage of each single material, leading to an enhanced supercapacitive response. NiCo2O4-carbon nanotube [START_REF] Wang | Nickel cobalt oxide-single wall carbon nanotube composite material for superior cycling stability and high-performance supercapacitor application[END_REF], NiCo2O4-graphene [START_REF] Wang | Design and synthesis of NiCo2O4-reduced graphene oxide composites for high performance supercapacitors[END_REF]. NiCo hydroxide/NiCo2O4 nanowire [START_REF] Huang | Nickel-Cobalt Hydroxide Nanosheets Coated on NiCo2O4 Nanowires Grown on Carbon Fiber Paper for High-Performance Pseudocapacitors[END_REF], MnO2/NiCo2O4 nanoflakes/nanowires [START_REF] Yu | Hierarchical NiCo2O4@MnO2 core-shell heterostructured nanowire arrays on Ni foam as high-performance supercapacitor electrodes[END_REF], NiCo2O4/NiCo2O4 nanoflakes/nanoflakes [START_REF] Liu | Hierarchical NiCo2O4@NiCo2O4 Core/Shell Nanoflake Arrays as High-Performance Supercapacitor Materials[END_REF] were amongst hybrid materials have been reported.

Concerning hybrid double layer capacitive materials-pseudocapacitive materials, hybrid NiCo2O4single wall carbon nanotube (SWCNT) [START_REF] Wang | Nickel cobalt oxide-single wall carbon nanotube composite material for superior cycling stability and high-performance supercapacitor application[END_REF] were prepared by hydrolysis method in ethanol-water solvent, hybrid NiCo2O4-reduced graphene oxide (RGO) [START_REF] Wang | Design and synthesis of NiCo2O4-reduced graphene oxide composites for high performance supercapacitors[END_REF] were prepared by the self-assembly of positively and negatively charged nanosheets. Due to the high conductivity of the carbon nanomaterials, the better dispersion of NiCo2O4 on high surface area carbon nanomaterials, an enhanced supercapacitive performance of the hybrid materials compared to the non-hybrid NiCo2O4 was obtained. Hybrid NiCo2O4-SWCNT [START_REF] Wang | Nickel cobalt oxide-single wall carbon nanotube composite material for superior cycling stability and high-performance supercapacitor application[END_REF], with 6-10 nm NiCo2O4 nanocrystals grown around SWCNT bundles, displayed specific capacitance values of 1642 F g -1 at 0.5 A g -1 and of 879 F g -1 at 20 A g -1 in the potential window of 0.45 V and capacitance retention of 94.1% after 2000 charge-discharge cycles. Hybrid NiCo2O4-RGO [START_REF] Wang | Design and synthesis of NiCo2O4-reduced graphene oxide composites for high performance supercapacitors[END_REF], with homogeneously NiCo2O4 anchored reduced graphene oxide, displayed high specific capacitance values of 835 F g -1 at 1 A g -1 and 615 F g -1 at 20 A g -1 in the potential window of about 0.5 V, the specific capacitance value increased to 908 F g -1 after 4000 charge-discharge cycles. NiCo2O4@NiCo2O4 core/shell nanoflakes array on nickel foam [START_REF] Liu | Hierarchical NiCo2O4@NiCo2O4 Core/Shell Nanoflake Arrays as High-Performance Supercapacitor Materials[END_REF].

Concerning hybrid pseudocapacitive materials, hybrid active/active MnO2/NiCo2O4 nanosheets/nanowires electrodes [START_REF] Yu | Hierarchical NiCo2O4@MnO2 core-shell heterostructured nanowire arrays on Ni foam as high-performance supercapacitor electrodes[END_REF] were prepared by two-step hydrothermal process (Figure 1.10a) and NiCo2O4/NiCo2O4 nanoflakes/nanoflakes electrodes [START_REF] Liu | Hierarchical NiCo2O4@NiCo2O4 Core/Shell Nanoflake Arrays as High-Performance Supercapacitor Materials[END_REF] were prepared two step hydrothermal and chemical bath deposition (Figure 1.10b). The studies showed improved pseudocapacitive response due to the combined redox reactions of the two pseudocapacitive materials and the rationally designed core-shell structure resulted in an increased specific surface area, and therefore high number of active sites. MnO2/NiCo2O4 [START_REF] Yu | Hierarchical NiCo2O4@MnO2 core-shell heterostructured nanowire arrays on Ni foam as high-performance supercapacitor electrodes[END_REF] electrodes were composed of almost vertically aligned slim NiCo2O4 mesoporous nanowires (pore sizes are about 3-5 nm) with sharp tips which were uniformly covered by 10 nm MnO2 nanoflakes layer. They displayed specific capacitance values of 3.31 F cm -2 and 1.66 F cm -2 at 2 mA cm -2 and 20 mA cm -2 and 88% capacitance retention after 2000 cycles. NiCo2O4/NiCo2O4 electrodes [START_REF] Liu | Hierarchical NiCo2O4@NiCo2O4 Core/Shell Nanoflake Arrays as High-Performance Supercapacitor Materials[END_REF] were composed of mesoporous nanoflakes cores which were consisted of 10-20 nm nanocrystals and of continuous nanoflakes shell with thickness of about 60 nm. They displayed capacitance values of 1.55 F cm -2 and 1.16 F cm -2 at 2 mA cm -2 and 40 mA cm -2 ; it increases to 2.17 F cm -2 after 4000 cycles. Thus, those reports revealed the remarkable pseudocapacitive performance of the hybrid active electrodes.

Mn-Co oxides

Several attempts have been conducted to search for new mixed oxides materials based on the substitution of nickel sites with other transition metals. Of the proposed materials, MnCo2O4 has some interesting properties as electrode for pseudocapacitors, because of various valence states and multiple redox reaction of manganese oxide. Few studies about MnCo2O4 for supercapacitors have been reported.

In alkaline electrolytes, the pseudocapacitive mechanisms are quite similar to the mechanism described previously for MCo2O4. The difference is that manganese oxyhydroxide (MnOOH) may undergo a second redox reaction like in the case of cobalt oxyhydroxide CoOOH. It is worth to note that this reaction is not possible for NiOOH. The reaction involving MnOOH is given be eq. 1.12:

MnOOH + OH -↔ MnO2 + H2O + e - (1.12)

Considering these redox reactions, the pseudocapacitive mechanism of MnCo2O4 involves the storage/release of four-electrons.

The theoretical specific capacitance of MnCo2O4 can also be calculated using equation (1.9), taking into account the molar mass of MnCo2O4 of 236.80 g mol -1 . A mesoporous flake-like manganese-cobalt oxide (MnCo2O4) was synthesized by the hydrothermal method [START_REF] Mondal | Mesoporous MnCo2O4 with a Flake-Like Structure as Advanced Electrode Materials for Lithium-ion batteries and Supercapacitors[END_REF]. The nanoflakes were composed of numerous mesopores, and revealed a surface area of 18.06 m 2 g -1 (determined by BET) and pore size of 13 nm. The flake-like MnCo2O4 displayed a specific capacitance value of 1487 F g -1 at 1 A g -1 in 1 M KOH, and capacitance retention of 93% after 2000 charge-discharge cycles. The surface area of the MnCo2O4 electrodes was rather lower than those of NiCo2O4 electrodes previously discussed. However, the specific capacitance value of 1487 F g -1 was quite high and comparable to the values reported for NiCo2O4 electrodes, thus revealing the high active of MnCo2O4 electrode for the redox reactions identified above.

MnCo2O4 films on carbon woven substrate have been prepared by electroless deposition of MnCo and its electro-oxidation in 0.7 M sodium hydroxide-ethanol solution [START_REF] Gomez | High-performance binder-free Co-Mn composite oxide supercapacitor electrode[END_REF]. The films displayed porous surface morphology, which was composed of textured platelets (Figure 1.11a), displaying specific capacitance value of 833 F g -1 at 20 mV s -1 and 354 F g -1 at 250 mV s -1 in 0.5 M Na2SO4 and 80 % capacitance retention after 1000 cycles. Moreover, the cyclic voltamograms displayed rectangular shape up to scan rates of 100 mV s -1 , which indicated very good pseudocapacitive behavior of the electrode. The author proposed the pseudocapacitive mechanism was based on the redox reaction with OH -, however Na2SO4 was used in the electrochemical tests, and therefore the proposed pseudocapacitive mechanism in this work should be further discussed. value in 1 M KOH of 151.2 F g -1 at 5 mV s -1 in potential window of 0-0.5 V and 129.2 F g -1 and 108 F g -1 at current densities of 0.1 and 5 A g -1 , but the capacitance retention was 100% after 2400 chargedischarge cycles [START_REF] Li | Facile synthesis of porous MnCo2O4.5 hierarchical architectures for high-rate supercapacitors[END_REF].

MnCo2O4 nanowires were prepared by solvothermal thermal techniques and thermal decomposition of organometallic compounds precursors. The nanowires displayed a mesoporous structure, which consisted of polycrystalline nanoparticles with surface area of 106.6 m 2 g -1 and pore size of 3-5.5 nm,

showing specific capacitance values of 1342 F g -1 at 1 A g -1 and 988 F g -1 at 20 A g -1 in 2 M KOH. The specific capacitance increased to 2108 F g -1 after 4000 charge-discharge cycles, as result of further cycling activation [START_REF] Xu | Facile synthesis route of porous MnCo2O4 and CoMn2O4 nanowires and their excellent electrochemical properties in supercapacitors[END_REF].

MnCo2O4 nanowires have also been deposited on nickel foam substrates by the hydrothermal method [START_REF] Mohamed | Efficient energy storage capabilities promoted by hierarchical MnCo2O4 nanowire-based architectures[END_REF]. The nanowires were single crystals with nano-size pores. The average length and the average diameter of nanowires were approximately 1 µm and 100 nm, respectively. Due to the higher number of active sites and a reduced contact resistance by depositing on 3D nickel foam, the nanowires films displayed a specific capacitance value in 1 M LiClO4 in propylene carbonate (PC) organic electrolyte of 783.1 F g -1 and 346.9 F g -1 at scan rates of 1 mV s -1 and 5 mV s -1 and capacitance retention of 96.8% after 3000 cycles.

MnCo2O4-carbon hybrid materials have also been reported as electrodes for supercapacitors. For example, MnCo2O4/reduced graphene oxide (RGO) has been prepared by hydrothermal method [START_REF] Yuan | A Facile Hydrothermal Synthesis of a MnCo2O4@Reduced Graphene Oxide Nanocomposite for Application in Supercapacitors[END_REF].

A well-dispersed MnCo2O4 on RGO nanosheets were obtained, displaying a specific capacitance value of 334 F g -1 at 1 A g -1 , and capacitance retention of 98% after 2000 charge-discharge cycles [START_REF] Yuan | A Facile Hydrothermal Synthesis of a MnCo2O4@Reduced Graphene Oxide Nanocomposite for Application in Supercapacitors[END_REF].

MnCo2O4 nanosheets covered on a hollow carbon shell MnCo2O4/C were prepared by hydrothermal method and post-thermal treatment [START_REF] Li | Hollow structured and flower-like C@MnCo2O4 composite for high electrochemical performance in a supercapacitor[END_REF], Figure 1.11b. The spherical hybrid structure with diameter of 400-500 nm composed of conductive carbon and flower-like MnCo2O4 nanopetals presented an improved electron conductivity and ionic diffusion. Furthermore, it showed BET surface area of 347 m 2 g -1 and small and narrow pore distribution, with pore size of about 3.5 nm. This materials displayed specific capacitance values in 6 M KOH of 728.4 F g -1 and 519 F g -1 at 1 A g -1 and 10 A g -1 in the potential window of 0-0.5 V and capacitance retention of 95.9% after 1000 cycles [START_REF] Li | Hollow structured and flower-like C@MnCo2O4 composite for high electrochemical performance in a supercapacitor[END_REF].

Generally, the specific capacitances of MnCo2O4 in the above-discussed review are lower than NiCo2O4, taking into account the structure and the current collector used. The theoretical specific capacitance value of MnCo2O4, as calculated above, is higher than the corresponding value of NiCo2O4. Other changes in the property of the materials may lead to the low specific capacitance values, for example, decreased electrical conductivity as the result of Mn incorporation in the Co based spinel oxides.

M-Mn (M=Ni/Co) oxides

Mixed oxides based on manganese oxides are also of interest for supercapacitors electrodes because of the good pseudocapacitive behavior of manganese oxides.

Few works regarding M-Mn oxides have been reported as pseudocapacitive materials for supercapacitors. Among the published works, Ni was the most used metal that has been combined with manganese for preparing electrodes based on double transition metal oxides. The pseudocapacitive mechanism in neutral electrolyte is based on one electron transfer. In alkaline electrolyte, it is based on three-electron transfer. Thus, without any calculation, it pin points the higher specific capacitance value of NiMn2O4 in the alkaline electrolyte. The theoretical specific capacitance can also be calculated, taking into account the molar mass of NiMn2O4 of 232.56 g mol -1 and is presented in Table 1.4 as function of the potential window.

Concerning the mixed nickel manganese oxides with co-existing phases, the pseudocapacitive mechanism includes the contribution of different phases, hence making difficult to calculate a theoretical specific capacitance from those materials. nm. Electrochemical studies revealed that NiMn2O4 porous plate structure showed specific capacitance values of 180 F g -1 at 250 mA g -1 in potential window of 0-0.8 V and high chargedischarge stability of 92.8% after 1000 cycles [START_REF] Pang | Facile synthesis of porous nickel manganite materials and their morphology effect on electrochemical properties[END_REF].

Later on, spinel NiMn2O4 has also been prepared from an epoxide-driven sol-gel process [START_REF] Zhang | Preparation of NiMn2O4 with large specific surface area from an epoxide-driven sol-gel process and its capacitance[END_REF], in the way that was quite similar to the work of Hu et al. [START_REF] Wei | A Cost-Effective Supercapacitor Material of Ultrahigh Specific Capacitances: Spinel Nickel Cobaltite Aerogels from an Epoxide-Driven Sol-Gel Process[END_REF], and this step was followed by thermal treatment at 300 o C for 5 hours. Porous structures were formed (Figure 1.12d and e), displaying high specific surface area of 201 m 2 g -1 and pore size of about 8-10 nm [START_REF] Zhang | Preparation of NiMn2O4 with large specific surface area from an epoxide-driven sol-gel process and its capacitance[END_REF]. This spinel oxide presented specific capacitance values of about 243 F g -1 and 169 F g -1 in 1M Na2SO4 at scan rates of 5 mV s -1 and 20 mV s -1 in potential window from -0.2 V to 0.8 V. It also showed good cycling stability with specific capacitance retention of 96% after 5000 cycles.

Ilmenite NiMnO3 dispersed on nitrogen (N) doped graphene composite has been synthesized by the hydrothermal method [START_REF] Giri | One pot synthesis of ilmenite-type NiMnO3-"nitrogen-doped" graphene nanocomposite as next generation supercapacitors[END_REF]. Silk-like NiMnO3 structure on N-doped graphene was obtained. Due to the good dispersion and enhanced interaction of the ilmenite and N-doped graphene, as compared to graphene, the hybrid material exhibited a specific capacitance value of 750.2 F g -1 in 1 M Na2SO4 in a potential window from 0 V to 0.8 V at a scan rate of 1 mV s -1 and capacitance retention of 88.5%

after 1000 charge-discharge cycles [START_REF] Giri | One pot synthesis of ilmenite-type NiMnO3-"nitrogen-doped" graphene nanocomposite as next generation supercapacitors[END_REF].

Mixed MnO2-NiO oxides films were electrodeposited by galvanostatic mode in the anodic region on a stainless steel substrate and post-thermal annealing at 300 o C [START_REF] Rusi | High performance super-capacitive behaviour of deposited manganese oxide/nickel oxide binary electrode system[END_REF]. The films presented porous surface morphology composed of interconnected nanoflakes. The optimal films displayed specific capacitance values of 681 F g -1 and 435 F g -1 at a scan rate of 1 mVs -1 and about 250 F g -1 and 200 F g - 1 at 20 mV s -1 in 0.5 M KOH and 0.5 M Na2SO4 in potential windows of 0-1 V and -1-0.5 V, respectively. The specific capacitance increased with the number of charge-discharge cycles in Na2SO4. On the contrary, the capacitance retention was only 50% after 900 cycles in KOH. The poor stability in 1 M KOH electrolyte was assigned to a partial dissolution of the film in the electrolyte.

Recently, mixed nickel manganese oxides (NiyMn1-yOx; 0 ≤ y ≤ 0.4) have been synthesized by in-situ inclusion of nickel during the growth of manganese oxide [START_REF] Ahuja | Enhanced supercapacitor performance by incorporating nickel in manganese oxide[END_REF]. They present granular morphology composed of particles agglomeration with diameter of approximately 10 nm, forming porous channels. BET surface area of 118 m 2 g -1 increased as compared to manganese oxide -80.5 m 2 g -1 . The optimized mixed oxide displayed a specific capacitance value of about 380 F g -1 , which was significant higher than the value of manganese oxide (180 F g -1 ) prepared by the same method. The mixed oxide revealed good cycling stability and capacitance retention of 92% after 3000 cycles. The Ni-Mn oxides have also been deposited on porous current collectors [START_REF] Li | Synthesis and electrochemical properties of nickel-manganese oxide on MWCNTs/CFP substrate as a supercapacitor electrode[END_REF]. For examples, randomly distributed multiwall carbon nanotubes have been growth on carbon fiber papers by chemical vapor deposition to prepare porous current collectors (Figure 1.13) [START_REF] Li | Synthesis and electrochemical properties of nickel-manganese oxide on MWCNTs/CFP substrate as a supercapacitor electrode[END_REF]. Ni-Mn oxides were then electrodeposited on these current collectors by electrodeposition, resulting in the formation of well-dispersed nanoparticles, with size of about 20 nm on carbon nanotubes. The porous hierarchical structure obtained resulted in the electrode with specific capacitance of 961.5 F g -1 at a scan rate of 10 mV s -1 and a good cycling stability with 89.32% capacitance retention after 1000 cycles.

Other materials of the type MMn2O4 have also been studied. For example CoMn2O4 nanowires were grown by thermal decomposition of organometallic compounds [START_REF] Xu | Facile synthesis route of porous MnCo2O4 and CoMn2O4 nanowires and their excellent electrochemical properties in supercapacitors[END_REF], exhibiting very high specific capacitance of 2108 F g -1 at 1 A g -1 and 1191 F g -1 at 20 A g -1 .

Aims of the thesis

Based on the current state of the art of the oxide and mixed oxide-based pseudocapacitive materials overviewed in the previous sections, the aim of this PhD dissertation is: electrodeposition, electrochemical and physico-chemical characterization of novel double TMOs and TMOs based on Ni, Mn and Co as pseudocapacitive materials for application in charge storage electrodes for redox supercapacitors. Thus, this dissertation includes seven chapters, describing the various materials proposed and its characterization and testing. Further details will be presented in the introduction of each chapter.

1. First, the cathodic electrodeposition of manganese oxides from nitrate-based electrolytes was optimized and its electrochemical response in alkaline electrolyte was studied and correlated to the deposition condition and to the surface morphology. This was the first step to further study mixed oxides with manganese.

2. A new route, based on the hydrogen bubbling-assisted electrodeposition, was proposed to design the hierarchical micro-nano Mn oxide electrodes. The morphological, structural features and pseudocapacitive performance of the novel micro-nano structured MnO2 films were studied.

3. Considering the high theoretical specific capacitance of MnCo2O4 spinel oxides among other double TMOs as identified above, the Mn-Co oxides were chosen as the first double TMOs to be studied in this dissertation. Effect of thermal conditioning on the morphological, structural and electrochemical properties were be studied and correlated in order to optimize the electrochemical response.

4. Ni-Mn oxide was chosen as the second double TMOs for the electrodeposition as the cycling stability of the electrodeposited MnCo2O4 is rather poor. The effect of the Ni to Mn ratio to the morphological, structural, and electrochemical properties was studied and correlated. are not described in this chapter. Its fundamentals and main characteristics can be found elsewhere [1]. Specific experimental details for the various physico-chemical characterization techniques used are presented in each separated chapter (from Chapter 3.1 to Chapter 3.7).

Electrodeposition of metal oxides and nanostructured metal oxides

Electrodeposition has been widely known as a very flexible route for metals and alloys plating.

However, the deposition of metals/alloys is out of scope of the thesis and will not be discussed.

Further detail about this can be found in references such as [2] and [3] and this part of the thesis overviews the principle of metal oxide electrodeposition.

The electrodeposition experiments are normally performed in the three-electrode electrochemical configuration in an electrolytic cell to control and monitor the deposition experiments (two electrode cells are also commonly used, but with less ability to precisely control the potential at the working electrode and to monitor the experiment). The electrolytic cell is composed of electrolyte, a cathode and an anode. It is assumed that the electrode/electrolyte interface is inert in this cell, and redox reaction in the cell is driven by external voltage/current, which is controlled by a potentiostat.

The three-electrode configuration includes the working electrode, the counter electrode and the reference electrode, in which:

-Working electrode: in the electrodeposition process, it acts as the substrate for the film deposition, and normally the form of electrode can be varied depending on specific needs. It is important that the working electrode should not react with the electrolyte used for electrodeposition. Also, the distribution of current and potential should be homogeneous over the surface of the electrode.

-Counter electrode: is used to supply the current necessary for redox reactions of interest to occur at the working electrode. It is required that the measured current/potential response of the cell should not be limited by processes on the counter electrode.

-Reference electrode: is the electrode with stable and known potential and is used to fix the potential to be independent of the current density (or redox reactions) during the experimental process. The film formation by electrodeposition happens through two-steps involving nucleation and crystal growth [4]. Generally, these steps depend upon mass transport (diffusion, migration, and convection) and electron transport, which can be controlled by electrolyte, electrode, temperature, applied potential, applied charge and deposition mode [4].

Galvanostatic and potentiostatic electrodeposition, which are the electrodeposition in the constant current mode and constant potential mode, are normally used for electrodepositing metal oxides.

The current and potential mode can also be tuned, for changing relevant parameters such as pulse current/potential and current/potential values.

In potentiostatic electrodeposition, the applied potential is controlled, hence the produced films (phases) can also be controlled, knowing its standard potential. In galvanostatic electrodeposition, the potential can vary during the deposition process, which can result in the formation of multiple products/phases. The applied current/potential depends on the nature of electrolytes and temperature.

Cathodic electrodeposition

In principle, to deposit metal oxides in the cathodic region, electrochemical reduction reactions of metal ions in high valence states in the electrolyte to low valence states metal ions in the deposited film are required. A list of possible reactions is presented in Table 2.1. The ions in electrolytes are electro-reduced according to those reactions to form metal oxide films deposited on a substrate.

Porous manganese dioxide with typical pore size of about 100-200 nm has been prepared by this approach for supercapacitor electrodes [5]. However, this approach is rather limited to few transition metals with high valence states such as Mn, Fe and Mo [5][6][7][8]. To the author knowledge, it is only possible with the reactions listed in the Table 2.1, so it is not commonly used to electrodeposit metal oxides.

Table 2.1. The reduction reaction of transition metals with high valence state [9]. In term of thermodynamics, the reactions occurring at more positive equilibrium potentials will dominate. The reduction reaction and the corresponding standard reduction potential of several transition metals studied for supercapacitors are listed in Table 2.3. In comparison with standard reduction reaction of OH -generation reaction, most of the metal reduction reactions have more negative reduction potentials, hence the metal deposition will be prevented, and the hydroxide deposition will be taken place.

Reduction reactions

The water electrolysis reaction happens at more positive potential than manganese and vanadium depositions, thereby it can be used to deposit manganese oxide and vanadium oxide. Concerning the oxygen reduction reaction, if a four-electron transfer process is involved, the metal hydroxide will be formed after electrodeposition. However, the four-electron transfer process is hard to take place, and normally requires electrocatalysts to promote the reaction. In the case of two electrons transfer process, the hydroxide phase formed can be oxidized by hydrogen peroxide to the oxide phases [13]. It should be noted that by optimizing composition and pH of electrolytes, it could be also possible to deposit metal oxides in the cathodic regime according to the potential-pH dependence diagram (Pourbaix diagram) [22].

Anodic electrodeposition

Electrodeposition in anodic regime concerns the oxidation of metal ions to the higher valence state (reaction 2.5), hence directly forming metal oxides.

M 2+  M (2+x) + xe - (2.5)
Based on this approach, the anodic electrodeposition of manganese oxide -MnO2 with porous and tunable morphology has been widely reported in literature [23][24][25][26], following by the below reaction.

Mn 2+  Mn 4+ + 2e - (

However, except the case of manganese oxides, the anodic electrodeposition of other transition metal oxides is rather limited and difficult. It is probably due to the higher oxidation states of other transition metal (for examples Fe 3+ , Ni 3+ and Co 3+ ) are tend to dissolve in the electrolyte rather than to deposit on the electrode.

Nevertheless, the anodic electrodeposition of other transition metal oxides have been reported, being based on the colloid formation of higher valence state ions and anodic oxidation. The colloids form either by optimizing pH of solutions, OH -generation on the cathode as presented in the previous part or through the hydrolysis of anions to generate OH -.

For example, when using acetates precursors for the deposition, the following hydrolysis reaction occurs, accompanied by OH -release:

CH3COO -+ H2O  CH3COOH +OH - (2.7)
The colloid hydroxide formed will be oxidized and deposited on the electrodes [27,28]. 

M 2+  M 3+ +

Annealing

Not reported [32] The deposition of the mixed oxides can be achieved by simply using electrolytes composed of different metal precursors.

Electrochemical methods to characterize electrodes for supercapacitors

In this thesis, to characterize the electrochemical or pseudocapacitive response of the electrodeposited films, a half-cell configuration within the three-electrode electrochemical cell, as described above, is used with the electrodeposited films as working electrode.

Cyclic voltammetry

Cyclic voltammetry has been known as a powerful technique to study electrode/electrolyte interface reaction mechanisms and respective potentials by varying potential and recording the current response. In this section, a brief introduction of cyclic voltammetry method used to study the electrochemical and pseudocapacitive response of supercapacitive electrodes involving general reversible redox reactions as below will be presented.

Ox + xe -↔ Red (2.13)

Ox: is an oxidizing agent, and Red is a reducing agent.

When varying the potential of the working electrode, there are two different types of current flow into the electrode, which account for the non-Faradaic reaction due to the formation of double layers and the Faradaic reaction due to the redox reactions. The current of non-Faradaic reactions increases linearly with the scan rate due to the fast reactions, while the peak current response from the redox reactions normally increase with the scan rate to the power of x (x < 1), which results in a decreased contribution of the redox response at increasing scan rates.

The non-Faradaic reaction results from the formation of a double layer capacitor, whose charge accumulation (Q) is proportional to capacitance (C) and potential (E):

𝑄 = 𝐶𝐸 (2.14)
Whereas the capacitance can be described by the Helmholtz model using a following equation:

𝐶 𝐴 = 𝜀𝜀 0 𝑙 (2.15)
where C is capacitance, A is the area of electrodes, l is the separation distance between electrodes, ε0

is the free space permittivity and ε is separating material permittivity.

Assuming that the double layer capacitance is constant, its current response can be determined by the derivative of equation (2.14) with time (t), which results in

𝑑𝑄 𝑑𝑡 = 𝐶 𝑑𝐸 𝑑𝑡 (2.16)
where current 𝑖 = 𝑑𝑄 𝑑𝑡 and scan rate 𝑣 = 𝑑𝐸 𝑑𝑡 , so

𝑖 = 𝐶𝑣 (2.17)
Concerning the Faradaic redox reaction, electron transfer kinetic and diffusion rates of redox species govern the Faradaic current response. Assuming that electron transfer kinetics are fast enough, the concentration of the redox species can be described by Nernst equation:

𝐸 𝑟𝑒𝑑 = 𝐸 𝑟𝑒𝑑 0 + 𝑅𝑇 𝑧𝐹 𝑙𝑛 𝐶 𝑂𝑥 𝐶 𝑅𝑒𝑑 (2.18)
where Ered is the reduction potential, Ered 0 is the equilibrium reduction potential, R is the gas constant, T is absolute temperature, COx is the concentration of oxidizing agent and CRed is the concentration of reducing agent at the electrode surface.

Assuming the reversible (diffusion controlled) redox reactions take place, current peaks in the CV voltamograms can be described by Sevcik equation (at room temperature):

𝑖 𝑝 = (2.69 × 10 5 )𝑛 3/2 𝐴𝐷 1/2 𝑣 1/2 𝐶 𝑏 (2.19)
where ip is the peak current (A), n is number of electron transfer, D is the diffusion coefficient (cm 2 s -

1

) and Cb is the bulk concentration.

The current response of the non-Faradic process and of the diffusion controlled Faradaic processes thus vary with v and v 1/2 as stated before in the introduction part (equations 1.1 and 1.2). The CV curves can also be recorded at increasing scan rates, allowing studying redox reactions at different rates. Therefore, it can be used to extract information about the nature of redox reactions and ability of electrodes to work at high rate.

Chronopotentiometry

The time dependent reversible reaction potential can be described as (at room temperature)

𝐸 = 𝜇 - 0.05915 𝑛 𝑙𝑜𝑔 𝑡 1/2 𝜏 1/2 -𝑡 1/2 (2.20)
where µ is the standard chemical potential of the redox reaction, τ is the transition time (second).

The transition time, in a plane electrode, can be described by the Sand equation

𝜏 1/2 = 𝜋 1/2 𝑛𝐹𝐴𝐷 1/2 𝐶 2𝑖 (2.21)
where i is the constant current density (A), F is Faraday constant (96493 C).

Chronopotentiometry curves can be obtained in several applied current modes (Figure 2. In constant current and linearly varying current modes, the applied constant or varying anodic/cathodic current between two potential limits results in redox reactions at a constant/varying rate. Thereby, they can be used for studying the rate dependent redox reactions. The curve's shape is determined by the nature/reversibility of the redox reactions.

In the reverse constant current, or charge-discharge for studying supercapacitors or batteries, a constant current and reverse constant current are applied in a potential window. Species formed during the anodic/cathodic process will be reduced/oxidized in the reverse current. Thereby, it allows studying the reversible of the redox reactions.

In supercapacitor research, the charge-discharge at a constant current allows to calculate a specific capacitance value of active materials via an equation:

𝐶 = 𝐼𝑡 ∆𝑉 (2.22)
where C (F g -1 ) is the specific capacitance of the materials, I (A g -1 ) is the charge/discharge current density, t (s) is the discharge time, ∆V is the charge/discharge potential windows (V).

The charge-discharge measurements can be repeated in the cyclic reverse constant current mode (Figure 2.3d), which allow studying the charge-discharge cycling stability of the materials, which reveal information about capacitance retention or life time of electrodes.

Rate capability was stated as one of the most important metrics for supercapacitor electrode materials in the previous section of the thesis. By performing charge-discharge measurements at increasing current densities, information about the rate capability can be extracted. In this work, we reported the cathodic electrodeposition of manganese oxide films from nitrate based electrolytes for pseudocapacitors working in alkaline media. The correlation of the postthermal treatment, the deposition potential, the electrolyte concentration and the applied charge on surface morphology and electrochemical response of the electrodeposited films were studied.

Cathodic electrodeposition and electrochemical response of manganese

Morphological characteristics and electrochemical response varied depending on the deposition parameter. Via the optimized deposition process, the hierarchical nanoparticles/nanoflakes Mn3O4 films were obtained, exhibiting a high specific capacitance value of 416 F g -1 at current density of 1 A g -1 in 1 M NaOH electrolyte. It exhibited specific capacitance retention of 64% when increasing current density from 1 A g -1 to 10 A g -1 . The films showed the specific capacitance value 196 F g -1 after continuous charge-discharge at 1 A g -1 for 1000 cycles, thus pointing out the possibility of using cathodically deposited manganese oxide electrodes for pseudocapacitors.

Keywords: cathodic electrodeposition, manganese oxides, supercapacitors, alkaline media  Adapted from International Journal of Hydrogen Energy, DOI: 10.1016/j.ijhydene.2015.10.041

Introduction

During the last decade, manganese oxides have been emerged as promising materials for pseudocapacitor electrodes due to its low cost and environmental friendliness, compared to other transition metal oxides that have been studied for pseudocapacitors, and a high theoretical specific capacitance value of 1320 F g -1 [1][2][3][4][5]. The good electrochemical response and high theoretical capacitance value of manganese oxides are the result of multi oxidation states ranging from divalent to quadrivalent [6]. Besides, manganese oxides are also the important materials in other research branches such as catalysts [7,8], batteries [9][10][11], and magnetic [12] applications. Therefore, the development of new routes to prepare functional and optimized manganese oxides are being received a lot of attention.

Chemical solution routes have been widely used to prepare manganese oxide based electrodes [6,13]. Depending on the preparation parameters, manganese oxides with different morphologies can be obtained such as nanoflowers [14,15], nanowires/nanorods [10,16,17], and nanotubes [18,19].

Electrodes based on these materials exhibited different pseudocapacitive performance due to their different surface morphologies. The electrode preparation processes generally involves the use of binders to connect the active materials and current collectors together, leading to a reduction of the active part of materials, to a reduction of both the penetration of the electrolyte and the active mass of the pseudocapacitive electrodes and severe film/collector de-adhesion problems.

As compared to chemical solution methods, electrodeposition provides a single step, and binder free route to fabricate manganese oxide electrodes with good adhesion to the current collector [20].

Therefore, it is of great interest not only due to a facile process but also because of the scale up suitability for large-scale production. Concerning manganese oxides electrodes prepared by electrodeposition, many studies have been focused on anodic electrodeposition, in which Mn 2+ ions in electrolytes are oxidized to Mn 4+ forming deposited films onto substrates. For example, B.

Babakhani et al. [21] have prepared rod-liked manganese oxide nanocrystals electrodes with a specific capacitance value of 185 F g -1 . S. Chou et al. [22] reported carambola-like γ-MnO2 nanoflakes electrodes with a specific capacitance value of 240 F g -1 . Amorphous hydrous manganese oxides deposited on a graphite substrate showed a specific capacitance value of 260-320 F g -1 [23]. MnO2 nanofiber electrodes displayed a specific capacitance value of 392 F g -1 [24].

Manganese oxides can also be prepared by electrodeposition in the cathodic regime. The process, when Mn 2+ ions are used as precursors in the electrolyte, generally involves an increase of the pH value at the electrode/electrolyte interface through the formation of hydroxyl ions, either through water electrolysis, oxygen reduction reaction or nitrate reduction [25] and the reaction of Mn 2+ cations with the generated hydroxyls. This route was applied to electrodeposit MnO2 and to fabricate MnO2/carbon aerogel composites that showed a specific capacitance value of 515.5 F g -1 [26]. When MnO4 -is used as precursor, it involves a reduction of Mn 7+ to Mn 4+ [27]. For example, MnO2 films electrodeposited from KMnO4 electrolyte composed of nanosheets with different compactness showed specific capacitance values of 196 F g -1 and 128 F g -1 [28].

Surface area and porosity of the active materials are crucial factors for the enhanced performance of pseudocapacitors. Therefore, in several electrodeposition experiments, hard templates such as anodic aluminum membranes were used in order to create well-ordered porous structures [29,30].

Micro/nano porous substrates such as nickel foams [31], nanoporous de-alloyed gold [32], carbon nanofibers/nanotubes [33,34] and TiO2 nanotubes [35] with open porous channels were also used for the electrodeposition of manganese oxides to enhance the diffusion of the electrolyte to the active material. In the case of using flat substrates such as stainless steels, the surface morphology of the resulting film must be controlled by the deposition parameters.

Despite the valuable work already published, the influence of the deposition conditions when manganese oxides are cathodically electrodeposited from the nitrate electrolytes on their surface morphology and pseudocapacitive response have not been reported, to the best of authors' knowledge. Thus, in this work we aim at studying and optimizing the electrodeposition of manganese oxide films from nitrate based electrolytes for the fabrication of electrodes for pseudocapacitor applications. The deposition parameters such as potential, electrolyte concentration, applied charge and post-thermal treatment were optimized to obtain electrodes with good pseudocapacitive performance, operating in alkaline electrolyte. This optimization results in the formation of hierarchical Mn3O4 nanoparticles/nanoflakes films, which display good pseudocapacitive electrochemical response.

Experimental

Materials: Manganese nitrate Mn(NO3)2 and sodium hydroxide NaOH, from Sigma-Aldrich, were used for electrodeposition and for the electrochemical evaluation experiments, respectively. The chemicals were used as received without further purification process. A stainless steel (AISI 304) was used as substrate for electrodeposition. This substrate was previously polished with SiC sandpapers from 500, 800 to 1000 grits, rinsed with deionized water, ethanol and dried by a jet of compressed air at room temperature.

Electrodeposition:

The electrodeposition experiments were performed in a conventional three- (CD) at current density of 1 A g -1 , were carried out in a conventional three-electrode system as described above with the films were used as working electrode and 1 M NaOH was used as electrolyte. All potentials referred in this work are potentials versus SCE. The specific capacitance values of the films were calculated from the CD curves using the below formula:

𝐶 = 𝐼𝑡 ∆𝑉 (3.1.1)
where C, I, t and ∆V are the specific capacitance of the films (F g -1 ), the CD current density (A g -1 ), the discharge time (s) and the charge-discharge potential windows (V), respectively.

Results and Discussion

In the present work, manganese oxides were electrodeposited onto the stainless steel substrates from the nitrate based precursor -Mn(NO3)2. Films electrodeposited from nitrate baths in the cathodic regime involve generation either through nitrate reduction or water electrolysis, of hydroxyl OH -anions near the substrate, which raise pH value at the substrate/electrolyte interface.

Manganese ions Mn 2+ in the electrolyte then react with generated OH -anions at the substrate/electrolyte interface, forming Mn(OH)2 that precipitates at the substrate. At the end, Mn(OH)2 is oxidized in air to form the manganese oxides. The reactions are described below as [25]:

2H2O + 2e -→ H2 + 2OH - (3.1.2) NO3 -+ 7H2O + 8e -→ NH4 + + 10OH - (3.1.3) Mn 2+ + 2OH -→ Mn(OH)2 (3.1.4) Mn(OH)2 + 𝑥-1 2 O2 → MnOx + H2O (3.1.5)
The electrodeposited films can also be treated by post thermal annealing to facilitate the oxidation process and to enhance the pseudocapacitive performance of the electrodes. The influences of relevant parameters, during and after electrodeposition, are studied and discussed envisaging manganese oxide based pseudocapacitive electrodes. probably the redox response involved the reaction of manganese with OH -as proposed elsewhere [36,37]:

Mn x+ + δOH -↔ Mn (x-δ) (OH)δ (3.1.6)
The enhanced redox response after thermal annealing could be due to increased electron conductivity and an increased interconnectivity of the active materials. The current response decreased when further increasing annealing temperature to 300 o C and 400 o C, probably due to an increase of crystal size, which led to decreased porosity of the electrodes and therefore poorest pseudocapacitive response [37]. CD curves at a current density of 1 A g -1 in Figure 3.1.1b confirmed the trend obtained from CV results. The specific capacitance values calculated from the CD curves using equation ( 1) were 41 F g -1 , 47 F g -1 , 310 F g -1 , 213 F g -1 , and 151 F g -1 for the as-deposited film and for the films annealed at 100 o C, 200 o C, 300 o C, and 400 o C, respectively. The obtained data revealed that thermal annealing at 200 o C resulted in films with the highest pseudocapacitive response among the ones tested. Thus, the annealing temperature of 200 o C was selected for the thermal treatment of the films produced.

Effect of deposition potential

The deposition potential was varied in a window from -1.0 V to -1.5 V, with steps of 0.1 V, while keeping a total applied charge of -0.6 C cm -2 , electrolyte concentration of 0.1 M and post-thermal ). Further increase of the deposition potentials (less negative) resulted in unstable films, which were easily detached from the substrate when dried at atmosphere. This could be due to the fast growing rate leading to an unstable connection in the films.

Furthermore, at high deposition potential, hydrogen evolution was more intense and could contribute to film de-adhesion. To avoid the instability of the film, N. Nagarajan et al. [39] added a polyethylenimine (PEI) during co-cathodic electrodeposition with manganese oxides to obtain films with good adhesion. The CV curves in Figure 3.1.2b displayed well-defined redox peaks and showed an increased current response for the films deposited at potentials between -1.1 V and -1.5 V compared to the films deposited at -1.0 V. The current response of the films deposited at potentials between -1.1 V and -1.5 V was rather similar to each other. The CD curves, Figure 3.1.2c, showed non-linear slopes, which resulted from the presence of redox processes as observed in the CV results. The specific capacitances of the films deposited at different potentials were calculated from the CD curves and represented in Figure 3.1.2d. The specific capacitance value of 150 F g -1 at potential of -1.0 V was the lowest one amongst the values obtained for the films deposited at different potentials. The specific capacitance values obtained at potentials of -1.1 V to -1.5 V were approximately 300 F g -1 . The variation of the specific capacitance values can be explained considering the morphological features revealed by FEG-SEM. At -1.0 V, the slow growing film resulted in the formation of more dense islands, probably of decreased surface area/porosity, leading to lower specific capacitance values. At higher applied potentials, the films were composed of nanostructures that display increased porosity, resulting in the high specific capacitance values compared to the film deposited at -1.0 V. The similar specific capacitance values of the films deposited in the potential ranging from -1.1 V to -1.5 V was probably due to the identical surface area/porosity of the different nano-architectures.

Effect of precursor concentration

The Mn(NO3)2 concentration was changed to 0.25 M and 0.5 M to study the effect of the precursor concentration on the electrochemical response of the manganese oxide films. The potential of -1.3 V was selected, the total applied charge was kept at -0.6 C cm -2 and the post-thermal annealing was The number and size of the nanoparticles increased when increasing the total applied charge to -0.6 C cm -2 as previously shown in Figure 3.1.4a. Under a total applied charge of -0.9 C cm -2 , the nanoflakes were fully covered with nanoparticles. Thus, the FEG-SEM results revealed that, at the concentration of 0.25 M, the films grown through the formation of nanoflakes at the beginning of electrodeposition followed by the deposition of nanoparticles on their surface.

The CV and CD curves of the films deposited under different applied charge are presented in Figure 3.1.5c and d. The curves showed no changes in shape in comparison to the previously discussed ones, indicating a similar pseudocapacitive mechanism. The film deposited under the total applied charge of -0.6 C cm -2 still displayed the highest current response in the CV curves, Figure 3.1.5c. The specific capacitance values calculated from the CD curves were 338 F g -1 and 334 F g -1 for the films deposited at total applied charge of -0.3 C cm -2 and -0.9 C cm -2 , respectively. These values were lower than that the ones determined for the films deposited with -0.6 C cm -2 . The formation of less nanoparticles attached nanoflakes and nanoparticles completely covered nanoflakes, resulted in decreased surface area/porosity, leading to lower specific capacitance values. In comparison with the recently reported two steps electrodeposition process for fabricating hierarchical structures of nanoflakes/nanoflakes [40], the results obtained in this work, using a simple one step electrodeposition route, suggested that hierarchical structures based on nanoflakes can also be obtained through optimization of the electrodeposition parameters. It should be mentioned that, via anodic electrodeposition, multilayer nanoflakes were formed when varying the total applied charge rather than forming the hierarchical nanoflakes/nanoflakes structure as demonstrated in the present work [41].

Structural studies

The structural studies were carried out on the optimized representative films: electrodeposited at - curves of the optimized film. For comparison, the Raman spectrum of the Mn3O4 crystal is also added in the Raman spectra plot as reference. The Mn3O4 single crystal reference displayed five Raman bands at 290 cm -1 , 320 cm -1 , 372 cm -1 and 486 cm -1 , and 660 cm -1 , which can be assigned to T2g symmetry, Eg symmetry, T2g symmetry, and A1g symmetry "breathing" modes [42]. The Raman spectrum of the optimized sample showed an intense and broad band at 660 cm -1 , which matched very well with the intense band of the reference spectrum. Other small shoulder in the Raman spectrum of the films could also be observed at positions similar to that of the reference spectrum.

Even though, it is not completely matched in intensity, the recorded Raman spectra can be assigned to the Mn3O4 Raman spectra. The difference can be due to the nanocrystalline nature of the film, leading to the broadening and reducing intensity of the Raman bands as reported elsewhere in literature [43,44].

The FTIR spectrum showed two bands at positions of 674 cm -1 and 2303 cm -1 . The band at 2303 cm -1 was due to to the C=O vibration of absorbed CO2 from air [45]. The band at 674 cm -1 was assigned to Mn-O vibration mode at the MnO6 octahedral sites of Mn3O4 [46]. Therefore, this result is in good agreement with the Raman ones.

ZFC and FC curves were performed in magnetic field of 500 Oe. The ZFC was measured by decreasing temperature from 300 K to 5 K in zero field, then the signal was recorded when temperature increased from 5 K to 300 K in the magnetic field of 500 Oe. While, the FC curve was measured in magnetic field of 500 Oe when decreasing temperature from 300 K to 5 K. ZFC-FC curves revealed the Curie temperature of 42 K, corresponding the transition temperature of Mn3O4 [47].

Thus, the above structural studies are all in good agreement, revealing the formation of the FCT Mn3O4 phase. 

Pseudocapacitive performance

To further evaluate pseudocapacitive performance of the optimized film, CV at scan rates varying from 10 mV s -1 to 100 mV s -1 and CD with current density up to 10 A g -1 were performed. The results are presented in Figure 3.1.8a and b. CV curves showed that the main redox peaks shifted and that the current density increased with the scan rate, indicating the quasi-reversibility of the redox reactions and thus the good pseudocapacitive behavior [48]. The potential difference, between the anodic peak and the cathodic peak, increased due to polarization of the electrode at increased scan rates. The potential differences between the anodic peaks or cathodic peaks at scan rates of 10 mV s - CD results at different current density, which represent the rate capability of the film, showed that the potential drop was more marked and the discharge time decreased when the current density increased, thereby reducing the specific capacitance. The specific capacitance depended upon the applied current density, Figure 3.1.8c, and showed a specific capacitance of 64% when the current increased from 1 A g -1 to 10 A g -1 , highlighting the good rate capability of the film. The specific capacitance reduction was probably consequence of inaccessible active sites at high-applied current densities. To evaluate the possibility of using the electrodeposited manganese oxide film for pseudocapacitor electrodes working in alkaline media, the continuous CD cycling was carried out on the optimized film for 1000 cycles. The results are presented in Figure 3.1.9 that showed a capacitance retention of 46% after 1000 cycles, corresponding to a specific capacitance value of 196 F g -1 . The capacitance retention was rather poor, probably due to occurrence of irreversible redox reactions. Nevertheless, the specific capacitance value determined after 1000 cycles was still comparable with values reported in other work, before charge-discharge cycling, for manganese oxide based electrodes working in neutral electrolyte such as Na2SO4 and Li2SO4 [6]. Thus, the results pin point the applicability of the electrodeposited manganese oxides as pseudocapacitor electrodes working in alkaline electrolytes.

Conclusions

In summary, the cathodic electrodeposition of manganese oxides using nitrate-based electrolyte was studied, optimized and characterized, aiming to use these oxides as pseudocapacitive electrodes working in alkaline media. Morphological changes were observed when varying the electrodeposition parameters and the post thermal annealing temperature; the correlation between the surface morphology and electrochemical response was investigated and discussed. Via the optimized onestep electrodeposition process, directly on the current collector, the formation of hierarchical Mn3O4 nanoparticles/nanoflakes morphology was obtained, exhibiting high specific capacitance of 416 F g -1 at 1 A g -1 in 1 M NaOH. The capacitance retention was 64 % when increasing the current density from 1 A g -1 to 10 A g -1 . The specific capacitance value obtained after 1000 continuous CD cycles was 196 F g -1 . The results demonstrated the applicability of manganese oxide as pseudocapacitive electrodes for redox supercapacitors operating in alkaline media.

Introduction

Manganese oxides are being considered as prospective materials for fabricating electrodes for energy storage because they show good pseudocapacitive performance (which results in increased energy density in aqueous electrolytes), low cost, natural abundance and environmental friendliness [1]. The electrochemical response of the manganese oxide-based electrodes is characterized by nearly rectangular cyclic voltammograms in a potential window of approximately 1 V, in aqueous electrolytes as a consequence of their multi-valence states [2]. The formation of nanostructured morphologies with high porosity has been considered as one of the most important parameters for enhanced pseudocapacitive performance [3]. Therefore, a rational design of porous nanostructured manganese oxide electrodes is still necessary for optimizing their pseudocapacitive performance [4,5]. Moreover, due to its extensive applications in other areas such as batteries, catalysts and magnetism, the preparation methods of manganese oxides have received considerable attention in the research community [6][7][8].

Electrodeposition have been widely used to prepare porous manganese oxide films for electrochemical energy storage electrodes in supercapacitors [2]. In the anodic regime, the films can be formed by oxidation of Mn 2+ to Mn 4+ [9,10]. In the cathodic regime, they can be formed either by reaction of Mn 2+ with generated OH -and post oxidation or by the reduction of Mn 7+ to Mn 4+ [11,12].

Nanostructured manganese oxides films composed of nanosheets [13], nanorods [14], nanoflowers [15] and nanowires arrays/networks [16] have been reported as materials displaying good pseudocapacitive performance. Hard templates, such as anodic aluminum membranes, were also used to electrodeposit porous manganese oxide nanowires arrays [17].

Cathodic electrodeposition, involving hydrogen evolution, has been used to create metallic foams of Ni, Cu, Pd, Ag, Pt, and Au [18,19]. The hydrogen bubbles that continuously evolve from the substrate prevent the deposition of the metal on these sites, therefore acting as a dynamic negative template that leads to the formation of porous metallic foams with controlled micro-scale pores [20]. Although metallic foams with micro pore size induced by hydrogen bubbling have been widely published for application mainly in electrocatalysis, the possibility of applying this approach to deposit metal oxides for application in supercapacitors is still an open discussion. Generally, it is expected that hierarchical structures of metal oxides in general, and of manganese oxides in particular, characterized by well-defined porosity, will provide superior pseudocapacitive performance [18,19].

Thus, this work aims at using the hydrogen bubbling as dynamic templates to electrodeposit micro/nano porous manganese oxide films to be used as electrochemical energy storage electrodes.

Results on the formation and characterization of the multi-scale porous oxide films, and on the electrochemical response will be presented.

Experimental

The potentiostatic electrodeposition was performed in a conventional three-electrode The specific capacitance (F g -1 ) of the films was calculated from the CD curves using the formula:

𝐶 = 𝐼𝑡 ∆𝑉 (3.2.1)
where I, t, ∆V are the CD current density (A g -1 ), the discharge time (s) and the working potential range (V), respectively. increase in size and its diameters are in the range of 12-60 µm; the average hole diameter is approximately 30 µm. When the applied potential is more negative than -1.5 V, there is formation of non-adherent films, probably due to the extensive hydrogen evolution at higher applied potential. Considering the electrodeposition conditions, the film electrodeposition is based on the generation of hydroxyl ions (OH -) via water electrolysis in cathodic regime:

Results and Discussion

2H2O + 2e - H2 (gas) + 2OH - (3.2.2)
Then, it is followed by the reaction of Mn 2+ ions with generated OH -to form Mn(OH)2 deposited on the substrates, according to:

Mn 2+ + 2OH - Mn(OH)2 (solid) (3.2.3)
The deposited Mn(OH)2 is expected to oxidize when exposed to air to form manganese oxide.

However, in this work, this process was performed by carrying out ten voltammetry cycles after the electrodeposition step. This procedure also contributed to the stabilization of the electrodeposited electrode.

It should be noted that by applying cathodic potential, the reduction reaction of Mn 2+ to Mn can also be taken place:

Mn 2+ + 2e - Mn (solid) (3.2.4)
However, the standard electrode potential (SEP) of water electrolysis is -0.827 V vs. standard hydrogen electrode (SHE) and that of Mn 2+ reduction reaction is -1.185 V vs. SHE [21]. In terms of thermodynamics, the cathodic reactions with less negative potentials are favored to take place [11].

Thus, the Mn 2+ reduction reaction was inhibited, and the reaction (2) and (3) occurred in the electrodeposition process. This principle has been applied for electrodeposition of Ni(OH)2, Co(OH)2 and mixed hydroxides for supercapacitor electrodes, in these cases nitrate reduction reactions (SEP of 0.01 V vs. SHE [11], whereas those of Ni 2+ and Co 2+ reduction reactions to Ni and Co are -0.25 and -0.28 V vs. SHE [21], respectively) are concerned to generate OH -sources [22,23].

While the micro-holes are formed due to the hydrogen evolution, the formation of nanosheets can be due to the preferential growth of layered hydroxides as proposed previously in literature [23,24].

Thus, by optimizing the electrodeposition process, using hydrogen bubbling as dynamic template, it is possible to fabricate a multi-scale micro/nano (hierarchical) porous manganese oxide films. Recent work have highlighted that the formation of hierarchical structured electrode composed of micro and nano pore sizes is crucial for the enhanced diffusion of ions, and thereby for an optimized pseudocapacitive response [25,26]. Thus, the obtained manganese oxide film with hierarchical structure is expected to display good pseudocapacitive response. The surface surrounding the micro-holes is higher than other areas of the surface; the difference is about 0.8 μm. This difference shows that the borders of the hole are thicker probably due to displacement of the deposited material during hydrogen evolution. Thus, the result further confirmed the formation of micro-architecture in the manganese oxide electrode. The Raman spectrum of the film (Figure 3.2.3) reveals the formation of the MnO2 phase [27][28][29]. The broadening of the bands accounts for the nanocrystalline nature of the MnO2 film. Two intense bands, at 578 cm -1 and 644 cm -1 , can be assigned to Ag symmetry mode from Mn-O breathing vibrations in MnO6 octahedra [29]. The weak bands at 186, 392, 502 and 736 cm -1 can be related to an external vibration due to the translational motion of the MnO6 octahedra, the Mn-O bending vibrations, the stretching vibrations of MnO6 octahedra, and the antisymmetric Mn-O stretching vibrations, respectively [29,30]. To evaluate the electrochemical response of the micro/nano porous manganese oxide film (deposited at -1.5 V, TAC of -0.55 C cm -2 ), CV and CD tests were carried out, respectively at different scan rates ranging from 5 mV s -1 to 100 mV s -1 and at different constant currents ranging from 1 A g -1 to 10 A g -1 in the potential window between -0.1 and 0.9 V.

CV results in Figure 3.2.5a show that the electrode response is characterized by a nearly rectangular shape, stating the very good pseudocapacitive behaviour. The nearly rectangular shape of the CV curve results from the Faradic surface adsorption reaction (5) in the Na2SO4 neutral electrolyte as proposed elsewhere [2]:

(MnO2)surface + Na + + e -↔ (MnOONa)surface (3.2.5)
The broad redox peaks observed in CV curves can be due to the intercalation reaction (6) [31]:

MnO2 + Na + + e -↔ MnOONa (3.2.6)
The CD results are presented in Figure 3.2.5c. The nearly linear CD curves obtained are a consequence of the nearly rectangular cyclic voltammograms. The calculated specific capacitance value at 1 A g -1 is 305 F g -1 . The high specific capacitance values obtained in the micro/nano porous MnO2 films confirm the advantage of the multi-scale porous architecture, facilitating the diffusion of electrolyte into the electrode. For comparison, the hierarchical MnO2 nanofibril/nanowire array prepared using anodized aluminum oxide as a hard template [17] displayed specific capacitance values of 298 F g -1 at 1 A g -1 and hierarchical MnO2/carbon nanotubes [32] displayed specific capacitance values of 223 F g -1 at 1 A g -1 . Thus, the present results indicate that the new MnO2 micro/nano porous architecture induced by hydrogen bubbling is a promising route to fabricate MnO2 based supercapacitor electrodes.

The CV results obtained at different scan rates, Figure 3.2.5a, show that the shapes of the cyclic voltamograms are almost preserved up to the highest scan rate of 100 mV s -1 , indicating the good diffusion of electrolyte ions into the film. The main redox peaks shift and the current density increases with the scan rate, indicating the good reversibility of the intercalation reactions and thus the good pseudocapacitive behavior [33]. The potential difference, between the anodic peak and the cathodic peak, increases with the scan rate due to polarization of the electrode. The cathodic current density peak vs. the square root of the scan rate in Figure 3.2.5b evidences a linear relation, indicating diffusion-controlled processes, thus confirming the involvement of the intercalation reactions in the redox peaks (2) [34].

Rate capability, which is an important parameter for evaluating the suitability of a material to work as an electrode for supercapacitors and electrochemical energy storage, was assessed from CD measurements with increasing applied currents up to 10 A g -1 , Figure 3.2.5c. The results show that the potential drop is more obvious and that the discharge time decreases when the current density increases, thereby reducing the specific capacitance. The specific capacitance depends upon the applied current density and Figure 3.2.5d shows that the specific capacitance retention is about 61% when the current increases from 1 A g -1 to 10 A g -1 . This result points out the good rate capability of the film. The decreased capacitance is probably due to increased Ohmic contributions and less accessible surface-active regions which become progressively excluded as the reaction rate is enhanced by the increasing current density.

The total specific capacitance includes the contribution of the Faradic surface adsorption and of the bulk Faradic intercalation reaction. To better understand the mechanisms of charge storage and the contribution of both processes for the total capacity, the cyclic voltamograms with different scan rates were fitted with a kinetic model proposed elsewhere [35,36].

In this model the relationship between charge ( 𝑄/𝐶𝑜𝑢𝑙𝑜𝑚𝑏 ) and the scan rate in cyclic voltamograms is described by the equations ( 4) and ( 5) as reported elsewhere [35] 𝑄 = 𝑄 𝑣=∞ + 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡(𝑣 -1/2 ) (3.2.4)

𝑄 -1 = 𝑄 𝑣=0 -1 + 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡(𝑣 1/2 ) (3.2.5)
with 𝑄 𝑣=∞ is the surface adsorption charge, which is the value at 𝑣 = ∞. 𝑄 𝑣=0 is the total charge, which is the value at 𝑣 = 0. Therefore, by plotting 𝑄 vs. 𝑣 -1/2 , and 𝑄 -1 vs. 𝑣 1/2 , the surface adsorption capacitance and the total capacitance can be retrieved from the 𝑦-axis intercepts, Figure 3.2.6a and b. The calculation reveals that the contribution from the Faradic surface adsorption is about 45%, and the contribution from the intercalation reaction is about 55%. Thus, it indicates the almost equal contribution from both the reactions to the total charge storage, leading to the nearly rectangular cyclic voltamograms.

EIS measurements of the film are depicted in a Nyquist plot (Figure 3.2.6c) in a frequency domain, ranging from 5 mHz to 10 kHz. The intersect at the high frequency region of the plot with the real axis is the bulk resistance of the electrochemical system (including the electrolyte resistance since the measurement was performed using a 3 electrodes setup). It revealed a low value of 13 Ohm cm 2 .

The low bulk resistance values are probably due to the formation of multi-scale micro/nano porous structure.

The cycling stability of the micro/nano porous film was tested by continuous charge-discharge cycling for 1000 cycles at an applied current density of 5 A g -1 . Figure 3.2.6d shows that the specific capacitance retention after 1000 cycles is about 67%. In comparison with several published works [15,37], this value is rather low, probably relating to the decreased adhesion of the electrode due to hydrogen evolution. Nevertheless, this stability is comparable with hierarchical structured Ni/Co oxide/hydroxides electrodes working in a narrower potential window of 0.5 V [38,39]. Finally, considering the novel designed manganese oxide electrodes reported in this work, it could be a promising approach for further studying toward applications in pseudocapacitors and other-related fields.

Conclusions

In this work hydrogen bubbling was used as dynamic template to electrodeposit micro/nano porous manganese oxides electrodes with enhanced pseudocapacitive behavior. The micro/nano porous electrodes were composed of MnO2 nanosheets and well-distributed micro-holes which porosity depends upon the applied potentials. The multi-scale porous MnO2 electrode displayed very good pseudocapacitive response characterized by nearly rectangular cyclic voltammograms and nearly capacitive impedance response. The specific capacitance of the electrode attained 305 F g -1 under an applied current density of 1 A g -1 , and the rate capability was 61% when current density increased from 1 A g -1 to 10 A g -1 . Both the Faradic adsorption reactions and intercalation reactions contributed almost equally to the total pseudocapacitive response. The high specific capacitance obtained is due to the formation of multi-scale porous structure leading to the low diffusion resistance and bulk resistance.

Introduction

Recently, transition metal (TM) oxides and hydroxides have extensively been considered as alternative active materials for redox supercapacitor electrodes thanks to their high charge storage capability and high reversibility [1,2]. Various TM oxides/hydroxides exhibit a pseudocapacitive behavior because of reversible surface redox reactions with OH -anions in the alkaline electrolytes [3].

Due to the large interlayer distance in the hydroxide structure, ions in electrolytes can easily diffuse into the electrode material, resulting in increased capacitance. Wet and hydrothermal-based methods are normally used to prepare the TM hydroxides for electrodes [4]. For example, Co(OH)2

was deposited on stainless steel by potentiostatic electrodeposition in the form of a network of nanolayered sheets [5] having specific capacitance values of 860 F g -1 . Ni(OH)2 was deposited by a hydrothermal method [6], leading to single crystalline nanoplatelet arrays with an areal capacitance value of 64 mF cm -2 . Mixed TM hydroxides, especially double TM hydroxides, are also studied as they benefit from the possibility of multiple redox reactions of the combined TM with OH -, resulting in enhanced capacitances [7]. Two TMs can be incorporated into a hydroxide structure by codeposition/precipitation routes [8]. For example, nanostructured porous layered Co1-xNix(OH)2 films were prepared by potentiodynamic electrodeposition [9] showing a specific capacitance value of 1213 F g -1 . NiTi layered double hydroxide nanosheets prepared by two hydrothermal steps [10] have an areal capacitance value of 10.37 F cm -2 .

At the same time, spinel oxides and mixed (double) spinel oxides have also raised interest in the search of new redox supercapacitor electrodes [11]. Though spinel oxides were studied extensively in the development of secondary batteries [12,13], there are much less studies for possible use as pseudocapacitive electrodes for redox supercapacitors. For such an application, (mixed) spinel oxide electrodes can be obtained through the synthesis of hydroxides and their subsequent transformation into spinel phases by thermal annealing [14]. Hydroxides have the advantage of high ionic diffusion, but spinel oxides present an increased electrical conductivity [15]. A Co3O4 nanowire array prepared by the hydrothermal method with post thermal annealing at 250 o C for 3 hours [16] displays a specific capacitance value of 715 F g -1 . A NiCo2O4 nanosheet film electrodeposited and annealed at 300 o C for 2 hours [17] presents a specific capacitance value of 1450 F g -1 . These studies show promising results, however, the structural transformations and electrochemical behavior with annealing temperature are usually not detailed and consequently not fully understood.

The incorporation of manganese into mixed oxides is of high interest due to its low cost, environmental friendliness and the possibility of several reversible redox reactions as a consequence of the multi valence states of manganese in manganese oxides [18]. There is scarce work regarding the electrochemical performance of mixed oxides with manganese. For example, Ni1-xMnxOy nanoflakes deposited on α-MnO2 nanowires using chemical bath deposition and post annealing at 300 o C [19] display a specific capacitance of 400 F g -1 . MnCo2O4 spinel oxide nanowires were also prepared by the hydrothermal method followed by a thermal annealing at 350 o C [20], and display a specific capacitance value of 349.8 F g -1 . But, as for the previous studies, none of these reports have detailed the structural transformations occurring with annealing temperature.

Besides electrochemical properties, spinel oxides also present magnetic properties [21]. The porous nanostructured spinel oxides thermally annealed for supercapacitors can lead to relevant changes in the magnetic properties [21].

The present work aims at detailing the structural changes, evolution of magnetic properties and electrochemical response of a Mn-Co hydroxide converted into a spinel phase after annealing at different temperatures. The films were deposited on stainless steel substrates by galvanostatic electrodeposition, forming a 3D layer composed of nanosheets. The transformation of an electrodeposited hydroxide into a spinel oxide by thermal annealing was studied in detail with respect to the annealing temperature as a tuning parameter for improving structural, physical and electrochemical properties of the resulting pseudocapacitive electrodes. Thus, this work goes beyond the state-of-art, by discussing results focused particularly on structural transformations occurring in MnCo2O4 electrodes with annealing temperature. The magnetic properties and the electrochemical response in NaOH electrolyte of the material were also investigated.

Experimental

Materials:

Manganese nitrate Mn(NO3)2, cobalt nitrate Co(NO3)2 and sodium hydroxide NaOH from Sigma Aldrich were used for electrodeposition and electrochemical evaluation experiments, respectively.

The chemicals were used as received without further purification process. Stainless steel (AISI 304 obtained from Goodfellow) substrates were used for electrodeposition experiments. Steel samples were previously polished with SiC grit papers up to 1000 grits, rinsed with deionized water and ethanol and dried by a jet of compressed air.

Electrodeposition:

The electrodeposition experiments were performed in a conventional electrochemical system under ambient atmosphere at room temperature using a Voltalab PGZ The structural details were studied by transmission electron microscopy (TEM, JEOL JEM-2010

microscope) operating at 200 KeV. TEM samples were prepared by film scratching using a diamond tip, and the resulting powder was collected directly on TEM grids in order to avoid structural transformations induced by sample thinning process. The magnetic characteristics were studied using a SQUID MPMS magnetometer (Quantum Design). Field cool (FC) curves were measured in the 10K-300K temperature range with a magnetic field of 500 Oe.

The electrochemical response was determined by cyclic voltammetry at a scan rate of 20 mV s -1 , and chronopotentiometry at a constant current density of 1 A g -1 in NaOH electrolytes. All the electrochemical experiments were carried out in the conventional three-electrode system, using steel as working electrode. The specific capacitance of the film has been estimated from the chronopotentiometry curves using the formula:

𝐶 = 𝐼𝑡 ∆𝑉
in which, C, I, t, ∆V are the specific capacitance of the deposits (F g -1 ), the charge/discharge current density (A g -1 ), the discharge time (s) and the charge/discharge potential windows (V), respectively. The formation of the nanosheets is based on the preferential growth of the double layer hydroxide structure during the electrodeposition process as proposed in literature [22]. The nanosheet structure is retained after thermal annealing at low temperature, a process in good agreement with a previous work [22]. The hydroxides are formed due to the electrodeposition based on the generation of OH -ions through the reduction of nitrate ions or water electrolysis, and the reaction of generated OH -ions with metal cations in the electrolyte [23]. The porous surface morphology composed of the nanosheet percolation network as shown in the FEG-SEM images suggests potential applications as pseudocapacitve electrodes. cm -1 match well with the Eg modes reported for Co(OH)2 (space group P-3m1) [25] whereas the band at 470 cm -1 can be assigned to A1g mode, despite the shift in wavenumber when compared to Co(OH)2 and Mn(OH)2 (see Figure 3.3.3 and Table 3.3.1). The band at 526 cm -1 , assigned to an A2u symmetry mode in literature, is slightly shifted due to its A2u symmetry; this mode is normally IR-active and Raman-inactive following the selection rules and then could be related to structural defects. The observed band shifts when compared to Co(OH)2 and Mn(OH)2 spectra reported in literature [24,25] can be explained by either a mixture of Co(OH)2 and Mn(OH)2 and/or the possible formation of a mixed Co1-xMnx(OH)2 hydroxide. The broadness of the bands can probably be related to the nanocrystalline nature of the as-deposited film. The week band around 3600 cm -1 (Figure 3.3.3 inset) is assigned to the O-H stretching A1g mode of the hydroxide (Table 3.3.1) [28,30].

Results and Discussion

FEG-SEM micrographs in

After annealing at 250 o C, the bands assigned to the hydroxide disappear and new bands arise at 188, 490, 591 and 658 cm -1 (Figure 3.3.3). Although the position of these bands do not match exactly with those reported in for MnCo2O4 [31], the similarity is evident as well as for other spinel oxides depicted in Table 3.3.1, like NiCo2O4 and Co3O4. In these cases, the band shifts are larger due to the presence of a different cation (Ni 2+ or Co 2+ ) in the A site of the AB2O4 spinel structure (space group Fd3m). This favours the structural transformation of the hydroxide into the spinel phase and the new bands, as pointed above, can thus be assigned to F2g, Eg, F2g and A1g symmetry modes of the MnCo2O4 spinel phase, respectively. Note that the slightly different positions reported for the same material, for example NiCo2O4 (see Table 3.3.1) [33,34] can be related to other differences in the material properties such as crystal size and shape or strain state in the films.

When increasing the annealing temperature up to 650 °C, the bands slightly shift and tend to become narrower and more intense, indicating that the thermal treatment favors the crystal growth and improves the crystal quality of the spinel phase.

The FTIR spectrum of the as-deposited film in Figure 3.3.4 presents some very broad vibration bands, particularly the not well-defined OH stretching band at about 3573 cm -1 , the weak bending mode of the interlayer water molecule at 1640 cm -1 , the bands at 1351 cm -1 and 1490 cm -1 due to the C=O vibration of absorbed CO2 and the carbonate ions from the dissolution of CO2 in water [38,39] and the band at 594 cm -1 arising from the metal-oxygen stretching or metal-hydroxyl bending vibration modes in hydroxides [26,27] (Table 3.3.1). Thus, it further confirms the formation of the layered hydroxide previously identified. ions in octahedral sites in the spinel structure, respectively [31,32,35] (Table 3.3.1). The bands are slightly shifted in comparison with the positions reported in literature, probably due to differences in film composition, strain state, and structural disorder. in a porosity decrease and may not be the optimum trend for the application in redox supercapacitors. Meanwhile, MnCo2O4 has been reported as a material displaying good properties for electrocatalytic reactions, such as oxygen reduction reaction or oxygen evolution reaction [42].

The twinning has been reported as possible active site for electrocatalytic reactions [43]. The CD curve of the as-deposited film shows a nonlinear behaviour, it is the consequence of several redox reactions identified in CV, which confirm the pseudocapacitive behavior of the prepared electrode in good agreement with the work of Conway et al. [48]. The specific capacitance, as calculated from the charge-discharge curve, is 218 F g -1 .

The CV and CD curves of the spinel oxide MnCo2O4 films are shown in Figure 3.3.9 (bottom). The redox peaks at -0.04/-0.25 V vs SCE can be observed. They could be due to the redox reaction of MnCo2O4 with OH -as below [49][50][51]:

MnCo2O4 + OH -+ H2O ↔ MnOOH + 2CoOOH + e - (3.3.5)
The capacitive response is enhanced in the more negative potential region. It has been shown that Co3O4/MnO2 core/shell nanowires/nanosheets display an increased capacitive response in the low potential region as compared to Co3O4 [52]. This behavior can be due to the contribution of the redox reaction of manganese oxide with hydroxyl anions at more negative potentials [49]. The working 3.3.2 summaries the data of the electrochemical performance of the pseudocapacitive electrodes. As the main goal is to understand the effect of temperature, the electrochemical study do not includes longer-term cycling behavior.

When increasing the annealing temperature, the crystal size increases and leads to lower number of active sites for the redox reactions, and thereby to a decrease of the specific capacitance. In terms of enhanced pseudocapacitive response, the results suggest that there is an optimum temperature range for the film annealing. Working potential (V) 0.7 0.9 0.9 0.9 0.9

The specific capacitance values of the MnCo2O4 spinel oxides obtained by thermal annealing at 250-350 o C are increased comparatively to the untreated manganese-based oxides, but are still lower than the values reported for other spinel oxides [14,17,23]. Improvement of the specific capacitance could be achieved by increasing the surface area of the films, or by depositing on porous current collectors.

Conclusions

MnCo2O4 oxide films grown by electrochemical deposition followed by thermal annealing were produced and characterized. The annealing induces the transformation of the as-deposited mixed hydroxide phase into the spinel MnCo2O4 phase. The analysis of the surface morphology indicates the formation of a nanosheet percolation network in the as-deposited films that is preserved at low annealing temperatures. Detailed structural studies show that the as-deposited nanosheets are composed of nanocrystals with preferential orientations. These preferential orientations are suppressed with annealing at 250 °C and random distributed nanocrystals about 10 nm in size are observed, preserving the shape and size of the nanosheets. The nanocrystal size is further increased with subsequent annealing at higher temperature and large platelets with maximum size of 200 nm are formed after annealing at 650 °C. They are mainly composed of twin crystals in hexagonal prisms resulting in a decrease of the porosity and a drastic decrease of the electrochemical properties. The increase of the magnetic transition temperature with annealing temperature is directly related to the increased crystal size and crystalline quality. Electrochemical results detailed the redox reactions of the films with OH -anions. The specific capacitance value is 217.8 F g -1 at 1 A g -1 in the as-deposited film. It increases to more than 400 F g -1 at 1 A g -1 in the MnCo2O4 film annealed at 250 o C-350 o C. effect. The Ni-Mn oxides film displayed specific capacitances of about 300 F g -1 in a potential window of 0.5 V at an applied current density of 1 A g -1 . The rate capability of the oxides was 58% when the applied current was increased from 1 A g -1 to 10 A g -1 . The Ni-Mn oxide film exhibits excellent cycling stability with 100% capacitance retention after 1500 cycles. who evaluated their pseudocapacitance and ability to be used as charge storage electrodes for application in redox supercapacitors [1,2]. Presently, some mixed TMOs regained interest for charge storage electrodes and have been intensively studied as new redox materials with potential application in asymmetric supercapacitors. Mixed TMOs show enhanced electrochemical performance when compared to single metallic oxides [3], due to (i) increased electrical conductivity [4] and (ii) the combined contribution of different transition metals to the reversible redox reactions [5]. Examples of mixed TMOs found in recent literature include NiCo2O4 [6], NiMoO4 [7], and CoFe2O4 [8].

Morphological changes and electrochemical response of mixed nickel manganese oxides as charge storage electrodes

Generally, mixed TMOs are prepared by solution based methods such as hydrothermal [9], sol-gel [10], chemical bath deposition [11], or electrodeposition [12]. The good electrochemical properties of the mixed TMOs depend not only on the stoichiometries of the oxides [13] but also on the presence of highly porous nanostructures such as nanowires and/or nanoneedles [14], nanosheets [15], and nanotubes [16] that can be obtained via an optimal preparation process.

Among mixed TMOs, nickel manganese (Ni-Mn) oxides are of great interest due to advantages resulting from the combination of Ni and Mn oxides. By one hand, Ni oxides have the advantage of reaching high theoretical specific capacitance values [17] of 2584 F g -1 . On the other hand, Mn oxides have the advantage of low cost, various valences and multiple redox reactions [18]. However, very few works addressing the electrochemical response of mixed Ni-Mn oxides for redox supercapacitors have been reported up to now. The published work show that spinel NiMn2O4 oxides prepared by epoxide-driven sol-gel process and thermal treatment [19] exhibited specific capacitance of 243 F g -1 at 5 mV s -1 . Porous NiMn2O4 with various morphologies including bipyramid, fusiform and plates, were prepared by thermal decomposition and transformation from oxalate precursors [20], showing specific capacitances of 180 F g -1 at 0.25 A g -1 . NiyMn1-yOx with granular morphology were synthesized by in situ inclusion of Ni during the growth of Mn oxide [21] and the resulting electrodes showed a specific capacitance of 380 F g -1 at 5 mV s -1 .

Electrochemical deposition is a simple, low cost route and a one-step process that allows preparing self-sustained active materials directly on current collectors. It has been widely reported that surface morphology of films prepared by electrodeposition can be turned by varying current, potential, temperature, and additives [22]. However, the possibility of turning the surface morphology by varying chemical compositions is rarely reported. In this work, Ni-Mn oxides films were grown directly on stainless steel substrates, via electrodeposition followed by thermal annealing. The study highlights the effect of the Ni:Mn ratio on the morphology of the films produced and a correlation with the electrochemical performance.

Experimental

All chemical reagents were high purity grades and were obtained from Sigma-Aldrich. Stainless steel (AISI 304) obtained from Goodfellow was used as substrate for the electrodeposition.

The electrodeposition experiments were performed in electrolytes containing Mn nitrate Mn(NO3)2

and Ni nitrate Ni(NO3)2 using a conventional electrochemical system (Voltalab PGZ100 Potentiostat from Radiometer) at room temperature using the stainless steel as working electrode, saturated calomel electrode (SCE) as reference electrode and a platinum foil as counter electrode. All potentials referred in this work are referred to the SCE.

The depositions were performed in potentiostatic mode, applying a potential of -1.1 V with total passed charge of -600 mC cm -2 . The molar ratio of Ni(NO3)2 and Mn(NO3)2 was varied in the electrolyte, keeping a total concentration of 0.1 M. The Ni(NO3)2:Mn(NO3)2 ratios tested were: 1:0, 3:1, 1:1, 1:3, 1:6, 1:9 and 0:1 and the corresponding films are denoted as NM-1:0, NM-3:1, NM-1:1, NM-1:3, NM-1:6, NM-1:9 and NM-0:1 as shown in Table 3.4.1, respectively. After electrodeposition, all the specimens were annealed at 250 o C for 3 hours. The masses of the films were carefully weighed and are shown in Table 3.4.1. To evaluate electrochemical response, cyclic voltammetry (CV) and charge-discharge (CD) tests were carried out in a conventional three-electrode electrochemical cell using 1 M KOH as electrolytes and the Ni-Mn oxide films as working electrode. The solubility constant of Mn(OH)2 is higher than that of Ni(OH)2, leading to a decreased Mn content in the electrodeposited films [23]. To assess the electrochemical behavior of the deposited films, CV and CD measurements were carried out. The CVs were performed at a scan rate of 20 mV s -1 in a potential window between 0 and 0.6 V and CDs were performed at constant current of 1 A g -1 in a potential window between 0 and 0.5

Results and Discussion

V. The CV results are depicted in Figure 3.4.6a and it is possible to observe that both single oxides, the Ni oxide (NM-1:0) and the Mn oxide (NM-0:1), do not display defined redox peaks. However there is a weak broadened wave that contributes to the increase of the current density. These shoulders are probably due to the redox reactions (Ni 2+ /Ni 3+ and Mn 2+ /Mn 3+ ) with the hydroxyl (OH -) anions in the alkaline electrolyte as below [17,28,29]: Moreover, the current response of the redox peak increases for the NM-1:0, NM-3:1, and NM-1:1 films, and reaches a maximum value for the NM-1:3 one. Then it decreases when the Mn content increases. These results evidence a synergistic effect on the redox reactions of the mixed oxides. The CD results are presented in Figure 3.4.6b. The deviations from a non-linear slope in the CD curves is characteristic of materials that display a pseudocapacitive behavior [2] due to multiple redox reactions. The discharge time is the highest for the NM-1:3 films, in good agreement with the high current density response observed in the CV results. The specific capacitance of the films was calculated from the CD curves using the formula:

Mn3O4 + 2H2O + OH -↔
𝐶 = 𝐼𝑡 ∆𝑉 (3.4.4)
where I, t, ∆V are the CD current density (A g -1 ), the discharge time (s) and the working potential range (V), respectively. The specific capacitances of the mixed oxides are 215 F g -1 , 235 F g -1 , 296 F g -1 , 242 F g -1 and 148 F g -1

for NM-3:1, NM-1:1, NM-1:3, NM-1:6 and NM-1:9 films, respectively. The specific capacitance values increase in the mixed oxides, thus confirming the synergistic effect for the mixed electrodes compared to the single metal oxides. The highest values observed for the NM-1:3 film can be due to a cooperative result of an enhanced redox response combined with an increased surface area, resulting from the presence of interconnected nanosheets-dimpled texture spherical particles shown in the FEG-SEM and TEM analysis.

The NM-1:3 mixed oxides display the highest specific capacitance values amongst the electrodeposited films and its electrochemical behaviour was further studied. The effect of the scan rate on the capacitive response of the NM-1:3 film was assessed by varying the scan rate from 5 mV s -1 to 100 mV s -1 . The CV results obtained at different scan rates are presented in Figure 3.4.7a. The results show that the main redox peaks shifts and that the current density increases with the scan rate, indicating the good reversibility of the redox reactions and thus the good pseudocapacitive behavior [30]. The potential difference, between the anodic peak and the cathodic peak, increases due to polarization of the electrode at increased scan rates. The potential difference between the anodic/cathodic peaks at scan rates of 5 mV s -1 and 100 mV s -1 is approximately 100 mV, indicating the low polarization of the electrode. The shape of the cyclic voltamograms is almost preserved up to the highest scan rate (100 mV s -1 ), indicating the easy diffusion of ions in the electrolyte into the film.

The anodic and cathodic current density peak vs. the square root of the scan rate are plotted in Rate capability, which is an important parameter for evaluating the suitability of a material to work as an electrode for energy storage, was also assessed by performing CD measurements with applied currents up to 10 A g -1 (Figure 3.4.7c). The results show that the potential drop is more marked and the discharge time decreased when the current density increases, thereby reducing the specific capacitance. The specific capacitance depends upon the applied current density, Figure 3.4.7d, and shows a reduction of 42% when the current increases from 1 A g -1 to 10 A g -1 , highlighting the good rate capability of the film. The specific capacitance reduction is probably consequence of inaccessible active sites at high applied current densities. The results show that the redox reactions in the mixed oxide films are essentially diffusion-controlled processes. The total specific capacitance includes the contribution of the non-faradic double layer and the contribution of the diffusion-controlled redox processes. To better understand the mechanisms of charge storage and the contribution of the diffusion-controlled redox capacitive response to the total capacity, the cyclic voltamograms with different scan rates were fitted with kinetic models [32][33][34].

The results show that the current response from the double layer capacitance is proportional (𝑘 1 ) to the scan rate (𝑣), and the diffusion-controlled redox capacitance is proportional (𝑘 2 ) to the square root of the scan rate (𝑣 1/2 ). The total current response (𝑖) from the two processes is described as [32,33]:

𝑖 = 𝑘 1 𝑣 + 𝑘 2 𝑣 1/2 (3.4.5)
Thereby, by determining 𝑘 1 and 𝑘 2 it is possible to separate the current response from the two contributions, and to calculate the contribution of the double layer capacitance and the contribution of the diffusion-controlled redox capacitance to the total capacitance, Figure 3.4.8a. The results indicate that the diffusion controlled-redox capacitance contribution is about 62% of the total capacitance.

The relationship between charge (𝑄/𝐶𝑜𝑢𝑙𝑜𝑚𝑏) and the scan rate in cyclic voltamograms is described by the equations ( 6) and ( 7) as reported elsewhere [34] 

𝑄 = 𝑄 𝑣=∞ + 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡(𝑣 -1/2 ) (3.4.6)
or

𝑄 -1 = 𝑄 𝑣=0 -1 + 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡(𝑣 1/2 ) (3.4.7)
with 𝑄 𝑣=∞ is the double layer charge, which is the value at 𝑣 = ∞. 𝑄 𝑣=0 is the total charge, which is the value at 𝑣 = 0. Therefore, by plotting 𝑄 vs. 𝑣 -1/2 , and 𝑄 -1 vs. 𝑣 1/2 , the double layer capacitance and the total capacitance can be retrieved from the 𝑦-axis intercepts, Figure 3.4.8b and c. The calculation indicates that the contribution from the double layer capacitance is about 20%; the remaining capacitance of about 80% is the contribution from the diffusion controlled-redox capacitance. Thus, both methods show that diffusion-controlled redox reactions are the main contributors for the total charge storage of the electrode. For application as energy storage electrodes, the cycling stability of the material is one of the most important parameters. Therefore, the cycling stability of the NM-1:3 film was tested under chargedischarge cycling under an applied current density of 3 A g -1 for 1500 cycles. The capacitance retention vs. the number of cycle is shown in Figure 3.4.9. The specific capacitance retention shows an increase of approximately 5% during the first 50 cycles and reaches a maximum value of 108% after 100 cycles; then it is slowly decreases. After 1500 cycles, the capacitance retention is still as high as 101% compared to the initial specific capacitance, indicating a remarkable cycling stability.

The excellent cycling stability after 1500 cycles specifies the good electrochemical reversibility of the deposited Ni-Mn oxide, making this material an interesting candidate for application as charge storage material in redox supercapacitors.

Conclusions

Mixed Ni-Mn oxides were grown by co-electrodeposition on stainless steel from electrolytes containing different Ni to Mn ratios and submitted to post thermal annealing. The composition of the electrolyte determines the chemical composition of the mixed oxides and affects the surface morphology, the structure and the electrochemical response. The presence of particles with and without surface texture, mixed nanosheets-dimpled texture spherical particles, nanosheets, nanoparticles attached to nanosheets and worm-like nanostructures were observed depending on the Ni:Mn ratio in the electrolyte.

The phases observed in the single metal oxides were NiO and Mn3O4, respectively. Mixed Ni1-xMnxO were formed at low Mn contents and two phases, composed of Ni1-xMnxO and NixMn3-xO4, occurred at higher Mn contents. The Ni1-xMnxO phases were composed of small nanocrystals with an average size of 2 nm, and the NixMn3-xO4 phase contained large nanocrystals with an average size of 20 nm.

The electrochemical studies revealed that the mixed Ni and Mn oxides generate a synergistic effect compared to the single metal oxides, being possible to attain specific capacitances of approximately 300 F g -1 for the films with Ni to Mn ratio of 1:3. Kinetic analysis revealed that the redox capacitance was the main contributor for the total capacitive response of the electrode. The mixed oxide films showed good rate capability and the capacitance retention was 58% when current increased from 1 A g -1 to 10 A g -1 . The mixed oxide films also showed excellent cycling stability that was kept above 100% under an applied current of 3 A g -1 for 1500 cycles.
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Introduction

Supercapacitors are presently considered as one of the most important devices for energy storage solutions, due to the increased power density and cycling stability. However, these systems still lack energy density, a crucial issue for its widespread use. Thus, efforts have been directed towards transition metal oxide (TMO) based pseudocapacitors (or redox supercapacitors) to achieve higher energy densities. In this perspective, double TMOs, such as NiCo2O4 or NiFe2O4 have been highlighted

as promising materials for energy storage due to their superior pseudocapacitive performance compared to the corresponding single metal oxides like NiO, Co3O4 and Fe3O4 [1][2][3][4]. The main advantage of using double TMOs is to explore the multiple redox reactions due to the presence of two different transition metals. The ultimate goal is to enhance the pseudocapacitive response [5][6][7].

In this context, nickel manganese oxides (NMOs) are of great interest due to the combined advantages of both oxides. On the one hand, manganese oxides have natural abundance, present low cost, are environmental benign and display multiple redox reactions [8,9]. On the other hand, nickel oxides have the advantage of reaching high theoretical specific capacitance values (2573 F g -1 ) [10,11]. However, very few studies concerning the morphological, structural and compositional features of NMOs and its relation to the pseudocapacitive performance have been reported up to date.

It is known that for good pseudocapacitive response, the active electrode material must possess increased interfacial area, to promote the contact with the electrolyte ions and to enhance the redox activity. Previous work reports the growth of nanostructured TMOs materials such as nanowires [10,11] or nanosheets [12,13] on three dimensional (3D) conducting current collectors such as nickel/carbon foam [14,15] and carbon paper [16,17] for improved pseudocapacitive performance.

The effect has been attributed to the continuous conducting network of the current collectors that results in an increased electrical conductivity. Moreover, the open porous structure can be easily covered and/or filled with the nanostructured active material, resulting in enhanced surface area and reduced ionic diffusion length. Although high specific capacitance values have been obtained, the rate capability is still rather poor, and typically below 70% when the current density increases from 1

A g -1 up to 20 A g -1 [20,21]. Acceptable rate capability values are usually in the range 40-60% when the current densities increase from 1 A g -1 to 20 A g -1 (but most of the reported values are measured at the highest current density of 10 A g -1 ) [18]. Thus, rate capability values above this typical range are an acknowledged need.

Recently, we reported that NMOs electrodeposited on stainless steel collectors for charge storage electrodes have a synergistic effect compared to the single nickel oxide and single manganese oxide [19]. Moreover, this material displayed very good pseudocapacitive response and excellent cycling stability, making it a very interesting candidate for application in redox supercapacitor electrodes.

Following these interesting results it is very likely that the pseudocapacitive performance can be significantly improved by depositing the NMOs onto 3D open porous current collectors with continuous conducting pathways. Thus, the present work aims at developing a novel hybrid electrode based on NMOs for high rate electrochemical energy storage, with rate capability above 80% when the current density is increased up to 20 A g -1 . This objective was achieved by designing electrodes with a nano-architecture composed of a 3D pseudocapacitive NMO nanosheets percolation network grown over the 3D conducting dendrites percolation network of the open porous metallic foam.

These novel hybrid nano-architectured electrodes, prepared via a facile electrodeposition route and post-thermal annealing, displayed superior pseudocapacitive performance with enhanced specific capacitance, excellent rate capability and cycling stability.

Experimental Electrodeposition

The NiCu foams were electrodeposited on stainless steel (AISI 304) in a solution containing NiSO4•7H2O (0.5 M), H2SO4 (1.5 M), HCl (1 M) and CuSO4•5H2O (0.01 M). The foams were electrodeposited under galvanostatic mode, by applying a constant current of 1.8 A cm -2 for 90 seconds and 180 seconds in a two-electrode cell (Kikusui Electronics, Model PAB 32-3) [20]; the resulting foams were denoted as F1 and F2, respectively.

The NMO films electrodeposition was performed in a conventional three- To evaluate electrochemical response, cyclic voltammetry (CV) and charge-discharge (CD) measurements were carried out in a conventional three-electrode electrochemical cell using the NMO films as working electrode and 1 M KOH as electrolyte. All potentials referred in this work are potentials versus SCE.

Results and discussion

FEG-SEM images of the F1 and F2 foams taken at different magnifications are depicted in Figure ) and a larger average pore diameter (approximately 20 µm) than F1 foams (approximately 855 pores mm -2 and 14 µm, respectively). It should also be taken into consideration that the foams have the interconnected volumetric porosity [20], thus it is expected that the pore density in volume will have a much higher value. In this context, as F2 that is deposited for a longer time and presents a higher thickness (approximately 100 µm), it will present a higher areal surface area compared to the F1 foam. The shift of the redox peaks with increasing scan rate and the large separation between them indicates the quasi reversibility of the redox reactions [22]. The potential difference between the anodic and the cathodic peak increases due to the polarization of the electrode at increased scan rates. The shape of the cyclic voltamograms is preserved when increasing the scan rate up to 100 mV s -1 , indicating good ionic diffusion as result of the double percolation network structure. The evolution of the anodic and cathodic peaks current densities with the square root of the scan rate is depicted in Figure 3.5.5c. The linear relation indicates that the redox reactions are essentially diffusion-controlled processes. The current response of the redox peaks is higher in the F2-NMO film, indicating a better pseudocapacitive response of the NMO film deposited on the foam prepared for longer deposition time. This effect is probably related to the formation of a thinner NMO layer as observed in TEM analysis. The total specific capacitance includes the contributions from the double layer and the diffusioncontrolled redox processes. To detail the mechanisms of charge storage and the contribution of the diffusion-controlled redox capacitive response to the total capacity of the electrode, the cyclic voltammetry data obtained at different scan rates were fitted with kinetic models [23]. The relationship between the charge (𝑄/𝐶𝑜𝑢𝑙𝑜𝑚𝑏) and the scan rate can be described by equations ( 6) and ( 7) [23]:

𝑄 = 𝑄 𝑣=∞ + 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡(𝑣 -1/2 ) (3.5.1)
or

𝑄 -1 = 𝑄 𝑣=0 -1 + 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡(𝑣 1/2 ) (3.5.2)
where: 𝑄 𝑣=∞ is the double layer charge, which is the value at 𝑣 = ∞. 𝑄 𝑣=0 is the total charge, which is the value at 𝑣 = 0. Therefore, by plotting 𝑄 vs. 𝑣 -1/2 , and 𝑄 -1 vs. 𝑣 1/2 , the double layer capacitance and the total capacitance can be retrieved from the 𝑦-axis intercepts in Figure 3.5.6. The calculations show that the diffusion-controlled redox capacitive contribution is approximately 75%-80% of the total specific capacitance of the electrode.

The CD measurements were carried out in a potential window ranging from 0 to 0.5 V, under applied current densities increasing from 1 A g -1 up to 20 A g -1 . The results are shown in Figure 3.5.7. The plateau in the CD curves, in the potential range around 0.25-0.35 V, is consequence of the redox reactions identified in the CV curves that contribute to the enhanced pseudocapacitive response [24].

The discharge time is longer in the F2-NMO film compared to the F1-NMO film, indicating higher specific capacitance for the first. The specific capacitance of the NMO film was calculated from the CD curves using the formula:

𝐶 = 𝐼𝑡 ∆𝑉 (3.5.3)
where: I, t, ∆V are the CD current density (A g -1 ), the discharge time (s) and the CD potential window (V), respectively. The specific capacitance values calculated at 1 A g -1 are 743 F g -1 and 848 F g -1 for F1-NMO and F2-NMO films, respectively. The increased specific capacitance of F2-NMO compared to F1-NMO is probably due to the formation of a thinner NMO layer over the higher areal surface area of the thicker foam deposited for a longer time, resulting in an increase in the volume/mass fraction of the pseudocapacitive NMO layers. Thus, the results suggest that the specific capacitance of the NMO nanosheets films can be increased by increasing their volume/mass fraction in the foam.

Rate capability is an important parameter for assessing the electrochemical performance of electrodes for charge storage and was assessed by performing CD tests at current densities up to 20

A g -1 . The results show that when the current density increases, the potential drop is more marked and the discharge time decreases, thereby decreasing the specific capacitance. The decreased capacitance is probably due to increased Ohmic contributions and less accessible surface regions, which become progressively excluded as the reaction rate is enhanced by the increasing high current density. The capacitance retentions are about 83% when the current density increases from 1 A g -1 to 20 A g -1 for both films, confirming an excellent rate capability. Previous work report that NiCo2S4 nanosheets on nitrogen-doped carbon foam [25] revealed capacitance retention of 71% when the current density increased from 2 A g -1 to 20 A g -1 . NiCo2O4 nanorods and nanosheets on carbon nanofibers [18] display capacitance retention of 48.8% and 51.9% respectively when current density increased from 1 A g -1 to 20 A g -1 , while, nickel-cobalt-aluminum layered hydroxides proposed for high rate supercapacitors [26] display capacitance retention of approximately 72% when the current density increased from 1 A g -1 to 20 A g -1 . The high rate capability of the electrodes proposed in this work can be attributed to the formation of a hierarchical architecture composed of double 3D percolation networks of NMO oxide nanosheets and of dendrites that enhances the interfacial area of the active material, facilitating the accessibility of the ions and hence, the charge transfer.

The charge-discharge cycling stability of the electrode is another important parameter for practical application of the electrode in redox supercapacitors. Thus, a cycling stability test (continuous charge-discharge) under an applied current density of 5 A g -1 was performed for 1000 cycles. The F2-NMO electrode, the one displaying the highest specific capacitance values, was chosen to perform this stability test. The capacitance retention (Figure 3. This stable behaviour is similar to that of NMO deposited directly on stainless steel reported in our previous work [19], thus confirming the main contribution of NMO nanosheets to the pseudocapacitive response. The result indicates an excellent cycling stability of the NMO film. Along with its high specific capacitance and especially high rate capability, the NMO deposited on 3D foam can be considered as a very promising material for electrochemical energy storage electrodes for redox supercapacitors.

Conclusions

In summary, this work reports the fabrication of a hybrid electrode consisting on NMO nanosheets over 3D open porous dendritic foams forming double percolation networks. This hybrid 3D architecture displays unique physic-chemical properties that make this material an interesting option for high rate electrochemical energy storage electrodes. The active materials are composed of polycrystalline Ni86Mn0.14O nanosheets forming a network that mimics the dendritic foam architecture.

The hybrid electrode showed a maximum specific capacitance of 1057 F g -1 at 5 A g -1 after continuous cycling. High rate capability, with 83% specific capacitance retention, was achieved when the current density increased from 1 A g -1 to 20 A g -1 . The electrodes display excellent cycling stability, with specific capacitance retention close to 103% after 1000 charge-discharge cycles. The high pseudocapacitive performance and the remarkable rate capability result from the double percolation network nano-architecture that makes this electrode a promising material for application in high rate pseudocapacitors.

Introduction

Transition metal hydroxides (TMHs) are attractive materials for application as charge storage materials due to its high charge storage capacity, or high specific capacitance, resulting from Faradaic redox reactions with hydroxyl anions in alkaline electrolytes [1][2][3]. The high specific capacitance values associated to the redox activity is due to the layered structure of the material that is characterized by a large interlayer distance, favoring the diffusion of electrolyte ions into the bulk, leading to additional bulk redox reactions besides the surface ones [4]. The charge storage performance of TMHs based electrodes [5] is less dependent on their surface area, compared to metal oxides based electrodes, due to the contribution from the bulk redox reactions. Nevertheless, for enhanced charge storage capacity and the enhanced electrochemical response, a rational design of TMHs based electrodes is still needed and is attracting a lot of interest in the research community [5]. For example, Co(OH)2 was deposited on stainless steel by potentiostatic electrodeposition, in the form of a network of nanolayered sheets [6], having specific capacitance values of 860 F g -1 . Ni(OH)2 was deposited by a hydrothermal method [7], leading to single crystal nanoplatelet arrays with an areal capacitance value of 64 mF cm -2 .

Double TMHs are also studied for high charge storage electrodes for redox supercapacitors due to advantages compared to the corresponding single TMHs [1,8]. Due to the presence of two transition metal (TM) ions in the double TMHs, the redox response can be further enhanced as compared to their corresponding single TMHs, owing to the combination of redox reactions with two TMs [9,10].

For example, nanostructured porous layered Co1-xNix(OH)2 films were prepared by potentiodynamic electrodeposition [11] showing a specific capacitance value of 1213 F g -1 . NiTi layered double hydroxide nanosheets prepared by two hydrothermal steps [12] displayed an areal capacitance value of 10.37 F cm -2 . More recently, Ni 3+ doped NiTi hydroxide monolayer nanosheets were reported [13],

presenting very high specific capacitance values of 2310 F g -1 .

Among the double TMHs that have been reported in literature, Ni-Co hydroxides are considered as the most promising double TMHs as materials for redox supercapacitor electrodes [8]. Their pseudocapacitive mechanism has been proposed [8,[14][15][16], similar to the mechanism proposed in literature for their oxide derivatives NiCo2O4, that is based on the synergic redox reaction with OH -in KOH or NaOH electrolytes, involving the oxidation states of Ni 2+ /Ni 3+ and Co 2+ /Co 3+ . The redox response of Ni 2+ /Ni 3+ in Ni(OH)2 or NiO occurs at potentials of approximately 0.4-0.6 V vs SCE [17].

The corresponding response of Co 2+ /Co 3+ in Co(OH)2 or Co3O4 occurs at potentials of approximately 0-0.2 V vs SCE [18]. Their synergistic redox response occurs at approximately 0.2-0.4 V vs SCE [19],

resulting in enhanced pseudocapacitive response in the Ni-Co hydroxides.

Most of studies performed on double Ni-Co hydroxides have been focused on its synergistic redox response compared to the single TMHs. Thus, it is expectable that electrodes composed of single The structural details were studied by transmission electron microscopy (TEM, JEOL JEM-2010 microscope) operating at 200 KeV. TEM samples were prepared by film scratching using a diamond tip, and the resulting powder was collected directly on TEM grids in order to avoid structural transformations induced by sample thinning process.

The electrochemical performance of the electrodes was studied by cyclic voltammetry (CV) and charge-discharge (CD) in 1 M KOH alkaline electrolytes. All the electrochemical tests were carried out in the conventional three-electrode cell using the films deposited on steel as working electrodes.

The specific capacitance of the films was calculated from the CD curves using the formula:

𝐶 = 𝐼𝑡 ∆𝑉 (3.6.1)
where I, t, ∆V are the CD current density (A g -1 ), the discharge time (s) and the working potential range (V), respectively. reported in previous work [22] for NiCo2O4/NiCo2O4 system. It is expected that the features of the morphological architecture and the differences in the composition of each electrode, will result in distinct electrochemical response. This issue will be discussed below. Relation of current density peaks with the square root of scan rates.

The electrochemical capacitive response of the electrodeposited films was further assessed by performing CV measurements with varying the scan rate from 5 mV s -1 to 50 mV s -1 . The CV results obtained at different scan rates are presented in Figure 3.6.5a-e. The results show that in all deposited films the main redox peaks shifts, the large separation between them and the current density increases with the scan rate, indicating the quasi reversibility of the redox reactions and thus the good pseudocapacitive behavior [25]. The potential difference, between the anodic peak and the cathodic peak, increases due to polarization of the electrode at increased scan rates. The shape of the cyclic voltamograms is almost preserved up to the highest scan rate indicating the easy diffusion of ions in the electrolyte into the film. This is probably due to characteristics of hydroxides, favoring the diffusion of ions. The cathodic current density peaks vs. the square root of the scan rate are depicted in Figure 3.6.5f. The linear relation indicates that the redox reactions are diffusioncontrolled processes [26]. Rate capability, which is an important parameter for evaluating the suitability of a material to work as an electrode for electrochemical energy storage, was also assessed by performing CD measurements with applied currents increasing up to 10 A g -1 (Figure 3.6.6a-e). The results show that the potential drop is more marked and the discharge time decreased when the current density increases, thereby reducing the specific capacitance. Notably, the response time of Ni(OH)2 dropped to zero when applying current density of 10 A g -1 . This indicates the intrinsic poor rate of Ni(OH)2 as reported elsewhere in literature [2]. The specific capacitance depends upon the applied current density, Figure 3.6.6f, and shows capacitance retentions of 81%, 64%, 80%, 25% and 0% when the current increases from 1 A g -1 to 10 A g The total specific capacitance includes the contributions from the double layer and the diffusioncontrolled redox processes. To detail the mechanisms of charge storage and the contribution of the diffusion-controlled redox capacitive response to the total capacity of the electrode, the cyclic voltammetry data obtained at different scan rates were fitted with kinetic models [27]. The relationship between the charge (𝑄/𝐶𝑜𝑢𝑙𝑜𝑚𝑏) and the scan rate can be described by equations (3.6.5) and (3.6.6) [27]:

𝑄 = 𝑄 𝑣=∞ + 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡(𝑣 -1/2 ) (3.6.5) 𝑄 -1 = 𝑄 𝑣=0 -1 + 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡(𝑣 1/2 ) (3.6.6) 
where: 𝑄 𝑣=∞ is the double layer charge, which is the value at 𝑣 = ∞. 𝑄 𝑣=0 is the total charge, which is the value at 𝑣 = 0. Therefore, by plotting 𝑄 vs. 𝑣 -1/2 , and 𝑄 -1 vs. 𝑣 1/2 , the double layer capacitance and the total capacitance can be retrieved from the 𝑦-axis intercepts in Figure 3 As shown in Figure 3.6.7c, in most films, except Co(OH)2, the contribution of the diffusion-controlled redox processes to the capacitive response is higher than the double layer ones, thus indicating that the diffusion-controlled redox processes are the main contributors to the total specific capacitance.

The higher contribution of the double layer capacitance in the Co(OH)2 film can be explained by the formation of thin crumpled nanosheets, leading to an increased surface area and therefore increasing double layer contribution.

This analysis shows that the diffusion-controlled redox contribution of 74% in Co(OH)2-Ni(OH)2 film is higher than that of Ni(OH)2 film of 62%. Thus, it indicates that the Co(OH)2 layer also contribute to the total capacitive response.

The contribution of the diffusion-controlled redox processes to the total capacitance is similar for the individual Ni(OH)2-Co(OH)2 and Ni1/2Co1/2(OH)2 films, and there is a marked synergistic effect in the layered film. decreases to approximately 71% after 1000 cycles. Even though, the final value is not so high, this stability is comparable to the values reported for NixCo2-x(OH)6/NiCo2O4 grown on carbon paper [19].

It should also be noted that the stability test was performed at a high-applied current of 10 A g -1 . The similar stability test for Ni(OH)2 on 3D ultrathin graphite foam [28] presented the capacitance retention of 66 % after 1000 cycles. The specific capacitance value after 1000 cycles is 692 F g -1 at 10 A g -1 , revealing a high specific capacitance value after cycling.

Overall, the reported results suggested that new electrodes architectures composed of two TM hydroxides layers can display enhanced specific capacitance values compared to the corresponding DTMH electrodes. Thus, this work opens a new way of designing TMHs electrodes for an enhanced pseudocapacitive response.

Conclusions

In summary, the new two layers hydroxides Ni(OH)2-Co(OH)2 electrodes prepared by electrodeposition on stainless steel were studied towards application in redox supercapacitors.

Comparative studies of this electrode with Co(OH)2, Ni1/2Co1/2(OH)2, Co(OH)2-Ni(OH)2 and Ni(OH)2 revealed its enhanced pseudocapacitive response with high specific capacitance values, 1580 F g -1 .

The high specific capacitance is due to the contribution of the two hydroxides layers to the redox response of the electrode, leading to the presence of two redox peaks in the cyclic voltammogram.

The contribution of the two hydroxide layers to the total pseudocapacitive response results from an architecture composed of agglomerated particles Ni(OH)2 (top layer) over nanosheets Co(OH)2 (bottom layer) with high ionic diffusion, allowing the diffusion of electrolyte into both layers of the electrodes. It displays a good rate capability with a specific capacitance value at 10 A g -1 of 975 F g -1 .

The specific capacitance value at 10 A g -1 after continuous CD cycling for 1000 cycles is 692 F g -1 .

Introduction

Double nickel cobalt hydroxides (DNCHs) are currently receiving considerable attention as electrode materials for high energy density storage, namely as materials for redox-based supercapacitor applications [1,2]. The layered structure of DNCHs, with high interlayer distances, facilitates the bulk ionic diffusion, resulting in enhanced charge storage capacity since the redox reactions are not limited only to the surface of the electrodes, but can also take place in the bulk [3]. On the other hand, due to the presence of two transition metals (TMs) ions, nickel and cobalt, in the electrodes, the redox reactions involve both TMs ions, leading to an enhanced electrochemical response [4]. For example, nanostructured porous layered Co1-xNix(OH)2 films were prepared by potentiodynamic electrodeposition [5] showing a specific capacitance value of 1213 F g -1 . Ultrathin Ni-Co hydroxides nanosheets electrodes [1] prepared by surfactant assisted hydrothermal deposition exhibited a specific capacitance value of 2682 F g -1 . Hybrid Co1-xNix(OH)2/NiCo2O4 prepared via two steps of hydrothermal and electrodeposition route exhibited high areal capacitance values ranging from 0.61 F cm -2 to 2.17 F cm -2 depending on the stoichiometry of nickel and cobalt in the DNCHs [6].

DTMHs are also a regular precursor to prepare nickel cobalt spinel oxides (NCSOs) NiCo2O4, an emerging material for redox supercapacitors [7,8], through thermal transformation [9]. The NiCo2O4 electrodes normally maintain the architecture of its parent DTMHs and present a good pseudocapacitive response resulting from its increased electron conductivity [10]. For example, NiCo2O4 nanosheets film electrodeposited and annealed at 300 o C for 2 hours [11] presented a specific capacitance value of 1450 F g -1 . NiCo2O4 nanosheets and nanorods supported carbon nanofibers [12] were prepared by hydrothermal method exhibiting high specific capacitance values of 1002 F g -1 and 1023 F g -1 , respectively.

Electrodeposition is a facile route to prepare DNCHs either as electrodes for redox supercapacitors or as precursors for thermal transformation to NCSOs among other solution-based routes such as hydrothermal, chemical bath deposition and sol-gel [13]. The electrodeposition of DNCHs is generally based on the generation of hydroxyl ions near the electrode/electrolyte interface, through the reduction of nitrate ions in the electrolyte followed by the reactions of metal ions, in the solution, with the generated hydroxyls to form DNCHs deposited on substrates [13]. DNCH nanosheets are normally formed, regardless the substrate used for electrodeposition, either on nonpseudocapacitive current collectors such as stainless steel [5,14], nickel foam [15], graphene covered nickel foam [16] or on other pseudocapacitive materials such as NiCo2O4 nanowires array [6] and TiN nanotubes array [17]. This versatility suggests a similar nucleation and growth mechanism for the electrodeposited DNCHs on different substrates.

Nevertheless, the nucleation mechanism of the electrodeposited DNCHs nanosheets films is still not understood and never reported in literature, to the best of authors' knowledge. Thus, this work aims at understanding this fundamental issue, by combining current transient studies with in-situ electrochemical atomic force microscope (AFM) and ex-situ field emission gun scanning electron microscope (FEG-SEM) measurements. The nucleation mechanism elucidated from these studies will be discussed in detail.

Experimental

Materials

Nickel nitrate Ni(NO3)2 and cobalt nitrate Co(NO3)2 from Sigma Aldrich were used as precursors for the electrodeposition of the films. The chemicals were used as received without further purification process. Stainless steel (AISI 304 obtained from Goodfellow) was used as substrate for the films electrodeposition. Steel samples were previously polished with SiC grit papers up to 1000 grits, rinsed with deionized water and ethanol and dried by a jet of compressed air.

Current transient measurements

The current transient measurements were performed in a conventional electrochemical system under ambient atmosphere, at room temperature, using a Voltalab PGZ 100 Potentiostat from Radiometer, with the stainless steel as a working electrode, the saturated calomel electrode (SCE) as reference electrode and the platinum foil as counter electrode. The concentrations of the precursors used in the experiments were 0.033 M Ni(NO3)2 and 0.066 M Co(NO3)2. The deposition potentials used to measure the current transients were selected after performing linear sweep voltammetry measurements in the same electrolyte.

In-situ atomic force microscope (AFM) measurements

In-situ electrochemical AFM were performed in an electrochemical cell, controlled by the Autolab Mini Potentiostat, designed for this measurement, using stainless steels as working electrode, a platinum ring as counter electrode and a platinum wire as quasi reference electrode. The in-situ topographic images were recorded by AFM microscope (Easyscan microscope) from Nanosurf. The in-situ measurement were performed by applying a pulsed potential of -1200 mV vs Pt (-800 mV vs SCE) with potential-on of 5 seconds to 10 seconds and potential-off of 5 minutes; tapping mode AFM scans were taken during the potential-off time.

Ex-situ surface morphology measurements

FEG-SEM (JEOL 7001F microscope) was used for ex-situ observation of the surface morphology of the electrodeposited films at the early growth stages. Ex-situ topographic images were also obtained with ex-situ AFM working in tapping mode.

Results and Discussion

The selection of the cathodic potentials for the current transient measurements, was made by carrying out linear sweep voltammetry (LSV) measurements, in the cathodic regime, with a scan rate of 10 mV s -1 . The results are presented in Figure 3.7.1a. The curves evidence a first onset potential at approximately -680 mV, which corresponds to the nitrate reduction reaction to generate hydroxyl anions and the simultaneous reactions of metal cations (Ni 2+ and Co 2+ ) with the generated hydroxyls to form metal hydroxides deposited onto the stainless steel substrate as below: At potentials more negative than the first onset potential, the current response continuously increases and the second onset potential occurs at approximately -1350 mV, which corresponds to the hydrogen evolution reaction. From the LSV results, potentials in the range from -700 mV to -1000 mV were selected for the current transient measurement and the applied potentials were separated by an interval of -50 mV. The results are shown in Figure 3.7.1b. Generally, in all the curves, the current response increases and drops quickly when applying potential, then it slowly increases and decreases again after reaching the current maxima. This trend is not very well defined in the CT curve at applied potential of -700 mV, probably due to the slow growing process of the film at the potential close to the onset potential. There are four processes that control the current response during the application of the potential. The first increasing/decaying current results from the double layer formation or adsorption/desorption processes [18][19][20]. The current response increases after the decay may be related to the growth of nuclei size, and/or the increase in number of nuclei. During the growing process, the growth of each nucleus occurs under diffusion control, forming diffusion zones around each nucleus until these zones overlap and linear mass-transfer starts like on a planar electrode surface, leading to the decrease of current [18][19][20].

To understand the nucleation process, the experimental current transients obtained at different potentials were fitted with various nucleation models. One of these is the Scharifker-Hills (SH)

nucleation model [18], which is based on the analysis of potentiostatic current transients. The SH model describes a mechanism involving three dimensions (3D) multiple nucleations with the growth rate of hemispherical nuclei, being controlled by semi-infinite linear diffusion that depend upon the potential used for electrodeposition [18]. The current response during the electrodeposition process is described for the two-limit cases: instantaneous nucleation and progressive nucleation. The former first one is a fast nucleation process with a high number of nuclei grown at the beginning of electrodeposition, which remain unchanged during the growing time. The second one is a slow nucleation process, in which the number of nuclei increases during the electrodeposition time. The current responses are described as [18]: It can be clearly observed that at potential of -750 mV and -800 mV, the (I/Im) 2 vs t/tm curves can be fitted with the theoretical instantaneous nucleation model, revealing that the nucleation mechanism is based on the instantaneous formation of nuclei. The diffusion coefficients and the nuclear numbers were also calculated (Table 3.7.1). The results demonstrated that the nuclei number increases when increasing applied potential. The earlier and simple description of multiple nucleation detailed by Hills, Schiffrin and Thompson [19,20] was also applied to study the nucleation mechanism at potentials of -750 mV and -800 mV.

Instantaneous nucleation: 𝐼 = 𝑧𝐹𝐷 1/2 𝑐 𝜋 1/2 𝑡 1/2 [1 -exp (𝑁𝜋𝑘𝐷𝑡)] (3 
This theory simply assumes that in multiples nucleation, the growth of each nucleus is noninteractive with other nuclei, being an independent process. And in case of instantaneous nucleation, the current response IN,t is simply a product of the number of nuclei with the current response from the growth of single nuclei [19]: where the growth of single nuclei I1,t describes by localized spherical diffusion.

𝐼 𝑁,𝑡 = 𝑁𝐼
The linear relationship of current density vs. time 1/2 at potentials of -750 mV and -800 mV evidences the instantaneous nucleation at these potentials, in agreement with the SH fitting.

The (I/Im) 2 vs t/tm curves at potential of -850 mV to -1000 mV, Figure 3.7.4, does not match with the progressive nucleation curves and were fitted with the instantaneous nucleation curves. However, the fitting goodness is not as good as the one observed for potentials of -750 mV and -800 mV.

Furthermore, the SH model can only be applied to the two limit cases of nucleation, and uses only current maxima to describe the current response. The Scharifker-Mostany (SM) model [21] was then applied to further clarify the nucleation mechanism at these applied potentials. The fitting results of the current transient in the potentials ranging from -850 mV to -1000 mV are presented in Figure 3.7.5. Overall, the model can be used to fit the current transient curves. Even though, the fitting curves show some deviations from the experimental curves. The nucleation rate, the nuclei number and the diffusion coefficient were calculated from the fitting and are presented in Table 3.7.1. The nuclei number and the diffusion coefficient increased as compared to the values calculated at potentials of -700 mV to -850 mV. This can be due to the increase of the electromotive force at higher potential. The high nuclei number estimated for the films formed at more cathodic potentials compared to the previous ones (-800 and -750 mV) indicates that the nucleation mechanism is also an instantaneous process. The current transient curves at potentials in the range from -850 mV to -1000 mV were also fitted with the Mirkin-Nilov and Heerman-Tarallo (MNHT) nucleation model [22,23]. While the thickness of the diffusion layer calculated in SM model is a function of time, in the MNHT model the thickness of the diffusion layer is not only a function of time but also has the contribution of nucleation rate. This results in the current response described by MNHT is as follows [22,23]: This chapter discusses the most important achievements of the results obtained in this work, compares it to the state-of-art and highlights the contributions beyond it.

𝐼 = 𝑧𝐹𝐷 1/2 𝑐 𝜋 1/2 𝑡
The electrodeposition route was chosen to fabricate TMO electrodes because it is a simple and onestep route, allowing depositing TMO films directly on the current collector, providing excellent adhesion without needing binders or other foreign additives. This has an important impact because the active material will present a lower electrical equivalent resistance that is typical of binders.

Moreover, it opens a wide array of possibilities in what concerns current collectors. In this study, stainless steel was chosen as current collector because it displays good electron conductivity and high corrosion resistance. quite poor capacitance retention -46% after a continuous charge-discharge test for 1000 cycles. The specific capacitance obtained after 1000 cycles at 1 A g -1 was 196 F g -1 and this value is comparable to values reported for manganese oxide before cycling, working in neutral electrolyte [2]. The high initial specific capacitance values, the low retention and the poor stability can be due to the high redox activity and irreversible redox reactions of manganese oxide (relating to the phase transformation from Mn3O4 to MnO2 [3]), respectively, in alkaline electrolyte [2]. A large number of published work reports the pseudocapacitive performance of manganese oxide in neutral electrolyte; however, the present results highlighted the redox response of manganese oxide in alkaline electrolytes for pseudocapacitors. This opens a route to explore its mixing with nickel or cobalt oxides (which are well-known for their pseudocapacitive response in alkaline electrolytes [4][5][6]) for supercapacitor electrodes working in alkaline electrolyte. Moreover, while some work addresses the cathodic electrodeposition of manganese oxide from chloride and permanganate based electrolyte [7,8], detailed studies concerned to cathodic electrodeposition from nitrate-based electrolytes were never reported up to the present date (to the best of the author's knowledge). Thus, this work also provides new insights, concerning the influence of key electrodeposition parameters as stated above, on the cathodic electrodeposition of manganese oxides from nitrate-based electrolyte.

Manganese oxides with hierarchical porous structure or morphological architecture such as nanowires, nanofibril/nanowires and sandwich-structured nanotube arrays [9][10][11] have shown a good pseudocapacitive performance. The high pseudocapacitive performance achieved can be due to the formation of hierarchical architectures that facilitate the redox reactions. Nevertheless, the hierarchical architecture was rather limited to that based on 1D nanowires [9][10][11][12][13], thereby novel designed hierarchical electrodes with good pseudocapacitive performance are still a target to be searched. In the above discussion, it was shown that the hierarchical morphology of manganese oxide can be obtained via optimization of electrodeposition parameters; besides those that can be obtained via the two step deposition routes reported in literature. The morphology of manganese oxide electrodes was further engineered by optimizing electrodeposition in sulfate-based electrolytes using hydrogen bubbling as a dynamic template (hydrogen gas evolves as the result of applying high cathodic potentials [14]). The electrodeposition was based on the hydrogen evolution reaction that released hydroxyl anions, which reacted with Mn 2+ to form Mn(OH)2 to be transformed to oxide phases by electro-oxidation. Electro-oxidation was chosen because these films were unstable by thermal annealing. Hydrogen evolution (2H2O + 2e - H2 + 2OH -) acted both as a dynamic template and as source of hydroxyl anions. The obtained electrodes showed well- Each nanosheet displayed a low crystalline MnO2 phase. The specific capacitance at 1 A g -1 was 667 F g -1 in 1 M NaOH electrolyte. The enhanced specific capacitance compared to those discussed above can be due to an increased surface area, resulting from the novel hierarchical structure composed of micro-holes and fine nanosheets (Figure 4.2, right). Furthermore, it can result from the formation of the poorly crystalized MnO2 phase, which has been reported to display better redox activity compared to the Mn3O4 phase [2]. The specific capacitance value in 1 M Na2SO4 was 305 F g -1 at 1 A g -1 . The specific capacitance is lower than that obtained in NaOH electrolyte probably because of the decreased ability to store electrons and to release them in the redox process [2,3,15]. Because the stability of manganese oxides (electrodeposited at the potential of -1.3 V, electrolyte concentration of 0.25 M, applied charge of -0.6 C cm -2 and annealing at 200 o C in 1 hour) in 1 M NaOH is quite poor, further electrochemical tests were carried out in 1 M Na2SO4. Rate capability of the electrode was 61% when increasing current densities from 1 to 10 A g -1 , and capacitance retention was 67% after 1000 charge-discharge cycles at 5 A g -1 , revealing the good pseudocapacitive performance of the novel designed manganese oxide electrode deposited directly on stainless steel. Recent literature reported that the hierarchical MnO2 nanofibril/nanowire array prepared using anodized aluminum oxide as a hard template [10] displayed specific capacitance values of 298 F g -1 at 1 A g -1 and that hierarchical MnO2/carbon nanotubes [16] displayed specific capacitance values of 223 F g -1 at 1 A g -1 .

Thus, compared to the state-of-art, the novel MnO2 micro/nano porous architecture prepared by hydrogen bubbling templated electrodeposition is a promising route to fabricate MnO2 based supercapacitor electrodes. Nevertheless, the capacitance retention of 67% after 1000 chargedischarge cycles was not fully satisfactory; this response was probably due to the decreased adhesion of the films on the current collector, which could be originated from the hydrogen evolution.

The MnO2 electrode prepared by hydrogen bubbling templated electrodeposition presented novel surface morphologies and displayed a good pseudocapacitive performance, this route could be very interesting to prepare mixed TMOs oxides based on Mn oxide combined with Co/Ni oxides. However, the standard reduction potential (SRP) of Co 2+ and Ni 2+ are -0.25 and -0.28 V vs. the standard hydrogen electrode (SHE), whereas the SRP of hydrogen evolution reaction is -0.827 V vs. (SHE), thus in sulfate-based electrolyte, the one applied to prepare MnO2 as stated above, metallic Co and Ni would deposit preferentially. Thus, the deposition of mixed TMO electrode was carried out in nitratebased electrolyte. Furthermore, electrodeposition of mixed TM hydroxide film precursors and their post-thermal transformation into mixed TMO films has been recently reported [17,18] as an interesting route to fabricate electrodes for supercapacitors. Despite these studies, the effect of annealing on the structural evolution and its correlation with the electrochemical response was not sufficiently detailed as previously stated in the Chapter 3.3. Thus, in this thesis, MnCo2O4 spinel oxide nanosheet films were prepared by electrodeposition of Mn-Co hydroxides and post-thermal transformation into the spinel phase, and the correlation between structural evolution and electrochemical response at each stage of annealing was studied into detail. Structural studies at different annealing temperatures using Raman & FTIR spectroscopy were performed and their vibration bands were investigated and assigned. Face centered cubic (FCC) MnCo2O4 spinel oxides were obtained after thermal annealing. The higher symmetry of MnCo2O4 compared to FCT Mn3O4 obtained in the above work was probably due to the presence of Co favoring the growth into FCC structure [19,20]. Moreover, the MnCo2O4 spinel nanosheets (thickness of approximately 10 nm)

were much thinner than that of Mn3O4 nanoflakes (thickness of approximately 14 nm) and displayed surface morphology similar to Co3O4 prepared by electrodeposition and thermal annealing [21,22],

suggesting that Co acted as structural and morphological directing agent during the growth of the films. The detailed structural transformation was studied by TEM showing that annealing at temperatures of 250 o C favored the growth from the c-axis preferentially grown hydroxide nanocrystals into randomly oriented spinel nanocrystals with average size of approximately 5 nm in the nanosheets, Figure 4.3, leading to an enhanced pseudocapacitive performance with the specific capacitance value of 430 F g -1 at 1 A g -1 in 1 M NaOH. This enhanced response after thermal annealing at 250ºC was in agreement with the results obtained for manganese oxides. Annealing at higher temperatures resulted in increasing crystal size, Figure 4.3, changing surface morphology from percolating nanosheet network to nanoflakes that did not display a long-range interconnectivity, leading to a decreased porosity, and therefore to a poor pseudocapacitive performance. Though, the transformation from hydroxide films to spinel films has been usually applied to prepare mixed oxide based electrodes for supercapacitors [17,23], the detailed structural transformation from electrodeposited hydroxide phase into the spinel phase by thermal annealing and correlation with the electrochemical response have been scarcely reported in literature [17,23], thus this work goes beyond the state-of-the art by reporting in detail these aspects.

The Mn3O4 and MnCo2O4 based electrodes exhibited good specific capacitances values in 1 M NaOH, which were above 400 F g -1 at 1 A g -1 . However, their long-term stabilities were rather poor, being 46% and 7% after 1000 cycles and 2000 cycles of the initial specific capacitance values for Mn3O4 and MnCo2O4, respectively. It is worth to noting that the stability of MnCo2O4 was worst compared to that of Mn3O4 electrodes. Most probably, because of the finer morphology of MnCo2O4, the redox processes resulted in increased irreversible redox reactions, leading to poor stability [2]. at high Mn content. The maximum specific capacitance of about 300 F g -1 at 1 A g -1 in 1 M KOH was obtained at Ni:Mn ratio of 1:3 in the solution (corresponding to the ratio in the film of approximately 2:3). This oxide showed excellent pseudocapacitive performance, displaying 103% capacitance retention after 1500 cycles, evidencing the synergistic redox reaction when combining two TMOs.

This revealed the advantage of combining different transition metal oxides, compared to the single Ni and Mn oxides. Often, in many reports about mixed oxides, the comparison studies with single oxides were not addressed (e.g. NiMoO4 [24]) or were addressed, but showing a worst pseudocapacitive response (e.g. Ni-Fe oxides [25]). Therefore the advantage of using mixed oxides for energy storage vs. the corresponding single metal oxides was not sufficiently evidenced [24] or even eliminated [25]. Recent works (e.g. Ni-Zn oxides) have addressed only the contribution from one oxide in the mixed oxides, excluding the contribution from the other oxide to the redox response and no comparison studies with single oxides have been published [26,27]. Thus, these points highlighted the promising use of mixed NMO based electrodes for supercapacitors. The presence of co-existing phases of Ni1-xMnxO and NixMn3-xO4 with crystal sizes of approximately 2 nm and 20 nm, respectively, and the synergistic redox response suggested that the enhanced redox response is the result of mixing oxides at nano scale besides incorporating them in the single phase [28,29]. The enhanced specific capacitance of NMOs at Ni:Mn of 1:3 could partially result from enhanced porosity due to the presence of texture particle-nanosheets morphology (Figure 4.4, left). However, to the author knowledge, the redox contribution and morphology contribution cannot be separated. The morphological changes depended upon the Ni to Mn ratio used in the deposition electrolytes. Even though literature does not provide a concise explanation for the possible origin (mechanism) of the morphological changes observed when varying the transition metal ratio as reported for NiCo2O4 [30] and Ni-Fe oxides [25] prepared by electrodeposition and hydrothermal methods, respectively. It can be concluded that the surface morphology of the double TMOs can be tuned if the two single metal oxides are controlled to grow in different ways under the same deposition conditions. Thereby, the surface area or porosity of the films can be tailored to improve the electrochemical performance. The NMOs showed a very interesting redox response and pseudocapacitive performance. However, when the maximum specific capacitance values of NMOs are compared with NiCo2O4 oxides, this value was rather low [18,31,32]. Note that the high specific capacitance values of NiCo2O4 [33,34] reported in literature resulted from their deposition on open porous current collectors such as carbon papers and nickel foams. To further improve the storage capacity of NMOs, the films were Considering that Ni(OH)2 formed a dense layer on the top of Co(OH)2 nanosheet layer, the contribution of Co(OH)2 layer was quite pronounced in the cyclic voltammogram, probably due to the high ionic diffusion in the layered hydroxide film. This layered architecture exhibited very high specific capacitance values of 1580 F g -1 at an applied current density of 1 A g -1 in 1 M KOH. This value was higher than that obtained in Ni-Co hydroxide with synergistic redox reactions and single Co, Ni hydroxides of 1172 F g -1 and 834 F g -1 , 457 F g -1 at 1 A g -1 , respectively. Note that the values obtained for Ni-Co hydroxide and Co(OH)2 were similar to values obtained for the same materials deposited on stainless steel, which displayed similar surface morphologies, reported in literature [36,37]. Also, it is worth to note that this value, obtained by depositing the film directly on the non-porous current collector (stainless steel), was almost in the same order of values reported for pseudocapacitive materials deposited on porous current collectors [38][39][40]. The capacitance retention after 1000 charge-discharge cycles at 10 A g -1 was 71%, corresponding to the specific capacitance value of 985 F g -1 , indicating a remarkable pseudocapacitive performance of the material over stainless steel.

Literature reports that Ni-Co hydroxide/NiCo2O4/carbon paper [39], Co(OH)2/stainless steel [37] and Ni(OH)2/nickel foam [41] prepared by electrodeposition displayed capacitance retention of 72% after 2000 cycles, 94% after 1000 cycles and 52% after 300 cycles, respectively. Thus, the stability of new designed electrode exhibited similar response to that of mixed Ni-Co hydroxides, and similar to the average values of single hydroxides reported in previous work. The higher specific capacitance values obtained in the new layered electrodes, goes beyond the state-of-the-art for the single hydroxide and mixed hydroxides, suggesting a promising material to be used as redox supercapacitor electrodes. The specific capacitance values obtained for the electrodes studied in this work, as shown in Figure 4.6, were still far from the theoretical specific capacitance values calculated in the introduction part (in Chapter 1). For example, calculated theoretical specific capacitance of MnO2 and MnCo2O4 are 1110 F g -1 and 1810 F g -1 , respectively and that of Ni0.86Mn0.14O can be calculated as 2966 F g -1 ,

whereas those corresponding values obtained experimentally were 305 F g -1 , 420 F g -1 and 848 F g -1 at 1 A g -1 . The decreased specific capacitance values experimentally obtained compared to the theoretical specific capacitance values suggest that the redox reactions are only partially occurring in the active materials. It can probably be due to the fact that the bulk part of the materials was not accessible to the electrolyte, and that the electron conductivity of the materials was low [6], leading to the reduction of the number of active reaction sites. Overall, this PhD dissertation overcomes the state-of-the-art in developing novel materials for redox supercapacitors, contributing to further developments in the field.

Conclusions

In conclusion, this PhD dissertation reported the development of an electrodeposition route to produce new metal oxide (and hydroxide architectures) for application as charge storage electrodes in redox supercapacitors. Moreover, the work studied the physico-chemical and electrochemical properties of single manganese oxides (Mn3O4 and MnO2) and mixed oxides/hydroxides (MnCo2O4, Ni-Mn oxides and Ni-Co hydroxides) as new redox supercapacitor electrodes.

The influence of potential, electrolyte concentration, applied charge and temperature on the surface morphology and electrochemical response were revealed for electrodeposited manganese oxide (Mn3O4) electrodes from nitrate-based electrolytes. Morphological changes depend upon the deposition parameters and the electrochemical response was correlated the surface morphologies of the films. Of those, the film with the hierarchical nanoparticle/nanoflake morphology exhibited specific capacitance value of 416 F g -1 at 1 A g -1 in 1 M NaOH electrolyte. After 1000 cycles the same electrode exhibited specific capacitances of 196 F g -1 , suggesting a possible application of manganese oxides as supercapacitor electrodes working in alkaline electrolyte.

Using hydrogen bubbling as a dynamic template during the electrodeposition process from sulfatebased electrolytes, low crystalline manganese oxide (MnO2) electrode with well-distributed microholes surrounding by a nanosheet network over the surface of the electrode was obtained. The obtained films displayed a specific capacitance of 305 F g -1 at 1 A g -1 in 1 M Na2SO4 electrolyte, rate capability of 61% when increasing the current density from 1 A g -1 to 10 A g -1 , and capacitance retention of 67% after 1000 cycle. Thus, it suggested a potential application of the hydrogen bubbling as a dynamic template to fabricate electrodes for redox supercapacitors.

MnCo2O4 spinel oxide nanosheet films were prepared by electrodeposition of Mn-Co hydroxide and post-thermal transformation into the spinel phase. The detailed structural transformation by thermal annealing revealed the transformation from c-axis oriented Mn-Co hydroxide nanocrystals to randomly oriented MnCo2O4 nanocrystals inside nanosheets after thermal annealing at 250 o C, leading to an enhanced specific capacitance (from 218 F g -1 to 420 F g -1 at 1 A g -1 ). Annealing at higher temperatures (450 o C and 650 o C) resulted in increased nanocrystal size and decreasing porosity, leading to poorer specific capacitance (271 F g -1 to 9 F g -1 at 1 A g -1 , respectively).

Ni-Mn oxides showed excellent pseudocapacitive performance, with a specific capacitance 300 F g -1 , rate capability of 58% when current densities increased from 1 to 10 A g -1 , and capacitance retention of 101% after 1000 cycles for the films with the Ni:Mn ratio of 2:3. The double TMO films evidenced a synergistic redox response when compared to the corresponding single TMOs. Ni1-xMnxO phases and two phases (composed of Ni1-xMnxO and NixMn3-xO4) were formed at low Mn contents and at high Mn contents, respectively. The morphological changes were depend upon the Ni to Mn ratio used in the electrolytes for electrodeposition whereas Ni and Mn oxides displayed different surface morphologies, suggesting that the surface morphology of the double TMOs can be tuned if the two single metal oxides could be controlled to grow in different ways. This route is a promising way to tailor surface morphology of double TMOs.

The Ni-Mn oxide/3D conducting metallic foams displayed high specific capacitance values (848 F g -1 at 1 A g -1 ), superior rate capability (80% when the current density increases from 1 A g -1 to 20 A g -1 )

and excellent cycling stability with 103% capacitance retention after 1000 cycles. The enhanced pseudocapacitive performance is the result of the novel architecture of the electrode, which is composed of the pseudocapacitive Ni86Mn0.14O nanosheet network formed over 3D Ni-Cu conducting dendrite network. Thus, the results indicated that Ni-Mn oxide based electrodes are very promising candidates for redox supercapacitors.

Layered Ni(OH)2-Co(OH)2 hydroxide electrodes composed of a Ni(OH)2 layer grown over a Co(OH)2 layer, deposited by a two steps electrodeposition process, on stainless steel, showed an exceptionally high specific capacitance -1580 F g -1 at 1 A g -1 . This high value is the result of the summative contribution of each hydroxide layer to the total redox response of the electrode. The electrode exhibited high specific capacitance values that were 985 F g -1 at 10 A g -1 and 692 F g -1 (at 10 Thus, the results provided the fundamental understanding of the film nucleation and growth.

Outlook

Following by the results achieved in this PhD dissertation, the following areas can be promising for further advance of the state-of-art and are relevant recommendations for future work.

-Optimization of the micro-pore size formation in hierarchical micro/nano porous MnO2 electrodes and extend this approach to deposit other TMO based electrodes to further improve the pseudocapacitive performance and design novel TMO electrodes for supercapacitors.

-Tailoring the surface morphology of other double TMO electrodes by electrodeposition, in which the morphologies of the corresponding single oxides will be controlled to grow into different forms under the same deposition parameter, to tune their porosity toward an enhanced pseudocapacitive performance.

-Considering the high weight of transition metal foams used in the thesis, if the total mass of the electrode is used to calculate the specific capacitance, the value can be drastically decreased.

Thereby, the use of lightweight foam can be improved the total specific capacitance of the whole electrode. In this perspective, lightweight foams such as graphene foam or boron nitride foams can be good candidates for further study as 3D porous current collector to deposit the mixed oxides reported in the thesis.

-Performing fundamental studies about redox response (mechanism) of the mixed oxides with insitu electrochemical approach such as in-situ Raman spectroscopy, or in-situ measurement with more advanced techniques such as extended x-ray absorption fine structure (EXAFS) and x-ray absorption near edge structure (XANES).

-Understanding ageing of the electrodes by combining different electrochemical and physicochemical characterizations. -Bien comprendre l'effet du recuit sur la transformation d'hydroxydes mixtes électrodéposés en oxyde mixte et la corrélation avec les propriétés électrochimiques pour des électrodes à base l'oxyde Mn-Co.

-Détailler les mécanismes de croissance de films d'oxyde de Mn électrodéposés à partir d'électrolyte à base de nitrate.

-Révéler un moyen prometteur d'adapter la morphologie de surface des oxydes mixtes électrodéposés par contrôle de la croissance d'oxydes simples.

-Comprendre le mécanisme de nucléation des hydroxydes préparés par électrodéposition (hydroxydes Ni-Co).

Experimental

Fabrication de films par électrodéposition

Les expériences d'électrodéposition ont été réalisées dans un système électrochimique classique sous atmosphère ambiante à la température ambiante en utilisant un VoltaLab PGZ 100 potentiostat de Radiometer, avec l'acier inoxydable comme électrode de travail, une électrode au calomel saturé (SCE) comme électrode de référence et une feuille de platine comme contre-électrode (Figure 2). Les caractéristiques magnétiques ont été étudiées à l'aide d'un magnétomètre SQUID MPMS (Quantum Design). La dépendeance de l'aimantation sous champ (FC) avec la temperature a été mesurée dans le rang de température 10 K-300 K avec un champ magnétique de 500 Oe.

Caractérisation electrochimique

La réponse électrochimique a été déterminé par voltamétrie cyclique (CV) à différentes vitesses de balayage et de charge-décharge (CD) à différentes densités de courant. Soit 1 M NaOH ou 1 M KOH ont été utilisés comme electrolytes. Toutes les expériences électrochimiques ont été effectuées dans le système classique à trois électrodes comme décrit dans la section de fabrication de films, en utilisant des films déposés sur de l'acier inoxydable comme électrode de travail. La capacité spécifique des films a été calculée à partir des courbes de CD à l'aide de la formule:

𝐶 = 𝐼𝑡 ∆𝑉 (1) 
où I, t, ∆V sont la densité de courant CD (A g -1 ), le temps de décharge (s) et la plage de travail du potentiel (V), respectivement.

Results and discussion

La première étape a été l'électrodéposition d'oxyde de manganèse à partir d'électrolytes à base de nitrate. Le procédé a été étudié à fond en faisant varier les paramètres d'électrodéposition tel que les potentiels appliqués (allant de -1.0 V à -1.5 V), les concentrations d'électrolyte (0.1 M, 0.25 M et 0.5 M), et la charge appliquée (-0.3 C cm -2 , -0.6 C cm -2 and -0.9 C cm -2 ). Les films électrodéposés à partir de bains de nitrate dans le régime cathodique impliquent une generation, soit par la réduction des nitrates ou l'électrolyse de l'eau, de l'anion hydroxyle OH-près du substrat, qui élèvent la valeur du pH à l'interface substrat/électrolyte. Les ions Mn 2+ dans l'électrolyte réagissent ensuite avec des anions OH -générés à l'interface substrat/électrolyte, formant Mn(OH)2 qui précipite au niveau du substrat.

2H2O + 2e -→ H2 + 2OH -

NO3 -+ 7H2O + 8e -→ NH4 + + 10OH -

Mn 2+ + 2OH -→ Mn(OH)2 La variation des paramètres de dépôt (potentiel appliqué, concentration de l'électrolyte (Figure 4) et la charge appliquée) a entraîné des changements morphologiques (Figure 4), avec création de porosité importantes, ce qui affecte directement la réponse électrochimique des films. Les paramètres de dépôt optimals ont abouti à la formation de morphologies hiérarchiques de nanoparticules/nanoflakes de face centrée quadratique (FCT) Mn3O4 avec des valeurs de capacité spécifiques de 416 F g -1 at 1 A g -1 dans un électrolyte 1 M NaOH (Figure 4). L'électrode a une assez pauvre rétention de capacité -46% après un test de charge-décharge continue pour 1000 cycles. La capacité spécifique obtenue après 1000 cycles à 1 A g -1 est 196 F g -1 et cette valeur est comparable aux valeurs rapportées pour l'oxyde de manganèse avant cyclage, travaillant dans un électrolyte neutre [18]. Les valeurs élevées de capacité initiales spécifiques, la faible rétention et la mauvaise stabilité peut être due à l'activité d'oxydo-réduction élevé et les réactions d'oxydoréduction irréversibles de l'oxyde de manganèse (transformation de Mn3O4 en MnO2 [19]), dans un électrolyte alcalin [18]. est probablement due à la présence de Co [33,34]. Après le dépôt les films (Figure 6) présentent une surface poreuse composée de nanofeuillets, qui sont encore observés après traitement thermique jusqu'à 450 °C (Figure 6). La morphologie des nanofeuillets suggère qu'ils grandissent presque perpendiculairement au plan du substrat (direction hors du plan de la Comprendre les mécanismes qui affectent la stabilité de la réponse peut être un sujet intéressant pour des études ultérieures.

Conclusions et perspectives

Conclusions

Globalement, les résultats obtenus à partir de ce travail représentent un progés par rapport à l'état de l'art dans le développement de nouveaux matériaux pour les supercondensateurs redox, et contribuent au développement dans le domaine. L'influence du potentiel, de la concentration de l'électrolyte, de la charge appliqué et de la température sur la morphologie de surface et la réaction électrochimique ont été étudiés pour l'oxyde de manganèse électrodéposé (Mn3O4) en tant qu'électrodes à partir d'électrolytes à base de nitrate. Les modifications morphologiques dépendent des paramètres de dépôt et la réponse électrochimique a été corrélée avec les morphologies de surface des films. Parmi eux, le film avec une morphologie hiérarchique de nanoparticule/nanofeuillet montre une valeur de capacité spécifique de 416 F g -1 at 1 A g -1 dans un electrolyte 1 M NaOH. Après 1000 cycles l'électrode présente des capacités spécifiques de 196 F g -1 , ce qui suggère une application possible des oxydes de manganèse comme électrodes de supercondensateur avec un électrolyte alcalin de travail.

L'utilisation d'un barbotage d' hydrogène comme un matrice dynamique au cours du processus de dépôt électrolytique à partir d'électrolytes à base de sulfate, donne lieu à des électrodes d'oxyde de manganèse (MnO2) de faible cristallinité avec des micro-trous bien répartis autour d'un réseau de nanofeuilles sur la surface de l'électrode. Les films obtenus affichent une capacité spécifique de 305 F g -1 at 1 A g -1 dans un electrolyte 1 M Na2SO4, une capacité de vitesse de charge 'rate capability' de 61% lorsque la densité de courant passé de 1 A g -1 à 10 A g -1 , et une rétention de capacité de 67% après 1000 cycles. Ainsi, on a proposé une application potentielle de formation de bulles Les oxydes Ni-Mn ont montré d'excellentes performances pseudo-capacitives, avec une capacité spécifique de 300 F g -1 , une capacité de vitesse de charge 'rate capability' de 58% lorsque la densité de courant passé de 1 A g -1 à 10 A g -1 , et une rétention de capacité de 101% après 1000 cycles pour les films avec un Ni:Mn de 1:3. Les films doubles TMO mettent en évidence une réaction d'oxydo-
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 12 Figure 1.2. Supercapacitor configuration and their classification based on charge storage mechanism:
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 13 Figure 1.3. Typical cyclic voltammetry and charge discharge curves of (a, b) double layer
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 14 Figure 1.4. Processes contributing to pseudocapacitance: (a) underpotential deposition, (b) redox
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 15 Figure 1.5. Crystal structure of spinel oxide AB2O4.
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 16 Figure 1.6. (a, b) TEM images, (c, d) SAED patterns, (e) HRTEM image and (d) pore size distribution of

  NiCo2O4 aerogel was characterized by a mesoporous structure composed of nanocrystals, with size of approximately 6 nm, displaying a surface area of 122 m 2 g -1 (Figure1.6). Moreover, the material presented a narrow pore-size distribution (2-5 nm, Figure1.6e and f), two orders of magnitude higher in electric conductivity, and enriched redox reaction possibilities due to the contribution both from Ni and Co cations, when compared to the corresponding single metal oxides. These properties resulted in an enhanced electrochemical capacitive response, characterized by specific capacitance values up to 1400 F g -1 at 25 mV s -1 in 1 M NaOH electrolyte and in a potential window from 0.04 to 0.52 V after 650 cycles of activation. Furthermore, the electrochemical tests revealed a capacitance decay of 9% compared to the maximum specific capacitance after 2000 cycles, indicating a very good cycling stability of the NiCo2O4 material.
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 17 Figure 1.7. (a) FEG-SEM image and (b) stability of the NiCo2O4 on stainless steel prepared by
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 18 Figure 1.8. TEM images of (a) porous NiCo2O4 nanowire [74], (b) electrospun porous NiCo2O4
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 19 Figure 1.9. FEG-SEM images of (a) NiCo2O4 nanosheets on carbon fiber paper [82], (b) NiCo2O4
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 110 Figure 1.10. FEG-SEM images of (a) hierarchical MnO2/NiCo2O4 nanosheets/nanowires [89] and (b)
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 111 Figure 1.11. (a) FEG-SEM image of electroless deposited MnCo2O4 [92] and (b) TEM image of hollow
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 112 Figure 1.12. TEM images of nickel manganese oxides with (a) bipyramid, (b) fusiform, (c) plate form
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 113 Figure 1.13. (a) FEG-SEM and (b) TEM images of nickel manganese oxide deposited on carbon
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 21 Figure 2.1. The scheme of the three-electrode cell under potentiostat control.

Figure 2 . 2 .

 22 Figure 2.2. Cyclic voltammetry measuring scheme (a, b) and curves (c) [33]. ipA/ipC is anodic/cathodic

  3), which are constant current (Figure 2.3a), linearly varying current (Figure 2.3b), reversed constant current (Figure 2.3c) and cyclic reverse constant current (Figure 2.3d).

Figure 2 . 3 .

 23 Figure 2.3. Chronopotentiometry measurement scheme. (a) constant current, (b) linearly increasing
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  electrode electrochemical system under ambient atmosphere at room temperature using Voltalab PGZ 100 Potentiostat from Radiometer with a stainless steel as working electrode, saturated calomel electrode (SCE) as reference electrode and platinum foil as counter electrode. The electrodeposition was performed in a constant potential mode. The electrolyte concentration, applied charge and deposition potential were varied to induce changes in the surface morphology and to optimize the electrochemical activity. The post-thermal treatment was performed in air and the respective temperatures were optimized too.Characterization: Field emission gun scanning electron microscope (FEG-SEM, JEOL 7001F microscope) was used for studying surface morphology of the films. Raman spectroscopy (Horiba/Jobin Yvon LabRam spectrometer) and Fourier transform infrared spectroscopy (FTIR, Digilab Excalibur Series spectrometer) were used for studying structural characteristics. For Raman measurements, the 632.8 nm He-Ne laser was used for excitation on a spot of 1 μm 2 and the counting time was 400 seconds. The structural details were studied by transmission electron microscope (TEM, JEOL JEM-2010 microscope) at acceleration voltage of 200 kV. Magnetic measurements were performed by SQUID magnetometer (Quantum Design). To evaluate electrochemical response, cyclic voltammetry (CV) at a scan rate of 20 mV s -1 and charge-discharge
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 131311 Figure 3.1.1. (a) Cyclic voltammetry at scan rate of 20 mV s -1 and (b) charge-discharge curves at current density of 1 A g -1 of films deposited at -1.5 V and after thermally treated at 100 o C, 200 o C, 300 o C and 400 o C for 1 hour.

  annealing at 200 o C to study the effect of the deposition potential on the surface morphology and on the electrochemical response. Chronoamperometry curves in Figure3.1.2a showed long deposition times of about 3000 seconds at the applied potential of -1.0 V. The deposition time decreased quickly when increasing the applied potential above (more negative) -1.0 V. The long deposition time at -1.0 V was probably due to a slow growing process at a less negative potential. At more negative potentials, the electromotive force of the cathodic reduction reactions increases, leading to fast growing processes.
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 312 Figure 3.1.2. (a) Chronoamperometry curves at different potentials with total applied charge of -0.6 C cm -2 , (b) cyclic voltammetry at a scan rate of 20 mV s -1 , (c) charge-discharge at current density of 1 A g -1 and (d) specific capacitance values of the films deposited at different applied potentials.
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 313 Figure 3.1.3. FEG-SEM images of the films deposited at (a) -1.0 V, (b) -1.1 V, (c) -1.3 V and (d) -1.5 V and annealed at 200 o C and (e) an image of the as-deposited film at -1.5 V. Scale bar at the bottom

  performed at 200 o C for one hour in air. The surface morphology of the films was sensitive to the precursor concentration in the electrolyte as revealed by the FEG-SEM images in Figure 3.1.4a and b.The films deposited with an electrolyte concentration of 0.25 M were composed of interconnected nanoflakes with the presence of nanoparticles attached on their surface. The average size of the nanoparticles was approximately 50 nm. The average thickness of the nanoflakes was approximately 14 nm. When the Mn(NO3)2 concentration was further increased to 0.5 M, the nanoparticles attached on the surface of the nanoflakes became less evident (Figure3.1.4b). The average thickness of the nanoflakes was approximately 14 nm, which was similar to the value of the film deposited at 0.25 M.
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 3143134315 Figure 3.1.4. FEG-SEM images of the films deposited with Mn(NO3)2 concentration of (a) 0.25 M and (b) 0.5 M at potential of -1.3 V and applied charge of -0.6 C cm -2 . (c) Cyclic voltammetry curves at a scan rate of 20 mV s -1 and (d) charge-discharge curves at current density of 1 A g -1 of the films

1. 3 V

 3 with a total applied charge of -0.6 C cm -2 , from the 0.25 M electrolyte and post-thermal annealing at 200 o C. These films were the ones exhibiting the highest specific capacitance values amongst the films deposited in this work. Raman, FTIR and SQUID were used for the structural studies.
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 316 Figure 3.1.6. Raman spectrum (a), FTIR spectrum (b) and zero field cool and field cool curves (c) of
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 3 Figure 3.1.6 showed the Raman spectrum, FTIR spectrum and zero field cool (ZFC) and field cool (FC)
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 317 Figure 3.1.7. (a) TEM image, (b) SAED pattern and (c) HR-TEM image of the optimized sample.

  1 and 100 mV s -1 was approximately 100 mV, indicating the low polarization of the electrode. The shape of the cyclic voltamograms was almost preserved up to the highest scan rate of 100 mV s -1 , indicating the easy diffusion of ions in the electrolyte into the film.
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 318 Figure 3.1.8. Pseudocapacitive performance of the optimized film. (a) Cyclic voltammetry curves at
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 319 Figure 3.1.9. Cycling stability with continuous charge-discharge at current density of 1 A g -1 of the

  electrochemical cell, at room temperature, using Radiometer Voltalab PGZ 100 Potentiostat with stainless steel (AISI 304, Goodfellow) as a substrate (working electrode), platinum foil as counter electrode and the saturated calomel electrode (SCE) as reference electrode. The electrolytes were 0.1 M MnSO4 + 0.1 M Na2SO4. Deposition potentials and applied charges were varied to control the surface morphology of the electrodeposited films. All the potentials referred in this work are vs. SCE.After the electrodeposition process, the films were stabilized by potential cycling in Na2SO4 0.1 M for 10 cycles. The mass of the deposited films was estimated by carefully weighting substrates before and after electrodeposition using Sartorius micro-balance with precision of 0.01 mg.Field emission gun scanning electron microscopy (FEG-SEM, JEOL 7001F microscope) was used for studying the surface morphology of the deposited films. Topographic images were obtained with an atomic force microscope (AFM, Nanosurf Easyscan microscope) working in tapping mode. Raman spectroscopy (Horiba/Jobin Yvon LabRam spectrometer) was carried out for studying the structural characteristics of the formed films, using 632.8 nm He-Ne laser exciting over an area of 1 μm 2 . The structural details of the films were studied by transmission electron microscopy (TEM, JEOL JEM-2010 microscope) working at an acceleration voltage of 200 KeV.The electrochemical performance of the electrodes was determined by cyclic voltammetry (CV) and charge-discharge (CD) in 1 M Na2SO4 electrolytes. Electrochemical impedance spectroscopy (EIS, Solartron Potentiostat) was performed with applied voltage amplitude of 10 mV and frequency scanning from 5 mHz to 10 kHz at an open circuit potential. All the electrochemical tests were carried out in the conventional three-electrode cell as described above using the films deposited on steel as working electrodes.
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 3 Figure 3.2.1 shows FEG-SEM images of the manganese oxide films deposited at different potentials and total applied charges (TACs). The film deposited at -1.1 V with a TAC of -1.1 C cm -2 (Figure 3.2.1a)
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 321 Figure 3.2.1. FEG-SEM images of the films deposited at different potentials of (a) -1.1 V, (b) -1.3 V, (c) -1.5 V under a total applied charge of -1.1 C cm -2 , and (d) deposited at potential of -1.5 V under a total applied charge of -0.55 C cm -2 . (e) FEG-SEM image of a micro-hole marked by a green
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 322 Figure 3.2.2. (a) Tapping mode AFM topography image of the representative film obtained in 100 x 100 μm 2 region. Color scale on the right part indicates the out of plane scale. (b) Height profile of a
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 323 Figure 3.2.3. Typical Raman spectrum of the manganese oxide film. Important Raman bands are
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 324 Figure 3.2.4. (a) Low magnification TEM image, (b) SAED pattern and (c,d) HRTEM images measuring
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 325 Figure 3.2.5. (a) CV with different scan rates and (b) the relation of cathodic peak current density vs.
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 326 Figure 3.2.6. Kinetic analysis of the representative film: (a) The relation of charge (𝑄) vs. 𝑣 -1/2 and (b) of 𝑄 -1 vs. 𝑣 1/2 . (c) Electrochemical impedance spectroscopy at open circuit potential and (d) chargedischarge cycling stability of the representative film at constant current of 5 A g -1 for 1000 cycles.

  [START_REF] Ahuja | Enhanced supercapacitor performance by incorporating nickel in manganese oxide[END_REF] Potentiostat from Radiometer, with the stainless steel as a working electrode, the saturated calomel electrode (SCE) as reference electrode and the platinum foil as counter electrode. All potentials referred in this work are potentials versus the SCE. The depositions were performed in a constant current mode, applying a current density of -0.4 mA cm -2 for 2500 seconds. The concentrations of the precursor salts used in the experiments were 0.093M Mn(NO3)2 and 0.007 M Co(NO3)2. These concentrations were selected to obtain a Co/Mn ratio close to 2 in the deposited films. The samples were annealed at 250, 350, 450 and 650 o C for 3 hours.Characterization:Field emission gun scanning electron microscopy (FEG-SEM, JEOL 7001F and FEI QUANTA 250 ESEM microscopes) and energy dispersive x-ray spectroscopy were used for analyzing the surface morphology and the composition of the deposited films. Topographic images and surface roughness were obtained with an atomic force microscopy (AFM, Nanosurf Easyscan microscope), working in tapping mode. X-ray diffraction (XRD, Bruker AXS D8 Advance diffractometer) in Bragg-Brentano and grazing incident (GIXRD) configurations with Cu Kα radiation, Fourier transform infrared spectroscopy (FTIR, Digilab Excalibur Series spectrometer) and Raman spectroscopy (Horiba/Jobin Yvon LabRam spectrometer) were used for studying structural characteristics. For Raman measurements, the 632.8 nm He-Ne laser was used for excitation on a spot of 1 μm 2 and the counting time was 400 s.
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 33 1 evidence the morphological features of the as-deposited film and films annealed at different temperatures. The as-deposited films (top row) present a porous surface morphology composed of nanosheets, which are still observed after thermal treatment up to 450 o C (middle row; 350 o C not shown). The nanosheets morphology suggest that they were grown almost perpendicularly to the substrate plane (out of plane direction in Figure 3.3.1) and are connected together, forming a percolation network with an open porous structure. Nanosheets have an average thickness of about 10 nm and an average length of approximately 165 nm. The surface morphology of the films annealed at 650 o C (bottom row) is different from that of the as-deposited and low temperature annealed films. The nanosheets are transformed into nanoplatelets, each one of about 46 nm of thickness and 150 nm of average length. The percolation network has almost vanished.

Figure 3 . 3 . 1 .

 331 Figure 3.3.1. FEG-SEM images of the film surface at low (left) and high (right) magnifications. Top: asdeposited film. Middle: films annealed at 250 o C. Bottom: films annealed at 650 o C. Inset: FEG-SEM image of films annealed at 450 o C with the same magnification with that of the left images for
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 332 Figure 3.3.2. From top to bottom: tapping mode AFM

Figure 3 . 3 . 3 .

 333 Figure 3.3.3. Raman spectra of the as-deposited film and films annealed at different temperatures.
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 334 Figure 3.3.4. FTIR spectra of the as-deposited film and films annealed at different temperatures.
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 335335 Figure 3.3.5. XRD patterns of the as-deposited film and films annealed at 250 o C, 350 o C, 450 o C and 650 o C in comparison with ICDD cards of Co(OH)2, Mn(OH)2 and MnCo2O4. Left inset: evolution of the
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 336 Figure 3.3.6. From top to bottom: TEM images of the as-deposited film and films annealed at 250 o C, 450 o C and 650 o C. From left to right: low magnification TEM images (left), SAED (middle) HRTEM
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 337 Figure 3.3.7. Integrated SAED profiles of the films annealed at 250 o C, 350 o C, 450 o C, 650 o C
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 338 Figure 3.3.8. FC curves of the films annealed at 250 o C (bottom) and 650 o C (top). The applied in-
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 339 Figure 3.3.9. Cyclic voltammetry (left) and charge-discharge (right) curves for the as-deposited film

  potential window also widens compared to the as-deposited hydroxide. The increased area of the CV curves indicates that the capacitive response is enhanced after thermal treatment. CV curves show that the MnCo2O4 films annealed at 250 o C and 350 o C display an enhanced capacitive performance compared to the as-deposited ones or to the 450 o C annealed films. At 650 o C, the current response significantly decreases and this can be explained by the reduced porosity and increased crystal size, observed in the FEGSEM and TEM studies. The specific capacitances calculated from the CD curves (Figure 3.3.9, bottom right) are 430 F g -1 , 422 F g -1 , 271 F g -1 and 9 F g -1 for films annealed at 250 o C, 350 o C, 450 o C and 650 o C, respectively. Table
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  Keywords: mixed oxide, nickel manganese oxide, redox supercapacitors, electrodeposition, morphological changes Adapted from Journal of Materials Chemistry A, 2015,3, 10875-10882 3.4.1. Introduction Transition metal oxides (TMOs), such as RuO2 and Co oxides were formerly studied by B. Conway
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 34 Figure 3.4.1a shows the elemental composition of the electrodeposited films, obtained by EDX
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 34 Figure 3.4.1b-h shows the FEG-SEM images of the films deposited from electrolytes containing
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 34 1a reveals that the Ni:Mn ratio in the electrodeposited films is higher than the corresponding ratio in the electrolyte. The ratios in the films are of 5.9, 2.9, 0.67, 0.27 and 0.14 for the corresponding values in the solutions of 3, 1, 0.33, 0.16 and 0.11. The film deposition is based on the reaction of the metallic cations(Ni 2+ , Mn 2+ ) in the electrolyte with the hydroxyl anions generated through nitrate reduction or water electrolysis on the electrode to form Ni(OH)2/Mn(OH)2, being transformed into the oxide phases by thermal annealing.
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 341 Figure 3.4.1. Composition and surface morphology of the electrodeposited films. Ni:Mn ratio in the

Figure 3 . 4 . 2 .

 342 Figure 3.4.2. TEM images of the NM-1:0 (a), NM-3:1 (b inset), NM-1:1 (b), NM-1:3 (c), NM-1:6 (d),

Figure 3 . 4 . 3 .

 343 Figure 3.4.3. SAED patterns of NM-1:0 (a), NM-3:1 (b inset), NM-1:1 (b), NM-1:3 (c), NM-1:6 (d), NM-

Figure 3 . 4 . 4 .

 344 Figure 3.4.4. DFTEM images of NM-1:0 (a), NM-1:1 (b), NM-1:3 (c), NM-1:6 (d), NM-1:9 (e) and NM-

Figure 3 . 4 . 5 .

 345 Figure 3.4.5. Raman spectra of the deposited films with different Ni:Mn ratios. NM-1:9(a) and NM-

3 )

 3 2MnOOH + Mn(OH)3 + e - 0-0.2V (3.4.1) 2(2MnOOH+Mn(OH)3)+ 3OH -↔ (6MnO2).5H2O + 3H + + 6e - For the mixed Ni-Mn oxide films, the redox peaks become more evidenced in the CV curves. The peak position is shifted to lower potentials when the Mn content increases. The broad redox peaks are likely to include the contributions of the redox reactions of Ni oxide and Mn oxide with OH -.
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 346 Figure 3.4.6. Cyclic Voltammetry curves at a scan rate of 20 mV s -1 (a) and charge-discharge curves at a current density of 1 A g -1 (b) for the films with different Ni:Mn ratio and specific capacitance of the
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 34 Figure 3.4.6c depicts the specific capacitances of the electrodeposited films. The values obtained for the single metal oxides are 164 F g -1 and 65 F g -1 for the Ni oxide and for the Mn oxide, respectively.
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 34 Figure 3.4.7b. The linear relation indicates that the redox reactions are diffusion-controlled processes

Figure 3 . 4 . 7 .

 347 Figure 3.4.7. Electrochemical performance of the NM-1:3 film. Cyclic voltammetry curves obtained at

Figure 3 . 4 . 8 .

 348 Figure 3.4.8. Kinetic analysis of the NM-1:3 films. Contributions of double layer capacitance (varying with 𝑣) and diffusion controlled redox capacitance (varying with 𝑣 1/2 ) to the total capacitance (a). The relation of charge (𝑄) vs. 𝑣 -1/2 (b) and of 𝑄 -1 vs. 𝑣 1/2 (c).

Figure 3 . 4 . 9 .

 349 Figure 3.4.9. Cycling stability of the NM-1:3 film for 1500 cycles at constant current of 3 A g -1 .

  electrode electrochemical system (Voltalab PGZ 100 Potentiostat from Radiometer), at room temperature, using the NiCu foams (F1, F2) as working electrode, the saturated calomel electrode (SCE) as reference electrode and a platinum foil as counter electrode. An electrolyte containing Mn(NO3)2 (0.075 M) and Ni(NO3)2 (0.025 M) was used for the electrodeposition experiments. The depositions were performed in galvanostatic mode, applying a current density of -1 mA cm -2 for 10 minutes. After that the films were annealed at 250 o C for 3 hours. Characterization Field emission gun scanning electron microscopy (FEG-SEM, JEOL 7001F microscope) was used to study the surface morphology of the films. X-ray diffraction (XRD, Bruker AXS D8 Advance diffractometer) in Bragg-Brentano configuration with Cu Kα radiation and Raman spectroscopy (Horiba/Jobin Yvon LabRam spectrometer) were used to study the structural features. The structural details were also studied by transmission electron microscopy (TEM, JEOL JEM-2010 microscope), working at an acceleration voltage of 200 keV. Energy dispersive X-ray spectroscopy (EDX) mappings were performed by scanning transmission electron microscopy (STEM, JEOL JEM-2010F microscope).
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 51 In agreement with previous work[20], the foams show an open porous 3D morphology with randomly distributed micrometric size pores (Figure3.5.1a and d) .The pore walls, themselves, are constituted of randomly interconnected dendrites forming an open porous 3D percolation network (Figure 3.5.1b-c and e-f), thus creating a good electron conducting pathway. The F2 foams, electrodeposited for longer time, present a lower surface pore density (approximately 417 pores mm - 2
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 351 Figure 3.5.1. FEG-SEM images of (a-c) F1 and (d-f) F2 foams at different magnifications.
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 352 Figure 3.5.2. FEG-SEM images of nickel manganese oxide films deposited on NiCu foams at different

Figure 3 . 5 . 3 .

 353 Figure 3.5.3. (a) XRD patterns and (b) Raman spectra of F1-NMO and F2-NMO films.
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 354 Figure 3.5.4. Low magnification TEM, SAED and HRTEM images of (a-c) F1-NMO and (d-f) F2-NMO. (g)

Figure 3 . 5 .

 35 Figure 3.5.5a and b shows the CV curves, obtained at different scan rates in a potential window

Figure 3 . 5 . 5 .

 355 Figure 3.5.5. CV curves of (a) the F1-NMO, (b) F2-NMO at different scan rates and of the corresponding blank foams at 50 mV s -1 , respectively. (c) The relation of peak current with the square

Figure 3 . 5 . 6 .

 356 Figure 3.5.6. The relation of (a) charge 𝑄 vs. 𝑣 -1/2 and (b) 𝑄 -1 vs. 𝑣 1/2 .

Figure 3 . 5 . 7 .

 357 Figure 3.5.7. Charge-discharge curves of (a) the F1-NMO and (b) F2-NMO at different currents. (c)

5 . 8 )

 58 increases to approximately 122% after 40 cycles, and reaches a maximum value of 134% after 200 cycles corresponding to specific capacitance values of 1057 F g -1 . Then, it slowly decreases to approximately 103% after 1000 cycles.

Figure 3 . 5 . 8 .

 358 Figure 3.5.8. Charge-discharge cycling stability of the F2-NMO at 5 A g -1 for 1000 cycles.

Ni(OH) 2

 2 and single Co(OH)2 hydroxides designed in a way that combines the redox response from the single Ni 2+ /Ni 3+ and Co 2+ /Co 3+ redox reactions, will display enhanced electrochemical response. Thus, in this study an electrode architecture composed of layered films of Ni(OH)2 on Co(OH)2 and Co(OH)2 on Ni(OH)2 (here after denominated Ni(OH)2-Co(OH)2 and Co(OH)2-Ni(OH)2) was designed via a facile two steps electrodeposition route. For comparative purposes the single layer hydroxides Ni(OH)2, Co(OH)2 and their double hydroxide Ni1/2Co1/2(OH)2 were also prepared and studied. was performed in a conventional three-electrode electrochemical cell, at room temperature, using Radiometer Voltalab PGZ 100 Potentiostat with stainless steel (AISI 304, Goodfellow) as a substrate (working electrode), platinum foil as counter electrode and the saturated calomel electrode (SCE) as reference electrode. Prior the electrodeposition, steel samples were polished with SiC grit papers up to 1000 grits, rinsed with deionized water and ethanol and dried by a jet of compressed air. The electrolytes used for the deposition were 0.1 M Ni(NO3)2, 0.1 M Co(NO3)2 and [0.05 M Ni(NO3)2 + 0.05 M Co(NO3)2] for the electrodeposition of Ni(OH)2, Co(OH)2 and Ni1/2Co1/2(OH)2, respectively. All films were electrodeposited at a constant potential of -1.1 V vs SCE. Single layer films of Ni(OH)2, Co(OH)2 and Ni1/2Co1/2(OH)2 were deposited with total applied charge of -1 C cm -2 . Layered films of Ni(OH)2-Co(OH)2 and Co(OH)2-Ni(OH)2 were prepared by depositing each layer, separately, following the order in the films, with the total applied charge for the deposition of each layer of -0.5 C cm -2 . All the potentials referred in this work are vs. SCE. Characterization Field emission gun scanning electron microscopy (FEG-SEM, JEOL 7001F and FEI QUANTA 250 ESEM microscopes) was used for studying the surface morphology (top view and cross section) of the deposited films. Cross-section measurements were done by scratching part of the films away from the substrate and observed on 75 o tilted sample holder.
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 63361 Figure 3.6.1. Top-view FEG-SEM images of the (a) Co(OH)2, (b) Ni(OH)2, (c) Co(OH)2-Ni(OH)2, (d)

Figure 3 .

 3 Figure 3.6.1 shows top-view FEG-SEM images of the hydroxide films with different architectures

Figure 3 . 6 . 2 .

 362 Figure 3.6.2. (left side). Cross-section FEG-SEM images of the (a) Co(OH)2, (b)

Figure 3 . 6 . 3 .

 363 Figure 3.6.3. TEM results. From left to right: low magnified TEM images, SAED patterns and HRTEM
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 365 Figure 3.6.5. Cyclic voltammograms at different scan rates of 5 mV s -1 , 10 mV s -1 , 30 mV s -1 and 50 mV s -1 of (a) Co(OH)2, (b) Ni(OH)2-Co(OH)2, (c) Ni1/2Co1/2(OH)2, (d) Co(OH)2-Ni(OH)2 and (e) Ni(OH)2. (f)

Figure 3 . 6 . 6 .

 366 Figure 3.6.6. Charge-discharge at different constant currents of 2 A g -1 , 3 A g -1 , 5 A g -1 and 10 A g -1 of

  -1 for Co(OH)2, (b) Ni(OH)2-Co(OH)2, (c) Ni1/2Co1/2(OH)2, (d) Co(OH)2-Ni(OH)2 and (e) Ni(OH)2, respectively. The specific capacitance reduction in all the films is probably consequence of inaccessible active sites at high applied current densities. Co(OH)2 and Ni1/2Co1/2(OH)2 present highest rate capability, while Ni(OH)2 and Co(OH)2-Ni(OH)2 present very poor rate capability. The value of Ni(OH)2-Co(OH)2 is lower than that of Co(OH)2 and Ni1/2Co1/2(OH)2, probably due to the presence of Ni(OH)2 layer with low rate capability. However, considering the specific capacitance values obtained at 10 A g -1 of 667 F g -1 , 949 F g -1 and 975 F g -1 for Co(OH)2 and Ni1/2Co1/2(OH)2 and Ni(OH)2-Co(OH)2, this two layers film still displayed the highest specific capacitance values.

  .6.7a and b. The calculation results are presented as the contribution of diffusion-controlled redox capacitive and of double layer capacitive to the total specific capacitance of the deposited films in Figure 3.6.7c.
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 367 Figure 3.6.7. The relation of (a) charge (𝑄) vs. 𝑣 -1/2 , (b) of 𝑄 -1 vs. 𝑣 1/2 and (c) contributions of
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 368 Figure 3.6.8. Charge-discharge cycling stability of the Ni(OH)2-Co(OH)2 film at constant current of 10 A g -1 for 1000 cycles.
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 371 Figure 3.7.1. (a) Linear sweep voltammetry with the potential sweep from 0 V to -2 V and scan rate of 10 mV s -1 . (b) Current transient curves obtained at different applied potential determined from

  deposition mechanism presented in the reaction 3.7.1 and 2. The number of electron transfer during the deposition process is 8, the atomic weight of NiCo2(OH)6 is 278.619 g mol-1 and assuming that the density of NiCo2(OH)6 = 2Co(OH)2 + Ni(OH)2 is 11.292 g cm -3 , those were used in the SH model discussed above for the fitting and the results will be presented in the following part.
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 37237 Figure 3.7.2. The relation of current density with t -1/2 of obtained by changing the x-axis from t to t -1/2
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 37337 Figure 3.7.3. (a) (I/Im) 2 vs t/tm relationship and (b) current density vs. time 1/2 obtained by changing the coordination of the corresponding current transient at -750 mV and -800 mV.
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 374 Figure 3.7.4. (I/Im) 2 vs t/tm relationship obtained by changing the coordination of the corresponding
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 375 Figure 3.7.5. Fitting of current transient curves at potentials ranging from -850 mV to -1000 mV with Scharifker-Mostany model.
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 376 Figure 3.7.6. Fitting of current transient curves at potentials ranging from -850 mV to -1000mV with the MNHT model.
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 377 Figure 3.7.7. In-situ AFM results of the film deposited at -1200 mV vs Pt. The AFM images were measured in the area of 2 x 2 m 2 during the potential-off time (a) before applying potential and after applying potential for (b) 5 seconds, (c) 15 seconds and (d) 20 seconds.
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 378377 Figure 3.7.8. Ex-situ FEG-SEM and AFM measured in the area of 2 x 2 m 2 (a, e) before
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 41 Figure 4.1. The general scheme evidencing the combination of metallic oxides/hydroxides studied in

  distributed micro-holes, with an average diameter of approximately 18 µm and depth of approximately 2.2 µm over a continuous nanosheet network, forming the hierarchical architecture electrode (Figure 4.2, right).
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 42 Figure 4.2. Schematic images of the hierarchical Mn3O4 nanoparticle/nanoflake and micro/nano

Figure 4 . 3 .

 43 Figure 4.3. A schematic image of the structural evolution from the Mn-Co hydroxide to the spinel

Figure 4 . 4 .

 44 Figure 4.4. Schematic images of the texture particle-nanosheet Ni-Mn oxide, and Ni-Mn oxide on Ni-

  deposited on 3D conducting Ni-Cu foams with open porous structure (which was also prepared by electrodeposition). The resulting architecture displayed a hierarchical morphology composed of NMO nanosheets over Ni-Cu dendrites with long-range interconnectivity (Figure 4.4, right) of high porosity. Each nanosheet displayed the Ni0.86Mn0.14O phase. High specific capacitance values of 1057F g -1 at 5 A g -1 in 1 M KOH after 200 continuous charge-discharge cycling were obtained, which could result from the high porosity of the electrode and the enhanced redox response of the mixed Ni0.86Mn0.14O nanosheets. Interestingly, very high rate capability could be achieved, with 83% capacitance retention when increasing the current densities from 1 A g -1 to 20 A g -1 . The remarkable rate capability was the result of the novel hierarchical electrode's architecture composed of pseudocapacitive Ni-Mn oxide nanosheet percolation network grown over 3D conducting Ni-Cu dendrite percolation network (Figure4.4, right). Moreover, the system presented a very good cycling stability behavior, with 103% capacitance retention after 1000 charge-discharge cycles, which is similar to the behavior of the corresponding oxide films deposited on stainless steel. The results suggested that the pseudocapacitive response was mainly originated from the oxide phase.

Figure 4 . 5 .

 45 Figure 4.5. A schematic approach of depositing TM hydroxide films including one TM hydroxide layer

Figure 4

 4 particles (Figure 4.4, left) NiO and Mn3O4 NMO/Ni-Cu foam Nanosheets/dendrites (Figure 4.4, right) Ni0.86Mn0.14O Ni(OH)2-Co(OH)2 Dense layer/Nanosheet layer (Figure 4.5) Ni(OH)2/Co(OH)2 As shown in Figure 4.6, specific capacitance values of Ni(OH)2-Co(OH)2 and Ni-Mn oxides/NiCu foam electrodes were the highest ones achieved in this work. The formation of a dense Ni(OH)2 layer over Co(OH)2 nanosheet layer with high specific capacitance revealed that the charge storage capacity of materials with layered-structure is less dependent on the surface area. The enhancement of the specific capacitance when depositing Ni-Mn oxide on Ni-Cu foam revealed that the high surface area is an important parameter to enhance the specific capacitance of TMO electrodes. Formation of nanocrystals distributed in a nanostructure also accounted for the enhanced charge storage ability.
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 46 Figure 4.6. Pseudocapacitive performance including specific capacitance at 1 A g -1 , contribution of

Figure 4 . 7 .

 47 Figure 4.7. Nucleation processes during the electrodeposition of Ni-Co hydroxides.

A g - 1 )

 1 after 1000 cycles. Thus, the results revealed a new possible way to design hydroxide-based pseudocapacitive electrodes for application in redox supercapacitors. The nucleation mechanism of the Ni-Co hydroxide films prepared by electrodeposition was studied by analyzing the current transient curves at different applied potentials and performing in-situ electrochemical AFM measurements. The results revealed that the film formation was based on a 3D instantaneous nucleation mechanism, matching well with the Scharifker-Hill, Scharifker-Mostany and Mirkin-Nilov-Heerman-Tarallo 3D growth models. The films tend to grow into interconnected nanosheets after short deposition time as revealed by ex-situ AFM and ex-situ FEG-SEM studies.
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 6 Résumé en français de la thèse 1. Introduction Les supercondensateurs sont actuellement considérés comme l'un des dispositifs les plus importants pour les solutions de stockage d'énergie, en raison de la densité de puissance accrue et la stabilité pendant les cycles. Traditionnellement, les supercondensateurs sont utilisés en combinaison avec des batteries pour fournir une puissance supplémentaire pour les applications nécessitant une densité de puissance élevée. Leur faible densité énergétique est un obstacle, et donc les supercondensateurs sont normalement pas utilisé comme un dispositif de stockage unique de l'énergie. Cependant, compte tenu des avantages des supercondensateurs en termes de densité de puissance et de durée de vie [1] (Figure 1), et le fait que leur densité d'énergie peut être améliorée, il peut en résulter un dispositif de stockage d'énergie très prometteur.

Figure 1 .

 1 Figure 1. La densité de puissance par rapport à la densité d'énergie de plusieurs dispositifs de stockage de l'énergie électrique: condensateurs, les supercondensateurs et les batteries [1].

  Tous les potentiels décrits dans cet ouvrage sont des potentiels par rapport à la SCE. Des électrolytes à base de nitrate (Mn(NO3)2, Co(NO3)2 et Ni(NO3)2) ont été utilisés pour l'électrodéposition. La température de recuit a été optimisée afin d'obtenir des films présentant une bonne réponse pseudo-capacitives.

Figure 2 .

 2 Figure 2. Schéma de la cellule à trois électrodes controlée par le potentiostat.
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 41 Mn(OH)2 +𝑥-O2 → MnOx + H2O(5) Cet hydroxyde peut être transformé en oxyde par recuit. Ainsi, l'effet du processus de recuit thermique à différentes températures (de 200 °C à 400 °C) a été étudié. Un recuit thermique à 200 °C a donné lieu à une capacité spécifique accrue, et l'augmentation supplémentaire de la température de recuit a entraîné une diminution de cette capacité spécifique (Figure3).

Figure 3 .

 3 Figure 3. (a) Voltamétrie cyclique à vitesse de balayage de 20 mV s -1 et (b) ourbes de charge-décharge à densité de courant de 1 A g -1 de films deposes à -1.5 V et après un traitement thermique à 100 o C, 200 o C, 300 o C et 400 o C pendant 1 heure.

Figure 4 .

 4 Figure 4. Images MEB-FEG des films déposés avec des concentrations de Mn(NO3)2 de (a) 0.25 M et (b) 0.5 M avec un potentiel de -1.3 V et une charge appliquée de -0.6 C cm -2 . (c) Courbes de voltampérométrie cyclique à une vitesse de balayage de 20 mV s -1 et (d) courbes de charge-décharge à densité de courant de 1 A g -1 des films deposés avec différentes concentrations de Mn(NO3)2.

Figure 5 .

 5 Figure 5. MnO2 films micro/nano poreux préparés par électrodéposition par evolution d'hydrogène.

Figure 6 .

 6 Figure 6. Images FEG-MEB de la surface des films à faible (gauche) et haut (droite) grandissementss. En haut: film tel qu'il a été déposé. Milieu: films recuit à 250 o C. En bas: films recuit à 650 o C. Encart: image FEG-MEB du film recuit à 450 o C avec le même grandissement que les images de gauche pour comparison.

Figure 6 )

 6 et sont reliés entre eux, formant un réseau de percolation avec une structure poreuse ouverte. Les nanofeuillets ont une épaisseur moyenne d'environ 10 nm et une longueur moyenne d'environ 165 nm. La morphologie de surface des films recuits à 650 °C (Figure 6) est différente de celle des films avant et après recuits à plus basse température. Les nanofeuillets sont transformés en nanoplaquettes, chacune d'environ 46 nm d'épaisseur et de 150 nm de longueur moyenne. Le réseau de percolation a presque disparu. La transformation structurelle étudiée par TEM montre que le recuit à 250 °C favorise le développement de nanocristaux de spinelle avec une taille moyenne d'environ 5 nm dans les nanofeuillets. Cette croissance d'orientation aléatoire, Figure 7, a lieu probablement à partir de nanocristaux hydroxide dont l'axe-c est préférentiellement orienté. Les performances améliorées pseudo-capacitives correspondent à une capacité spécifique de 430 F g -1 à 1 A g -1 et avec 1 M deNaOH. Cette réponse améliorée après un recuit thermique à 250 °C est en accord avec les résultats obtenus pour les oxydes de manganèse. Un recuit à des températures élevées conduit à augmenter la taille du cristal, la Figure7, tout en changeant la morphologie de la surface de percolation du réseau de nanofeuilles à un réseau de nanoplaquettes (principalement composées de cristaux maclés de forme hexagonale) qui ne présente pas une longue distance d'interconnexion, ce qui conduit à une diminution de la porosité, et par conséquent à une performance pseudo-capacitive pauvre. Bien que la transformation de films hydroxyde en spinelle a été généralement appliqué pour préparer des électrodes mixtes à base d'oxyde de supercondensateurs[31, 35], la transformation structurelle détaillée de la phase hydroxyde dans la phase de spinelle par recuit thermique et la corrélation avec la réponse électrochimique ne sont pas souvent rapportés dans la littérature[31, 35]. Ce travail va donc au-delà de la l'état de l'art en rapportant en détail ces aspects (publié dans RSC Advances, 2015, 5, 27844-27852).

Figure 7 .

 7 Figure 7. De haut en bas: images TEM du film tel que déposé et aprèsrecuit à 250 o C, 450 o C et 650 o C. De gauche à droite: images basse résolution (gauche), cliché de diffraction SAED (milieu) et images haute resolution HRTEM (doite). Les clichés de diffraction SAED sont indexés en superposant les lignes de diffraction du composé identifié. Encart en haut à droite: FFT de l'image HRTEM pour les films tel que déposé et recuit 250 °C and 450 °C (les hexagones bleu et rouge dans le film tel que déposé correspond à deux axes de zone [001] zone axes tournés de 25 degrés. L'encart pour le recuit à 650 o C estr un élargissemnt de l'image haute résolution avec une superposition de la structure simulée de MnCo2O4. L'encart à bas à doite pour le fim tel que déposé est la FFT inverse de la

Figure 8 .

 8 Figure 8. Composition et morpholigie des films electrodeposés. Rapport Ni:Mn dans les films (mesure EDX) vs. le rapport dans l'électrolyte (a). Images FEG-MEB des films NM-1:0 (b), NM-3:1 (c), NM-1:1 (d), NM-1:3 (e), NM-1:6 (f), NM-1:9 (g) et NM-0:1 (h). Encarts: agrandissement des zones marquées par des carrées blancs.

Figure 9 .

 9 Figure 9. (a) Capacité spécifique des films pour différents rapports Ni:Mn. (b) Stabilité aux cycles du film NM-1:3 pour 1500 cycles à un courant de 3 A g -1 .

Figure 10 .

 10 Figure 10. Images MEB-FEG des films d'oxyde de nickel-manganèse déposés sur des mousses de Ni-Cu à différents grossissements. (a-d) film F1-NMO, (e-h) film F2-NMO.

Figure 11 . 2 .

 112 Figure 11. (a) La capacité spécifique en fonction de la densité de courant appliquée. (b) Stabilité au cyclage de la charge-décharge de F2-NMO pour 5 A g -1 et 1000 cycles.

Figure 13 .

 13 Figure 13. (a) Courbes de voltampérométrie cyclique à une vitesse de balayage de 20 mV s -1 et (b) courbes de charge-décharge galvanostatiques à un courant constant de 1 A g -1 des films Ni(OH)2, Co(OH)2, Co(OH)2-Ni(OH)2, Ni1/2Co1/2(OH)2 and Ni(OH)2-Co(OH)2.

Figure 14 .Table 1 .

 141 Figure 14. Résultats AFM In situ du film déposé à -1200 mV vs Pt. Les images AFM ont été mesurés dans une aire de 2 x 2 m 2 (a) avant d'appliquer le potentiel et après application du potentiel pendant (b) 5 secondes, (c) 15 secondes et (d) 20 secondes.

Figure 15 .

 15 Figure 15. La performance pseudocapacitive y compris la capacité spécifique à 1 A g -1 , contribution des capacities redox (controllée par diffusion), capcité de débit pour des densités de courant allant de 1 à 10 A g -1 (tà 20 A g -1 pour NMO/mousse Ni-Cu) et stabilité au cyclage après 1000 cycles (200 cycles pour MnCo2O4) pour les electrodes étudiées.

  d'hydrogène en tant que matrice dynamique pour fabriquer des électrodes pour des supercaondensateurs redox. Des films d'oxydes spinelles MnCo2O4 sous forme de nanofeuilles ont été préparées par électrodéposition d'un hydroxyde Mn-Co et par transformation post-thermique dans la phase spinelle. La transformation structurelle détaillée par recuit thermique a révélé la transformation de nanocristaux d'hydroxyde Mn-Co textures (axe c) vers des nanocrsitaux orientées de manière aléatoire MnCo2O4 et qui germent dasn les nanofeuillets après recuit thermique à 250 o C, conduisant à une capacité spécifique accrue (de 218 F g -1 à 420 F g -1 et 1 A g -1 ). Des recuits à des temperatures plus élevées (450 o C et 650 o C) entraînent une augmentation de la taille des nanocristaux et une porosité décroissante, conduisant à des capacité spécifique plus pauvres (271 F g -1 à 9 F g -1 à 1 A g -1 , respectivement).

  

  

  

Table 1 . 1 .

 11 Theoretical specific capacitance (F g -1 ) of MnO2, NiO and Co3O4 in potential windows ranging from 0.3 to 1 V.

	Potential window/ V	0.3	0.4	0.5	0.6	0.7	0.8	0.9	1
	MnO2	3700	2775	2220	1850	1585	1387	1233 1110
	NiO	4305	3229	2583	2152	1845	1614	1435 1291
	Co3O4	2670	2002	1602	1335	1144	1001	890	801
	By applying equation (1.9) and based on the redox reactions presented above, the theoretical

specific capacitance values (X=1) of MnO2, Co3O4 and NiO have been calculated with varying potential window and shown in Table 1.1, taking into account the molar mass of MnO2, Co3O4 and NiO are 86.93 g mol -1 , 240.80 g mol -1 , 74.69 g mol -1 , respectively. 1.2.

Current state of the art in studying double transition metal oxides for supercapacitors.

  

Table 1 .

 1 

	Potential window/V	0.3	0.4	0.5	0.6	0.7	0.8	0.9	1
	TSC	4010	3007	2406	2005	1718	1503	1336	1203

2. Theoretical specific capacitance (TSC, F g -1 ) values of NiCo2O4 in the potential window (V) ranging from 0.3 -1 V.

Table 1 .3. Theoretical

 1 

		specific capacitance values (F g -1 ) of MnCo2O4 in the potential window (V)
	ranging from 0.3 -1 V.								
	Potential window/V	0.3	0.4	0.5	0.6	0.7	0.8	0.9	1
	TSC	5430	4072	3258	2715	2327	2036	1810	1629
	The charge storage mechanism, based on four electron transfer process, results in a very high
	theoretical specific capacitance of MnCo2O4 as shown in Table 1.3, making it a very promising
	material to prepare pseudocapacitive charge storage electrodes.				
	Published work, reporting the preparation and pseudocapacitive performance of MnCo2O4 as
	supercapacitor electrodes is hereby briefly reviewed.					

Table 1 .4. Theoretical

 1 

	specific capacitance (TSC) values (F g -1 ) of NiMn2O4 in the potential window (V)
	ranging from 0.3 -1 V.								
	Potential window/V	0.3	0.4	0.5	0.6	0.7	0.8	0.9	1
	TSC in Na2SO4	1383	1037	830	691	592	518	461	415
	TSC in KOH	4146	3110	2488	2073	1777	1555	1382 1244

  5. To further improve the pseudocapacitive performance of the Ni-Mn oxide based electrode, 3Dopen porous metallic foams were used as current collectors for the electrodeposition.

	The principles of metal oxides electrodeposition and the electrochemical experimental methods to
	characterize them concerning its application as redox-supercapacitor electrodes will be briefly
	Morphological, structural and electrochemical properties of the film deposited on two different presented in this part of the thesis. The first part is an introduction focused on the experimental
	foams were studied. setup and details about cathodic and anodic electrodeposition of (nanostructured) metal oxide. The
	6. Ni and Co hydroxides were also redesigned by performing electrodeposition in various steps, to second part concerns the use of electrochemical techniques (cyclic voltammetry and
	fabricate a two layers film with single Ni and Co hydroxides in each layer in order to compare its chronopotentiometry) as central methods to study the redox supercapacitive behavior of electrodes.
	pseudocapacitive response with that of Ni-Co hydroxides. This chapter is dedicated to the electrodeposition and electrochemical techniques. Techniques for
	physico-chemical characterization of the materials (such as FEG-SEM, XRD, AFM, Raman and TEM)
	7. Finally, nucleation studies were conducted on Ni-Co hydroxide as a representative system in the
	thesis by current transient analysis and in-situ electrochemical AFM. The aim was to better
	understand the electrochemical mechanism governing the growth of these materials.

Standard reduction potential V vs. SHE

  

	MnO4 -+ 2H2O + 3e - MnO2(s) + 4OH -	0.59
	2FeO4 2-+ 5H2O + 6e - Fe2O3(s) + 10OH -	0.81
	H2MoO4 + 2H + + 2e - MoO2(s) + 2H2O	0.65

Table 2 .2. OH

 2 -generation reactions and their corresponding standard reduction potential[10, 11].

	Anion

reduction reactions Standard reduction potential V vs. SHE

  

	Generally, when the potential difference between the working electrode and reference electrode is
	more negative than the standard reduction potential of metal ions in the electrolyte, the reduction
	reaction of metal ions into metal takes place at the electrode/electrolyte interface, forming the
	electrodeposited metal film. However, under certain circumstances, which are depended on
	electrolytes, other reactions can also happen, being competitive with the metal deposition. And in
	case of thermodynamic favorable, the metal deposition can be prevented, the other reactions
	dominate at the electrode/electrolyte interface. This assumption is commonly applied to
	electrodeposit metal oxides reported in literature.	
	An oxygen source is needed in order to deposit metal oxides. Hydroxyl ions have been used as the
	oxygen source for the formation of metal oxides. Generally, hydroxyl ions can be generated in the
	cathodic regime by water electrolysis, anions reduction reaction, oxygen reduction reaction or
	hydrogen peroxide reduction reaction. The generation of hydroxyl anion results in an increase of
	NO3 -+ H2O + 2e - NO2 -+ 2OH -local pH at the electrode/electrolyte interface. And if it is thermodynamically favorable than metal 0.01
	NO3 -+ 7H2O + 8e - NH4 + + 10OH -deposition, then the reaction of metal ions with OH -near the interface will happen, forming metal
	ClO4 -+ H2O + 2e - ClO3 -+ 2OH -hydroxide films deposited on the electrode. Depending on the air stability of the hydroxide, it can be 0.36
	ClO4 -+ 4H2O + 8e - Cl -+ 8OH -transformed directly into oxide phases, or the transformation can be done by thermal annealing 0.51
	Water electrolysis process. A list of OH -generation reaction is given in Table 2.2.
	2H2O + 2e - H2 + 2OH -	-0.83
	Oxygen reduction reaction	
	O2 + 2H2O + 2e - H2O2 + 2OH -(acidic media)	0.70
	O2 + 2H2O + 4e -→ 4OH -	+0.40
	Hydrogen peroxide reduction reaction	
	H2O2 + 2e- 2OH -	

Table 2 .3. Standard

 2 reduction potential of several transition metal ions[12].

Reduction reaction Standard reduction potential V vs. SHE

  

	Ni 2+ + 2e - Ni	-0.25
	Co 2+ + 2e - Co	-0.28
	Fe 2+ + 2e - Fe	-0.44
	Zn 2+ + 2e - Zn	-0.76
	Mn 2+ + 2e - Mn	-1.18
	V 2+ + 2e - V	-1.13
	Sn 2+ + 2e - Sn	-0.13
	Several hydroxides are not stable in air, therefore they are transformed directly into oxide phases
	after exposing in air, for example Zn(OH)2 or Sn(OH)2. The oxidation reactions are presented below:
	Sn 4+ + 4OH -→ SnO2 (s) + H2O	(2.1)
	Zn 2+ + 2OH -→ ZnO (s) + H2O	(2.2)
	Zn 2+ + 2OH -→ Zn(OH)2 (s)	(2.3)
	Zn(OH)2 → ZnO (s) + H2O	(2.4)

Table 2 .4. Metal

 2 oxides electrodeposited based on OH -generation: OH -source used, hydroxide/oxide transformation and surface morphology.

	Films	OH -source	Hydroxide/ oxide	Morphology	Ref.
			transformation		
	ZnO	Oxygen reduction	No need	Not	[14, 15]
				reported/Nanowires	
	ZnO	Hydrogen peroxide	No need	Dense film	[11]
		reduction			
	SnO2	Nitrate reduction	No need	Porous films composed	[16]
				of large particles	
	NiO	Nitrate reduction	Annealing	Porous films composed	[17]
				of agglomerated nano-	
				particles	
	Ni(OH)2	Perchlorate reduction Not performed	Not reported	[18]
	Co(OH)2	Perchlorate reduction Not performed	Not reported	[18]
	MnO2	Water electrolysis			
	MnO2	Nitrate reduction	Annealing	Nanorods	[19]
	Mn2O3	Nitrate reduction	No need	Not reported	[18]
	Co3O4	Nitrate reduction	Annealing	Nanosheets	[20]
	NiCo2O4	Nitrate reduction	Annealing	Nanosheets	[21]
	Interestingly, metal hydroxides have layered structures (trigonal symmetry) and commonly grow into
	1D or 2D nanostructures depending on the reaction conditions. Using this advantage, high porosity
	nanostructured oxide films can be obtained. Therefore, electrodeposition of metal oxides is a flexible
	and easy route to prepare transition metal oxides based electrodes for supercapacitors or for other

Table 3 .

 3 3.1. Positions (cm -1 ) of Raman and FITR bands for the as-deposited and 250-650 o C annealed films as compared with bands reported in literature for some brucite-type hydroxides M(OH)2 (M=TM, space group P-3m1) and AB2O4 spinel oxides (A, B = TM, space group Fd3m). TW: this work.

		Raman					FTIR		
	Hydroxides M(OH)2 Eg	A1g	Eg	A2u	A1g(νO-H) νM-O, νM-O-H	νO-H	Ref.
	Co(OH)2	547	427	250	503				[24]
	Co(OH)2	~610 ~430 ~260 ~510				[25]
	Co(OH)2						480-540	3637	[26]
	Co(OH)2						460, 520	3634	[27]
	Co(OH)2				510	3569	433	3630	[28]
	Mn(OH)2	645	461	262	367				[29]
	Mn(OH)2		401	234	432	3578	386	3625	[28]
	Ni(OH)2		445	310	510	3580			[30]
	As-deposited	609	470	260	526		594	3573	TW
	Spinels AB2O4	A1g	F2g	F2g	Eg	F2g	νA-O	νB-O	Ref.
	MnCo2O4	~680 ~520		~480 ~200	667	562	[31]
	MnCo2O4						662	572	[32]
	NiCo2O4	671	523		477	187			[33]
	NiCo2O4	648	504		456	186			[34]
	Co3O4	690	621	519	482		661	570	[35]
	Co3O4	691	618	521	482	194			[36]
	Co3O4	686	616	519	481	194			[37]
	250 o C	658	591		490	188	658		TW
	350 o C	668	587		492	188	666	567	TW
	450 o C	663	587		498	188	672	562, 496 TW
	650 o C	656	577		500	181	682	553, 503 TW

Table 3 .3.2.

 3 Specific capacitance and working potential of the as-deposited film and MnCo2O4 films.

	As-deposited	250 o C	350 o C	450 o C	650 o C
	Specific capacitance (F g -1 ) 218	430	422	271	9

Table 3 .

 3 4.1. Ni:Mn ratio in the electrolytes used for electrodepositions, corresponding film notation and mass.

	Ni:Mn	1:0	3:1	1:1	1:3	1:6	1:9	0:1
	Film	NM-1:0	NM-3:1 NM-1:1 NM-1:3 NM-1:6 NM-1:9 NM-0:1
	Mass (mg cm -2 ) 0.32	0.29	0.30	0.30	0.28	0.26	0.23
	Field emission gun scanning electron microscopy (FEG-SEM, JEOL 7001F microscope) equipped with
	energy disperse x-ray spectroscopy (EDX) was used for morphological investigation and elemental

analysis. Raman spectroscopy (Horiba/Jobin Yvon LabRam spectrometer) with He-Ne laser beam of 632.8 nm was used for the structural studies. The structural details were studied by transmission electron microscopy (TEM, JEOL JEM-2010 microscope) operating at an acceleration voltage of 200 keV.

Table 3 .

 3 7.1. The diffusion coefficient and the nuclei numbers of films prepared by electrodepositionat -750 mV and -800 mV.

	Potential	D (cm 2 s -1 )	N
	-750 mV	1.804 x 10 -6	6817
	-800 mV	1.799 x 10 -6	10215

Table 3 .

 3 

	7.2. The nucleation rate, the nuclei numbers and the diffusion coefficient obtained from the
	fitting results with Scharifker-Mostany model of films prepared by electrodeposition at -850 mV to -
	1000 mV.			
	Potential / mV	A (s -1 )	N	D (cm 2 s -1 )
	-850	3.107 x 10 19	14228	2.073 x 10 -6
	-900	4.018 x 10 24	17839	2.386 x 10 -6
	-950	1.016 x 10 17	24610	3.025 x 10 -6
	-1000	5.489 x 10 17	22973	3.467 x 10 -6

Table 3 .7.3.

 3 The nucleation rate, the nuclei numbers and the diffusion coefficient obtained from the fitting results with MNHT model of films prepared by electrodeposition at -850 mV to -1000 mV.

	Potential / mV	A (s -1 )	N	D (cm 2 s -1 )
	-850	8.106 x 10 15	12658	2.177 x 10 -6
	-900	7.845 x 10 43	17839	2.386 x 10 -6
	-950	5.564 x 10 24	19726	3.294 x 10 -6
	-1000	9.995 x 10 43	20663	3.630 x 10 -6

  The fitting results of the experimental current transient curves with the current response proposed by MNHT model are presented in Figure3.7.6. The fitting results were similar to the ones obtained with the SM model and the fitting curves show a reasonable match with the experimental ones, however some deviations are still observed. The nucleation rate, nuclei number and diffusion coefficient were also obtained from the fitting results, being depicted in Table3.7.3. It is clearly shown that the nuclear number and diffusion coefficient increase with the applied potential.

	1/2	0.520893𝐴𝑡-1.206814𝐴 3/2 𝑡 3/2 +1.185724𝐴 2 𝑡 2 -0.051314𝐴 1/2 𝑡 1/2 [𝐴𝑡-1+𝑒𝑥𝑝(-𝐴𝑡)](1-1.206814𝐴 1/2 𝑡 1/2 +1.185724𝐴𝑡)	[1 -𝑒𝑥𝑝 (-𝑁 0 𝜋𝑘𝐷 (1 -
	1-𝑒𝑥𝑝(-𝐴𝑡) 𝐴𝑡	) 𝑡)]	(3.7.16)

Moreover, the nuclei numbers suggest instantaneous nucleation, being in good agreement with the results from SM model.

Table 4

 4 

	.1 and Figure 4.6 summarize the morphologies, structures and pseudocapacitive performance
	including specific capacitance, contribution of the diffusion controlled redox capacitance, rate
	capability and cycling stability of the representative film in each system (which displayed highest
	performance) studied in this work.

Table 4 . 1 .

 41 Morphologies and structures of the pseudocapacitive electrodes reported in this work.

	Systems	Morphology

  Leur mécanisme de stockage de charge se base sur le processus rapide de formation d'une double couche (processus non-Faradique) et mène à la haute densité de puissance du dispositive.Cependant, la capacité est assez limitée, car elle est totalement régie par la surface spécifique des ' électrodéposition est une voie simple et en une seule étape, ce qui permet le dépôt de films TMO directement sur le collecteur de courant, et ce en fournissant une excellente adhérence et sans avoir besoin de liants ou d'autres additifs étrangers. Cela a un impact important parce que la matière active présentera une résistance électrique équivalent inférieure a celle, en général élevé, des liants.La surface et la porosité des matériaux actifs sont les facteurs importants pour l'amélioration des performances de pseudocondensateur. En contrôlant les paramètres de dépôt, il est possible d'adapter la morphologie de surface, sa porosité et la composition chimique des électrodes, ce qui maximise la capacité de stockage de charge. L' électrodéposition ouvre également un large éventail de possibilités en ce qui concerne les collecteurs de courant. La production industrielle peut être effectuée à grande échelle en raison de l'adaptation à différentes échelles du procédé. La synthèse de nouvelles électrodes avec de bonnes performances (oxydes Mn, Ni-Mn oxydes, hydroxydes Ni-Co) pseudo capacitives.

	électrodes, et donc la (capacité spécifique) densité d'énergie est très faible (5-10 Wh kg -1 , avec des
	valeurs spécifiques de capacitance qui sont typiquement inférieures à 200 F g -1 ) [9, 10]. Ceci a mené à
	diriger les efforts de recherche vers des pseudo-supercondensateurs basés sur des oxyde de métaux
	de transition (TMO) (supercondensateurs à oxydo-réduction) afin d'obtenir des densités d'énergie
	élevées. Des électrodes à base d'oxydes, comme RuOx, MnOx, CoOx et NiOx, affichent des capacités
	spécifiques plus élevées en raison de l'accumulation de charge accrue résultant de la réaction
	Faradique d'oxydo-réduction.
	04 à 0.52 V après
	650 cycles d'activation. En outre, les tests électrochimiques ont révélé une décroissance de la étudier ces électrodes, leurs propriétés physico-chimiques ont été caractérisées par les microscopies
	capacité de 9% par rapport à la capacité maximale spécifique après 2000 cycles, indiquant une très électroniques à balayage et trasmission (SEM et TEM), la spectroscopie aux rayons X à dispersion
	bonne performance pseudo-capacitive du matériau NiCo2O4. Ce résultat a insité de nouvelles d'énergie (EDX), la diffraction des rayons X (XRD), la spectroscopie Raman et infrarouge (FTIR), la
	électrodes d'oxydes mixtes (par exemple, NiMoO4 [12], NiFe2O4 [13]) pour les supercondensateurs à microscopie à force atomique (AFM) et par magnétométrie en utilisant un SQUID. Leurs propriétés
	haute densité d'énergie. Des approches de préparation différents, tels que l'optimisation des électrochimiques ont été caractérisés par voltamétrie cyclique et chronopotentiométrie.
	paramètre de dépôt [14] ou le dépôt sur des collecteurs de courant poreux (tels que le papier fait de Les oxydes mixtes à base de Mn ont d'abord été mis au point. Ainsi, la première étape a consisté en
	carbone [15, 16] et les mousse de nickel [17]), ont également été développés pour améliorer la
	capacité de stockage de charge de NiCo2O4.

La clé pour la densité d'énergie accrue de supercondensateurs réside sur le matériau d'électrode. Des carbones poreux avec une grande surface et une bonne conductivité y compris les charbons actifs, les aérogels de carbone, et les nanotubes de carbone, sont souvent étudiés pour les supercondensateurs [2-8]. Au cours des dernières années, des études sur les oxydes mixtes, principalement des oxydes doubles de métaux de transition et de phase spinelle, ont retenu beaucoup d'attention pour les supercondensateurs à haute densité d'énergie en raison de leur capacité de stockage d'énergie électrochimique extraordinaire par rapport aux oxydes simple de métaux de transition. Parmi ceux-ci, les oxydes spinelles NiCo2O4 sont les électrodes les plus connus. Les études sur NiCo2O4 comme matériau pour les électrodes de pseudo-supercondensateurs ont été lancées après le travail par Hu et al. [11], signalant un aérogel NiCo2O4 préparé par un procédé sol-gel. Cet aerogel présente par rapport aux oxydes simples des métaux correspondants, plusieurs réactions d'oxydo-réduction due aux contributions des cations Ni et Co. Il en est résulte une réaction capacitive électrochimique améliorée, caractérisé par des valeurs spécifiques de capacitance allant jusqu'à 1400 F g -1 à 25 mV s -1 à 1 M dans un électrolyte de NaOH et dans une fenêtre de potentiel à partir de 0.LCette thèse de doctorat vise à étudier et à améliorer le comportement électrochimique d'oxydes simples -oxydes de manganèse et à développer de nouvelles électrodes à doubles TMOS adaptés pour le stockage d'énergie dans des superccondensaterurs redox, en déposant les matières actives directement sur l'acier inoxydable collecteur de courant via une route d'électrodéposition flexible et de bas coût. D'une part, cette voie permet d'éviter la nécessité de liants et d'additifs supplémentaires qui introduisent des résistances dans le matériau actif et assure une adhérence à long terme ainsi que la résistance à la corrosion. D'autre part, en contrôlant les paramètres de dépôt, il est possible d'adapter la morphologie de surface et la composition chimique des électrodes, ce qui maximise la capacité de stockage de charge. A cet effet, le travail porte sur le développement d'électrodes d'oxyde doubles (mixtes) sur la base de la combinaison d'oxydes de Mn, Co et Ni par électrodéposition pour des applications dans les supercondensateurs d'oxydo-réduction. Pour l'électrodéposition d'oxydes de Mn et l'étude de leurs propriétés physico-chimiques et leur réponse électrochimiques. En même temps, du fait que les oxydes de nickel et de Co affichent un effet pseudo-capacitif dans un électrolyte alcalin, ils ont été utilisés avec le Mn pour fabriquer des double -

M est tout à fait faible, plus d'essais électrochimique ont été réalisés dans 1 M de Na2SO4. La capacité de charge ('rate capability') de l'électrode était de 61% lors de l'augmentation des densités de courant entre 1 et 10 A g -1 , et le maintien de la capacité était de 67% après 1000 cycles de chargedécharge à 5 A g -1 , révélant la bonne performance pseudo-capacitive du nouvel électrode d'oxyde de manganèse déposé directement sur de l'acier inoxydable. La littérature récente a indiqué que les arrangements hiérarchique de nanofibres/nanofil de MnO2 préparé en utilisant de l'oxyde d'aluminium anodisé en tant que matrice dure[24] affichent des valeurs de capacité spécifiques de

298 F g -1 à 1 A g -1 et que des distributions hiérarchiques MnO2/nanotubes de carbone[30] affichent des valeurs de capacité spécifiques de 223 F g -1 à 1 A g -1 . Par rapport à l'état de l'art, l'architecture poreuse innovante de micro/nano MnO2 préparé par barbotage d'hydrogène électrolytique en tant que matrice dynamique est une voie prometteuse pour fabriquer des électrodes de supercondensateurs à base de MnO2. Néanmoins, le maintien de la capacité de 67% après 1000 cycles de charge-décharge n'est pas pleinement satisfaisant; cette réponse est probablement due à la diminution de l'adhérence des films sur le collecteur de courant, qui peuvent être du au dégagement d'hydrogène.L'électrodéposition de nouvelles électrode à base de TMO mixte a été effectuée dans un électrolyte à base de nitrate. En outre, l'électrodéposition de film précurseurs d'hydroxyde de TM mixte et de leur transformation post-thermique en films mixte TMO a été récemment signalée[31, 32] comme une voie intéressante pour fabriquer des électrodes pour des supercondensateurs. En dépit de ces
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Chaque nanofeuille montre une phase MnO2 mal cristallisé. La capacité spécifique à 1 A g -1 était de 667 F g -1 avec l'électrolyte 1 M NaOH. La capacité spécifique accrue par rapport à ceux décrit cidessus peut être due à une augmentation de la surface, résultant de la nouvelle structure hiérarchique composée de micro-trous et nanofeuillets (Figure 5). En outre, il peut résulter de la formation de la phase MnO2 mal cristallisé, qui a été rapporté comme ayant une meilleure activité d'oxydo-réduction par rapport à la phase Mn3O4 [18]. La valeur de la capacité spécifique avec 1 M Na2SO4 était de 305 F g -1 à 1 A g -1 . La capacité spécifique est inférieure à celle obtenue dans l'électrolyte NaOH et ce probablement en raison de la diminution de la capacité de stocker des électrons et de les libérer dans le processus d'oxydo-réduction [18,19,29]. Étant donné que la stabilité des oxydes de manganèse (déposés par électrolyse à potentiel de -1.3 le V, concentration de l'électrolyte de 0.25 M, charge appliquée de -0.6 C cm -2 et recuit à 200 ° C en 1 heure) dans du NaOH

Perspectives

Suite aux résultats obtenus dans cette thèse de doctorat, les domaines suivants peuvent être prometteur pour de nouvelles avancés de l'état de l'art et sont des recommandations pertinentes pour des travaux futurs -Optimisation de la formation de micro-pores dans les électrodes de MnO2 hiérarchiques micro/nano poreuses et étension de cette approche aux dépots d'autres électrodes à base de TMO pour améliorer encore les performances et la conception de nouvelles électrodes TMO pseudocapacitives pour les supercondensateurs.

-Adapter la morphologie de surface des autres électrodes double TMO obtenus par électrodéposition, dans lequelles les morphologies des oxydes simples correspondants seront contrôlées pour se développer dans des formes différentes sous le même paramètre de dépôt, pour régler leur porosité vers une performance améliorée pseudo-capacitive.

-Compte tenu du poids élevé de mousses de métaux de transition utilisés dans la thèse, si la masse totale de l'électrode est utilisée pour calculer la capacité spécifique, cette valeur peut être considérablement diminué. De ce fait, l'utilisation de mousses légères peut amélioré la capacité spécifique totale de l'ensemble de l'électrode. Dans cette perspective, les mousses légères tels que la mousse de graphène ou de nitrure bore peuvent être de bons candidats pour une étude plus approfondie de collecteur de courant poreux 3D pour déposer les oxydes mixtes signalés dans la thèse.

- Les résultats de ce mémoire de thèse vont au delà de l'état de l'art et apportent des faits marquants pour l'avancée du développement de nouveaux matériaux pour électrodes dans des supercondensateurs redox.