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Titre : Développement d'électrodes composites métal-
graphène pour de nouveaux dispositifs de stockage 
électrochimique de l’énergie. 

Résumé : 

La demande croissante d'énergie dans le transport, le secteur résidentiel et 
l'industrie, ainsi que la prolifération de sources d'énergie renouvelable 
nécessitent des dispositifs plus efficaces de stockage de l'énergie. Les récents 
efforts en ingénierie des matériaux sont axés sur le développement de matériaux 
nanostructurés susceptibles de faire face à ces besoins, tant en termes de 
densité énergétique (quantité totale d'énergie stockée par unité de masse ou de 
volume), de densité de puissance (puissance qui peut être transférée par unité 
de temps,de masse ou de volume), que de  stabilité en cyclage, qui correspond 
à la dégradation des dispositifs en utilisation continue. De nombreux matériaux 
sont actuellement étudiés en tant que candidats potentiels pour le stockage 
d'énergie au sein des batteries, condensateurs, supercondensateurs (dispositifs 
pouvant stocker beaucoup plus d'énergie que les condensateurs tout en 
conservant une densité de puissance élevée) ou pseudocondensateurs. 
L’objectif de ce travail est d’élaborer des matériaux destinés à être utilisés dans 
des électrodes hybrides avec une réponse électrochimique intermédiaire par 
rapport à celles observées dans un supercondensateur et une batterie. Dans ce 
contexte, les (hydr)oxydes de nickel et de cobalt ont été choisis en raison de leur 
activité électrochimique élevée et de leur faible coût et ont été combinés avec 
des dérivés de graphène, qui présentent une conductivité et une surface active 
élevées. Ce travail concerne plus précisément la synthèse par deux voies, 
l'électrodéposition et l'exfoliation, d’ hydroxydes et oxydes de nickel-cobalt 
nanostructurés, et leur combinaison avec l'oxyde de graphène réduit. L’accent a 
été mis sur la caractérisation physico-chimique et électrochimique pour les 
applications de stockage de l'énergie. 

L’'électrodéposition est utilisée pour obtenir des hydroxydes et oxydes de nickel-
cobalt en combinaison avec de l'oxyde de graphène réduit électrochimiquement. 
Les résultats mettent en évidence un effet synergique qui se traduit par une 
augmentation de la capacité, de la conductivité ainsi que de la stabilité en cyclage 
du matériau comparativement à l’(hydr)oxyde nickel-cobalt parent. De plus, 
l’accent a été mis sur l'interprétation des phénomènes de dégradation survenant 
lors de la charge-décharge et sur l’identification des processus se produisant 
dans l'électrode et entraînant sa dégradation. 

En ce qui concerne la deuxième voie de synthèse, l'(hydr)oxyde de nickel-cobalt 
est exfolié dans des milieux aqueux.  Ceci est réalisé via l'intercalation d’entités 
lactate pour les hydroxydes et de cations tétrabutylammonium pour l'exfoliation 
des oxyhydroxydes. Les hydroxydes et les oxyhydroxydes de nickel-cobalt sont 
des matériaux lamellaires et, par conséquent, peuvent être en feuillets par 
intercalation de molécules volumineuses dans un solvant dans des conditions 
adéquates. Ensuite, les réponses électrochimiques des deux matériaux sont 
évaluées dans différents électrolytes après délamination et ré-empilement. Les 
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résultats révèlent l'influence primordiale des espèces intercalées lors du 
processus d'exfoliation, lactate et tétrabutylammonium,: la nature des espèces 
intercalées ainsi que les forces d’'interaction avec le matériau actif doivent être 
considérées préalablement pour éviter le blocage de la surface et l’inhibition de 
l'interaction électrode-électrolyte. Les résultats corroborent que l'exfoliation est 
une voie prometteuse pour augmenter la surface active des matériaux, mais 
constitue néanmoins un paramètre critique dans la performance électrochimique 
des matériaux d'électrode. 

Enfin, la dernière partie s’inscrit dans l’investigation du mécanisme de charge-
décharge de l'hydroxyde de nickel-cobalt, qui n'était pas encore complètement 
compris à ce jour. L’appréhension de ce mécanisme est une étape critique pour 
l'optimisation des performances et la conception de futurs dispositifs de stockage 
de l’énergie basés sur ce matériau. Afin d’éclairer les processus de charge, le 
modèle de Mott-Schottky a été utilisé tandis que la micropotentiométrie locale a 
été mise en œuvre pour évaluer les variations de pH, de pNa et d'oxygène 
dissous à la proximité de l'interface. Les résultats mettent en évidence les 
changements de conductivité pendant l’oxydation (charge) du matériau, et 
soulignent l'importance du potentiel appliqué lors de l'acquisition des données de 
spectroscopie d'impédance électrochimique dans l’optique d’une interprétation 
correcte. Le modèle le plus probable lors de la charge-décharge de l'hydroxyde 
de nickel-cobalt s’avère être celui d’un transport de proton. 

Mots clés : Hydroxyde de nickel-cobalt, oxyde de nickel-cobalt, graphène, 

électrodéposition, exfoliation, stockage de l’énergie. 
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Title : Advanced metal graphene composite electrodes 
for a new generation of electrochemical energy storage 
devices. 

Abstract :  

The increasing demand of energy in transportation, residential sector and 
industry, as well as the proliferation of more efficient renewable sources of energy 
require novel and more efficient energy storage devices. Consequently, recent 
efforts in material engineering are focused towards the development of 
nanostructured materials that can cope with said needs, ultimately related to the 
energy density, power density and cycling stability of the device. Many materials 
are currently being investigated as potential candidates for energy storage, which 
are classified in materials for batteries, capacitors, pseudocapacitors or 
supercapacitors. The aim of the present work is to generate materials with an 
intermediate electrochemical response between a supercapacitor and a battery, 
also known as hybrid electrodes. For that reason, nickel and cobalt hydroxides 
have been selected due to their high electrochemical activity and low cost and 
have been combined with graphene derivatives, which exhibit high conductivity 
and active surface area. Therefore, this work concerns the synthesis as well as 
the physicochemical and electrochemical characterization of nanostructured 
nickel-cobalt hydroxides and oxides and their combination with reduced 
graphene oxide for energy storage applications by means of two routes, 
electrodeposition and exfoliation. 

On the one hand, electrodeposition is used to obtain nickel-cobalt hydroxides and 
oxides in combination with electrochemically reduced graphene oxide. Results 
evidence a synergistic effect when reduced graphene oxide is combined with 
nickel-cobalt (hydr)oxide, this is, an increase in capacity, conductivity and cycling 
stability of the material when compared to the parent nickel-cobalt (hydr)oxide. 
Moreover, special emphasis is done in the interpretation of electrochemical 
impedance spectroscopy to evaluate the phenomena occurring during 
continuous charge-discharge and discern the processes occurring within the 
active material that result in its degradation. 

On the other hand, nickel-cobalt hydroxide is exfoliated in aqueous media by 
means of lactate intercalation while tetrabutylammonium cations are used in the 
exfoliation of nickel-cobalt oxyhydroxide; the electrochemical responses of both 
material types are evaluated in different electrolytes after re-stacking. Results 
reveal the influence of the intercalated species during the exfoliation process: 
when exfoliation is performed for energy storage purposes, the intercalated 
species and the strength of the interaction with the active material must be 
considered beforehand to avoid surface blockage or inhibited electrode-
electrolyte interaction. Nonetheless, results corroborate that exfoliation is a 
promising route to increase active surface area of the materials, a critical 
parameter in the electrochemical performance of electrode materials.  

Finally, the charge-discharge mechanism of nickel-cobalt hydroxide is not 
completely understood yet. Thus, unveiling this mechanism is a critical step to 
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morphology and performance optimization and design of future energy storage 
devices based on this material. To throw some light into the processes occurring 
during charge, the Mott-Schottky model has been applied to evaluate the 
variance of its capacitance at the electrode-electrolyte interface while local-
micropotentiometry has been used to evaluate the pH, pNa and dissolved O2 
variations at the nearby of the interface. Results evidence the changes in 
conductivity during the charging process of the material, emphasize the 
importance of applied potential during the electrochemical impedance 
spectroscopy data acquisition for its correct interpretation and suggest that the 
most feasible route during charge-discharge of nickel-cobalt hydroxide is a proton 
transport model. 

Keywords : Nickel-cobalt hydroxide, nickel-cobalt oxide, graphene, 

electrodeposition, exfoliation, energy storage. 
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Título : Elétrodos compostos de óxidos/hidróxidos 
metálicos e grafeno para uma nova geração de 
dispositivos eletroquímicos de armazenamento de 
energia. 

Resumo:  

A procura crescente de energia em setores distintos, como residencial, 
transporte e industrial, bem como a proliferação de fontes renováveis de 
produção de energia, exigem novos e mais eficientes dispositivos de 
armazenamento de energia. Consequentemente, tem-se observado um 
interesse crescente na produção e engenharia de materiais para 
armazenamento de energia. Muito dos esforços de R&D estão centrados no 
desenvolvimento de materiais nanoestruturados que possam responder aos 
requisitos da aplicação, tais como densidade de energia, densidade de potência 
e estabilidade face à ciclagem do dispositivo. Presentemente são muitos os 
materiais investigados como potenciais candidatos para elétrodos para 
dispositivos de armazenamento de energia por via eletroquímia, nomeadamente 
baterias, condensadores, pseudocondensadores ou supercondensadores. O 
objetivo do presente trabalho é produzir e estudar novos materiais com uma 
resposta eletroquímica intermédia entre um elétrodo típico de supercondensador 
e um elétrodo típico de bateria, também conhecidos como elétrodos híbridos. Por 
essa razão, selecionaram-se hidróxidos e óxidos de níquel e cobalto devido à 
sua elevada atividade eletroquímica e baixo custo. Estes materiais foram 
combinados com derivados de grafeno, que exibem alta condutividade e elevada 
área superficial ativa. Portanto, este trabalho foca a síntese e caracterização 
fisico química e eletroquímica de hidróxidos e óxidos de níquel-cobalto 
nanoestruturados e sua combinação com óxido de grafeno reduzido para 
aplicações de armazenamento de energia. A síntese foi efectuada por duas vias 
distintas: eletrodeposição e exfoliação.  

A eletrodeposição é usada para obter hidróxidos e óxidos de níquel-cobalto em 
combinação com óxido de grafeno reduzido. Os resultados evidenciam um efeito 
sinérgico quando o óxido de grafeno reduzido é combinado com o (hidr)óxido de 
níquel-  

cobalto, isto é, um aumento na capacidade, condutividade e estabilidade do 
compósito quando comparado com o (hidr)óxido de níquel-cobalto. Neste 
trabalho é dada especial atenção à espectroscopia de impedância eletroquímica 
que foi utilizada para avaliar os fenômenos que ocorrem durante a carga e 
descarga contínua e compreender os processos que ocorrem no material ativo 
e que resultam na sua degradação. 

O hidróxido de níquel-cobalto é também preparado por exfoliação, em meio 
aquoso, por meio da intercalação de lactato, enquanto o tetra-butilamónio é 
utilizado na exfoliação do óxido de níquel-cobalto. A resposta eletroquímica é 
avaliada em diferentes eletrólitos após reconstrução. Os resultados revelam a 
influência das espécies intercaladas durante o processo de exfoliação: quando 
a exfoliação é realizada para fins de armazenamento de energia, as espécies 
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intercaladas e a força da interação com o material ativo devem ser consideradas 
de antemão para evitar o bloqueio superficial ou inibição da interação elétrodo-
eletrólito. Os resultados mostraram que a exfoliação é uma rota promissora para 
aumentar a área de superfície ativa dos materiais, um parâmetro crítico no 
desempenho eletroquímico dos materiais dos eletrodos. 

Nesta dissertação é também estudado o mecanismo de carga-descarga do 
hidróxido de níquel-cobalto, que ainda não está completamente entendido. 
Assim, compreender esse mecanismo é um passo crítico para otimizar a 
morfologia e o desempenho do material e para projetar futuros dispositivos de 
armazenamento de energia. Para esclarecer os processos que ocorrem durante 
a carga, aplica-se o modelo de Mott-Schottky foi aplicado parade modo a avaliar 
a variação da conductividade do material e da sua capacidade na interface 
elétrodo-eletrólito. Utiliza-se a micropotenciometria local para conhecer as 
variações locais de pH, pNa e O2 dissolvido nas proximidades da interface. Os 
resultados evidenciam as variações na condutividade durante o processo de 
carga do material, enfatizam a importância do potencial aplicado durante a 
aquisição dos dados de espectroscopia de impedância eletroquímica para 
correta interpretação dos resultados e sugerem que a via mais viável durante a 
descarga de hidróxido de níquel-cobalto é um modelo de transporte de protões. 

Palavras-chave : Hidróxido de níquel-cobalto, óxido de níquel-cobalto, 

grafeno, electrodeposição, exfoliação, armazenamento de energia.  
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1. Materials for Electrochemical Energy Storage  

The United Nations has pin-pointed climate change as one of the eighteen global issues 

of biggest concern in the world, and energy as one of humanity top problems for the next 

century. As a consequence, more than 3000 international environmental agreements have 

been developed to raise awareness and shift towards a more sustainable growth [1].  Our 

lifestyle is sustained by energy production and consumption. However, up to an 80% of 

the energy production derives from the combustion of fossil fuels, which leads to the 

formation of CO2, the main driver of climate change [2]. Another big concern is the 

depletion of those fossil fuels. According to the U.S. Energy Information Administration, 

there has been an overconsumption of energy during approximately the last 60 years, as 

seen in Fig. 1.1. In fact, the main sources used to produce energy are coal, natural gas and 

crude oil [3], all non-renewable sources. 

 

Fig.1.1. (a) World Energy Consumption and Production and (b) Source of Energy 

production overview from 1949 to 2016. Data extracted with copyright permission of  

the U.S. Energy Information Administration [3]. 

Thus, to ensure a sustainable development, an energy transition is required. Humanity 

shall reduce their petroleum, natural gas and coal energy consumption and transition into 

renewable sources of energy, including geothermal, solar, wind, biomass and 

hydroelectric. However, there is a major issue concerning renewable energy sources and 

their production intermittency [4]. Nonetheless, there are three more aspects to 

sustainable energy usage that shall be optimized apart from production, namely; transport, 

conversion and storage.  

In particular, energy storage plays a key role in the transition to low-carbon economies. 

Fully-functional energy storage reservoirs that can deliver reliable power to an ever-

growing society (Fig. 1b) are crucial [5].To comply with the European Union policy goals 

for 2030, an increase in the electrification of the energy system is expected. In the past, 

due to the existence of daily consumption cycles of electricity, mainly based on fossil 

fuels, nuclear energy and hydrothermal production, the need of variability in the energy 

production was not relevant. As a consequence, the necessity for energy storage was 

limited. It is reported that in 2014 the total amount of electricity stored was estimated to 

171 GW, a 2% of the total generation. However, energy consumption patterns have been 

changing relatively fast; nowadays there is an increased demand of energy in electric form 

and energy for operative off-grid technologies [6].  
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Regarding the delivery of electricity, smart grids and flexible generation are required for 

a successful societal development. Smart grids are electrical grids in which appliances 

and metrics are employed, such as renewable and efficient energy resources; being 

conditioning and control of the production and distribution of the electric power two of 

their most important characteristics [7,8]. An adequate amount of energy can only be 

efficiently supplied if the corresponding energy storage system has the properties to 

satisfactory perform that task. For that reason, optimized energy storage systems shall be 

developed. 

Moreover, it is well known that many recent technologic developments rely on mobile 

energy storage suppliers. Devices such as laptops or mobile phones need to be 

transported.  Most of the devices are not designed to require a constant supply of 

electricity but to be independent from the general grid. Thus, another risen challenge to 

consider is how to tailor the properties of an energy storage device so it can comply with 

the energetic demand of a particular application. Therefore, there is an increasing need to 

improve the current ability to store energy. If we are unable to capture, manage and store 

energy efficiently, the only alternative, but unlikely solution, would be to reduce energy 

consumption [9]. 

For that reason, different energy storage systems have been developed and are under 

constant improvement. All the energy storage systems developed so far can be classified 

in five different groups: mechanical, thermal, chemical, electrochemical and electrical. 

Fig. 1.2 demonstrates a more accurate categorization of energy storage systems.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.2. Scientific categorization of Electrical Energy storage systems. CAES stands 

for Compressed Air Energy Storage; LAES for Liquid Air Energy Storage; SNG for 

Synthetic Natural Gas. Note that this list is representative of the major electrical energy 

storage systems and may not include all of them. Diagram extracted and modified with 

copyright permission of the E-Storage report on World Energy Resources by the World 

Energy Council [10]. 
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Depending on the duration and the frequency of the power supply required by an 

application, different energy storage systems may be used. For example, in applications 

that require seconds to minutes of power supplies, batteries, supercapacitors or flywheels 

may be used; whereas for slightly longer periods of times, this is daily usage, batteries, 

pump hydropower, CAES/LAES, thermochemical or redox flow batteries would be used 

[10]. This is exemplified in Fig. 1.3. 

Fig.1.3. Diagram exemplifying the type of suitable applications for an energy storage 

device according to the power and energy required. Reprinted with Copyright 

permission from Clarke et al. [11]  

Regarding mechanical systems, pumped hydro-energy storage has been dominating the 

energy storage market for over a century. It simply consists on generating electricity by 

moving water between two water tanks at different levels. Compressed air energy storage 

uses off-peak electricity to compress air in geological structures that is released to drive 

a turbine when energy is required. Liquid air energy storage is similar, but the air is 

compressed and cooled in refrigeration plants. Finally, flywheels store kinetic energy in 

rotating discs that are suspended on magnetic bearings [10]. However, although 

mechanical systems are able to bridge short imbalances in energy demand, they are 

quickly depleted [12].  

Thermal systems are classified in three different groups depending on their fundamental 

principles. Thermochemical are based on reversible temperature-dependent chemical 

reactions such as sorption-based reactions. Latent thermal storage is based on phase 

transitions. Sensible thermal storage is based on materials with very high thermal 

capacities. Thermal storage applications are, unfortunately, very limited [10].  

Concerning chemical energy storage, energy can be stored in the form of hydrogen or 

synthetic natural gas, also called “power gas” technologies, which consist of water 

splitting followed by the reaction of carbon dioxide with hydrogen by means of an 

electrolyser to produce synthetic methane [13].   

This suite of diverse technologies is constantly evolving, and new energy storage systems 

are continuously being developed. In fact, exhaustive research is being done on all of the 

different energy storage systems presented. Nonetheless, it is of particular interest to 

further develop electrochemical and chemical energy storage devices. Although it is an 
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outdated non-environmentally-friendly technology, lead-acid batteries dominated the 

market from 1990 to 2015, accounting for a 90% of the total market [14]. Storage in 

commercial batteries currently fail to reach the required energy storage densities required 

for the energy reservoirs to supply the whole economy [12]. For that reason, a great focus 

of research is being done in the field of electrochemical energy storage, impulsed by the 

tremendous growth of the battery demand during the last decade, as shown in fig. 1.4 

[15]. 

 

Fig. 1.4. (a) Growth of the market demand for Lithium-ion batteries, reproduced from 

Lithium-Ion batteries: Advances and applications, edited by Gianfranco Pistoia [15]. (b) 

Partition of the technology share that each energy system has exemplifying the diversity 

of different battery research being conducted. Image obtained with copyright permission 

from Aneke et al. [16]. 

In the pursuit of refined and efficient energy storage systems with tailored properties, 

many different electrochemical and electrical energy storage systems and combinations 

thereof have been developed. The fundamental principles of electrochemical energy 

storage systems and electrical systems shall be understood and are discussed and 

compared in the following section.  
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Electrochemical Energy Storage 

As aforementioned, there is an increased interest in tailoring the properties of energy 

storage devices (ESD) for specific applications. Among the different energy storage 

devices, a possible approach towards optimised energy usage is the study of 

electrochemical and electrical systems. 

On one hand, electrical energy storage devices are divided into two main groups, 

capacitors and supercapacitors. On the other hand, fuel cells and batteries integrate the 

group of electrochemical ESDs. However, in the development of new energetic solutions, 

novel electrochemical responses and device configurations are achieved that have 

intermediate outcomes. For that reason, the division between the two, although clear in 

their fundamental principles, is not always straightforward when a system response is 

evaluated. For that reason, an overview to the different ESDs configurations is here 

introduced.  

Furthermore, any given technology has some features that makes it suitable for a specific 

application. These features determine the best technology to be adopted and shall also be 

evaluated to understand the extent to which the commercially available devices are 

different. The properties that determine the functional units of an energy storage system 

are: energy density and power density, life time, capital and operating costs, storage 

capacity and duration, round trip efficiency (defined as the “ratio of electricity output 

from the storage device to the electricity input to the device during one charge/discharge 

cycle”) and response time [16]. 

Nowadays, given the different electrochemical responses, this type of energy storage 

systems can be classified in four groups, as shown in figure 1.5, namely; capacitors, 

supercapacitors, pseudocapacitors or redox supercapacitors and batteries. Note that fuel-

cells are not considered since they are out of the scope of the present work. Moreover, 

because of the extensive work performed in this topic, only an overview of the main 

materials and not an in-depth review of all the materials involved in electrochemical 

energy storage is provided. 

 

Fig. 1.5. Classification of the different electrochemical energy storage devices 

depending on the electrochemical response of the electrode materials. 

It is worth delimiting the scope of the present work. Many aspects of electrochemical 

energy storage devices have not been included, such as some less explored materials and 
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composites, different current collectors, an exhaustive review on electrolytes used or an 

exhaustive study of different synthesis techniques. For example, metal-organic 

frameworks, quantum dots, nitride-based composites and composites based on organic 

active materials, beyond conductive polymers, are fascinating fields of study in the field 

of super- and pseudocapacitive energy storage that have not been included. Some 

information can be found in the appropriate literature such as the review of Aurback et 

al. [17] or the review by Wu et al., which summarizes the latest developments in electrode 

materials for super- and pseudocapacitors [18]. In the same manner, there are appropriate 

reviews in most of the major components of energy storage devices. This chapter is only 

intended to provide a review on the state-of-the-art and major developments in the field 

of materials for energy storage with emphasis in nickel oxides and hydroxide, cobalt 

oxide and hydroxide, graphene-based materials and combination thereof. 
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1.1 Capacitors 

Capacitors, also known as electrostatic capacitors, store electricity by means of charge 

separation. They are usually made of two parallel metal electrodes that are separated by 

a dielectric material. The dielectric material acts as an insulator preventing the 

recombination of both charges. This configuration is shown in Fig. 1.6. 

The accumulated charge at the electrode interface comes from two different possible 

sources. It is either the result of an excess or deficit of conduction-band electrons at the 

surface (or near-surface) regions of the active material or from the counterbalancing of 

charge densities accumulated on the electrode-electrolyte interface [19]. 

The unit for the energy stored in a capacitor is capacitance. Capacitance is mathematically 

described by the ratio between the positive, or negative, charge stored at each plate and 

the voltage applied between them, as expressed by equation 1.1: 

𝐶 =
𝑄

𝑉
      (𝑒𝑞. 1.1) 

The dielectric plays a key role in the performance of the capacitor since the operating 

voltage greatly depends upon its strength. Then, the dielectric strength is defined as the 

maximum electric field that can exist in the dielectric without electrical breakdown. 

Capacitance is measured in Farads (F), which is the ratio between coulombs (Q) and volts 

per metre (V/m) [20] and traditional capacitors are at the order of microfarads.  

 

 

Fig. 1.6. Schematic representation of a capacitor configuration. 

The application of capacitors goes from backup circuits of microcomputers to smoothing 

circuits in power supplies and DC blocking in signal filtering. These applications do not 

require much energy but depend on fast charge-discharge [21].  

Traditional capacitors are usually composed of two metallic plates, traditionally based on 

aluminium, tantalum or ceramic materials, with a solid electrolyte used to separate two 

identical electrodes [21]. The non-conductive dielectric is usually glass, ceramic, plastic 

film, paper, mica or oxide layers. Electrolytic capacitors are a form of capacitors in which 

the construction is similar to that of a battery, with a conductive electrolyte salt, but with 

the same electrode materials as regular capacitors [20]. However, traditional capacitors 

cannot store enough energy in the volume/weight available and research is more focused 

towards developing electrochemical double layer capacitors, which are of much higher 

energy density.  

  



| State of the art 

10 

 

1.2 Electrochemical double layer capacitors  

Electrochemical double layer capacitors, also known as ultracapacitors or 

supercapacitors, utilize high-surface area electrode materials and thin electrolytic 

dielectrics to achieve capacitances that can be orders of magnitude higher than traditional 

capacitors. The porous nature of the electrode material enables a much higher energy 

density of these devices as compared to traditional capacitors. As suggested by its name, 

a double layer capacitor must employ two double-layers of counter-ions, one at each 

electrode interface, with counterbalancing charge densities on the electrode surface. The 

capacitance is associated with the electrode-potential-dependent accumulation of 

electrostatic charge at the interface by means of surface dissociation and ion adsorption 

as the only accumulation of surface charge. During the charging process, the electrons 

travel from the negative electrode to the positive through an external load. 

Simultaneously, cations in the electrolyte move towards the negative electrode while 

anions move to the positive electrode with no variation of the electrolyte composition or 

concentration [22].    

Their behaviour is explained by equation 1.2. 

𝐶 = 𝜀𝑜

𝐴

𝑑
            (𝑒𝑞. 1.2) 

where 𝐴 represents the electrode surface area, 𝑑 is the separation between the electronic 

and ionic charge and 𝜀𝑜 is the medium permittivity. Electrodes with optimized surface 

area can reach up to 1000-2000 m2·g-1. Thus, although they have a similar structure to 

electrolytic capacitors, as seen in Fig. 1.7, they can store much more charge. As evidenced 

by equation 1.2., capacitance depends on the distance between the ionic charge and the 

electronic charge and, in this case, it is determined by the electrode-electrolyte interface, 

at the order of Ångström. Thus, the capacitance is severely increased. 

Since each interface generates a capacitor on its own but two electrodes are required, a 

complete cell can be considered as two capacitors in series. Thus, the cell capacitance 

will be described as [23]: 

1

𝐶𝑐𝑒𝑙𝑙
=

1

𝐶1
+

1

𝐶2
         (𝑒𝑞. 1.3) 

Electrochemical capacitors can consequently be classified into two main groups, 

symmetrical and asymmetric. The former group uses the same electrode material for both 

electrodes while the latter uses different materials for the cathode and the anode. It is 

worth mentioning that the electrolyte can either be organic (acetonitrile or propylene 

carbonate for example) or aqueous (potassium hydroxide or sulphuric acid for instance) 

in nature [20].  

 

Fig. 1.7. Schematic representation of an electrochemical capacitor.  
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Supercapacitors are mainly evaluated by four parameters, energy density, power density, 

charge-discharge cycling and operational voltage window. The energy density (E) and 

power density (Pmax) are calculated according to: 

𝐸 =
1

2
𝐶𝑉2         (𝑒𝑞. 1.4) 

𝑃𝑚𝑎𝑥 =
𝑉2

4𝑅
         (𝑒𝑞. 1.5) 

Where V is the nominal voltage and R the equivalent series resistance (ESR) in ohms 

[24]. In general, supercapacitors have a specific energy comprised between 1-10 W·h·kg-

1 with a specific power in the range of 500-10.000 W·kg-1, which corresponds from 

seconds to minutes of charge-discharge time. They are greatly dependent on the 

capacitance of the device, based on the electrode material characteristics, mainly, surface 

area and pore-size distribution. Moreover, due to their lack of chemical reactions, they 

can be cycled up to 500.000-1.000.000 times without losing capacitance. Due to the 

highly reversible nature of electrostatic storage, no changes are produced in electrode 

volume, eliminating swelling, mechanical degradation or other phenomena associated to 

chemical reactivity [23,25]. 

On the other hand, the operational voltage window is greatly dependent on the solvent 

used in the electrolyte. Aqueous electrolytes, either acidic or alkaline, have high ionic 

conductivity, low cost and are widely accepted, especially due to their low environmental 

impact. However, they are limited by water decomposition potential range, which is 

approximately 1.23V [26]. Aqueous solvents are, nonetheless, interesting due to the 

higher capacitance than carbonaceous materials exhibit as compared to their non-aqueous 

counterpart. This is the result of their higher dielectric constant and lower internal 

resistance [27]. Non-aqueous electrolytes, for instance, propylene carbonate containing 

quaternary alkyl ammonium salts, have shown expanded operating voltages up to 2.5V 

[26]. 

When selecting a material for supercapacitor applications, a unique set of properties is 

sought [23]: 

• High electronic conductivity. 

• High active surface area with controlled pore structure. 

• Good chemical and thermal stability and corrosion resistance.  

• Processability and compatibility in composite materials. 

• Low cost.  

Among the materials used for supercapacitors, carbon is the most developed and studied 

form [28]. There is an extensive variety of carbon materials with different properties due 

to their different physical and chemical characteristics. Currently, the main focus is to 

develop high-surface area with low matrix resistivity. The role of carbon in 

supercapacitors has different forms: electro-conductive additive, support for active 

material, electron transfer catalysis, intercalation hosts, substrates for current leads, and 

as heat-transfer, porosity surface area or capacitance controllers [23]. 

Most of commercial carbon-based materials are described as “engineered carbons”. These 

are amorphous carbons with a more or less disordered microstructure based on graphite 

[29]. The extent of graphitization is based on thermal treatment in which sections of 

hexagonal carbon layers regain order between the layers in a stacking process. Between 
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amorphous carbon and graphite, a wide range of materials with tailored properties can be 

prepared for specific applications.  

Active carbons are usually obtained from carbon-rich organic precursors, such as natural 

materials (coconut shells, wood, pitch or coal) or synthetic materials (polymers) that are 

thermally treated in a carbonization process in inert atmosphere. By means of a selective 

oxidation process, active surface area or pore volume can be increased [28]. Moreover, 

carbon can be functionalized with surface groups to manipulate their double-layer 

properties, such as wettability, point of zero charge, electric contact resistance, ion 

adsorption or self-discharge characteristics [30]. Therefore, by controlling the ratio 

between edge sites, which are more reactive, basal sites and the degree of disorder, the 

chemical properties of a carbon-based materials can also be tuned. Functionalization of 

carbon-based materials can be done with oxygen, hydrogen, nitrogen sulphur and 

halogens by means of physical or chemical bonding; the most important being surface 

oxides in acidic, basic or neutral form.  

Given the importance of this type of materials in supercapacitor technology, different 

types of carbon are available, which Pandolfo et al. [23] grouped in: Carbon blacks, 

carbon aerogels, carbon fibres, glassy carbons, carbon nanotubes and nanofibres and 

graphene and Brousse et al. [17] recently complemented with carbon quantum dots and 

onion like carbons, N-doped carbons and carbon-based composites. 

Carbon black 

Carbon blacks consist of carbon colloids with quasi-spherical shape. They are usually 

produced by partial combustion/thermal decomposition of hydrocarbons in the gas phase 

that produce colloidal carbon particles that agglomerate in various morphologies [31]. 

Given their high conductivity (10-1 to 102 Ω-1cm-1), small particle size, structure and large 

active surface area (>1500 m2g-1) , porosity and surface chemistry they have been widely 

applied for energy storage applications as conductive fillers [32]. Supercapacitors using 

carbon black as electrode material have shown up to 250 F·g-1 [33,34]. Nevertheless, 

carbon blacks suffer from low density and usually require high amount of binders to 

produce stable electrodes, resulting in poor conductivity and volumetric capacitance [23].  

Carbon aerogel 

Carbon aerogels are highly porous materials that are generally synthesized by poly-

condensation of resorcinol and formaldehyde via sol-gel and subsequent pyrolysis [35]. 

Sol-gel process enables the tailoring of the macroscopic properties of the aerogel and, 

when derived from the aforementioned precursors, they can reach active surface areas at 

the order of 400-1000 m2·g-1 with 2-50 nm diameter pores and high density. Moreover, 

after pyrolysis, they are usually more conductive than most activated carbons. This 

technique enables the production of different morphologies, as diverse as thin-film and 

powders, without the need of binders, under certain conditions. Regarding, their 

electrochemical response, studies have shown that carbon aerogels with pore diameters 

within 3 to 13 nm showed the highest capacitances and capacities up to 18 µF·cm-2 and 

50 F·cm-3 have been achieved [23,36].  

Carbon fibres 

Carbon fibres are produced from thermosetting organic materials. A precursor, such as 

cellulose or polyacrylonitrile is melt and extruded into a thin fibre. It is then stabilized at 

200-400 oC and carbonized at 800-1500 oC. It can be further oxidized in a controlled 

atmosphere or graphitized with a thermal post-treatment. The quality of the precursor 

materials and the assembly of the aromatic constituents in their entangling will determine 
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the final properties of the material. In general, they exhibit micro-porosity (<2 nm) with 

good accessibility to active sites because of the limited fibre dimensions, which results in 

large exposed surface area. Pore diameter and length can be, in some extent, controlled, 

resulting in high adsorption capacity and adsorption rates. Carbon fibres can be obtained 

in many forms. Active carbon foam cloths with surface up to 2500 m2·g-1 are 

commercially available with good electrical conductivity and large active surface area 

[37–39]. 

Glassy carbons 

Glassy carbons are synthesized by thermal degradation of polymer resins and their 

properties are usually dependent on the maximum heat treatment. Optimum performance 

has been achieved at 1800oC. Its accessible surface area is relatively small as compared 

to other carbon forms, with pores in the 1-5 nm range. Due to its low electrical resistivity, 

it has been considered for high-power supercapacitor applications with a reported 

capacitance of approximately 13µF·cm-2 [40]. In an attempt to enhance this value, 

electrochemical or thermal oxidation processes have been done, achieving extended 

active surface areas of 1800 m2·cm-3 and ~20 µF·cm-2 [23,41,42].  

Carbon quantum dots 

Carbon quantum dots (CQD) demonstrate low volumetric capacitance on their own and 

are hard to synthesize. However, they can be supported on top of a 3D carbon matrix, 

leading to increased capacitance. Similar results can be found for nanotubes, graphene or 

other nanomaterials. Moreover, yielding enough quantity is currently unfeasible for 

practical applications. Most are developed by means of complicated processes that result 

in low yield. For that reason, they are generally studied as part of a composite material 

[17]. These zero-dimensional carbon nanomaterials benefit from high specific surface 

area, low toxicity, chemical stability and biocompatibility that, when combined with 

macrostructured materials can yield promising results. For instance, Qu et al. prepared a 

3D carbon quantum dot aerogel by means of resorcinol and formaldehyde in sol-gel 

polymerization. After argon pyrolization the electrode had a capacitance of 294 F·g-1 at 

0.5 A·g-1 with a 6% loss after 1000 cycles [43]. Activated carbon was also combined with 

carbon quantum dots by one simple sonication step by Porat et al. resulting in a 0.185 

F·cm-2 capacitance and excellent cycling stability [44]. In a similar way, CQD have been 

combined with graphene but results were less promising, 0.44 mF·cm-2 after 1000 cycles. 

This poor performance was attributed to graphene agglomeration [45].  

Carbon nanotubes and nanofibers 

Carbon nanotubes (CNTs) and nanofibers are usually produced by catalytic 

decomposition of hydrocarbons with controlled nanostructures and crystallinity [46]. 

Both single-walled and multi-walled carbon nanotubes were considered for 

supercapacitor applications due to their morphology, which confers low electrical 

resistivity, high porosity and an accessible structure. Studies have been performed in both 

aqueous and non-aqueous electrolytes, however, they present low gravimetric and 

volumetric density as compared to activated carbons. Depending on the morphology and 

purity of CNTs, different values of specific capacitance have been obtained. Thus, 

purified CNTs, without traces of catalyst from the synthesis procedure or amorphous 

carbon, have a mesoporous structure with capacitance between 15 and 80 F·g-1 [47]. 

Specific capacitance can be increased to 130 F·g-1 by oxidative treatments that induce 

pseudocapacitance. Activation strategies by means of KOH have been undertaken, 

resulting in an increased surface area from 430 to 1035 m2g-1 and a specific capacitance 

of 90 F·g-1. On the other hand, multi-walled carbon nanotubes exhibited microporosity 
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with enhanced accessible surface with a capacitance of 102 F·g-1 in sulphuric acid [48]. 

Other strategies, such as combining it with polymers, resulted in capacities as high as 265 

F·g-1, for instance, when combined with polypyrrole [49]. Nonetheless, the specific 

energies obtained by means of carbon nanotubes have great dependence on their synthesis 

method and are generally lower than for conventional carbons, which tend to have larger 

surface areas [23]. 

CNTs have been combined with activated carbon to enhance their electrochemical 

response. Noked et al. dissolved CNTs in a mixture of vinyl dichloride monomer before 

polymerization followed by carbonization and activation, resulting in 200 mF·cm-2  and 

nearly 100% capacitance retention after 50 000 cycles [50]. Hierarchical morphologies 

may lead to better electrochemical performances, as some results have already suggested 

(CNTs on top of carbon nanofibers reached 70 W·h·kg-1 at 0.5 A·g-1 with 3% capacitance 

fade after 20 000 cycles [51]) although proper material and experimental designing must 

be undertaken for the material to achieve competitive performances.  

Doping carbons with nitrogen induces chemical and physical alterations that are 

ultimately reflected in their electrochemical activity. Most synthesis rely on nitrogen-

containing precursors, although they usually have limited nitrogen content [52,53]. A 

three step method consisting of carbonisation, nitrogen functionalization and activation 

was recently developed, leading to 6.8µF·cm-2 [54]. However, more attempts to improve 

capacitance must be undertaken. For example, different studied strategies have been 

reducing the size of mono-dispersed particles, displaying 390 F·g-1 at 1A·g-1 and 2% 

capacitance drop after 8000 cycles [55], or introducing nitrogen-enriched carbon particles 

on top of organic cores, exhibiting 260 F·g-1 at 20 mA·g-1 [17]. 

Graphene 

Graphene is another promising material for energy storage applications. Given its 

relevance in the present work, a more in-depth study of the state-of the art is included at 

the end of this chapter.  

Table 1.1 

Comparison of the average capacitance values displayed by different carbon forms. 

Reproduced with copyright permission of [56]. 

Carbon-based material Capacitance (F·g-1) 

Activated carbon <200 

Activated carbon fibre 120 – 370 

Templated carbon 100-350 

Carbon aerogel 100-125 

Carbon nanotube 15-135 

Graphene derivatives 14-270 

In many cases, optimizing the synthesis of a carbon-based material is merely based on 

optimizing pore size and distribution and accessible surface area. However, recent 

findings have revealed a contribution of micro-porosity to the capacitive mechanism. This 

highlights the lack of fundamental understanding of electrochemical interfaces at the 

nanoscale and the behaviour of confined ions [28,57,58]. This challenges the 

conventional theory of the double layer with solvated ions adsorbed on both sides of the 

pore walls. Current research is being devoted to developing materials in which higher 

capacitance is achieved by matching pore size with ion size and by eliminating macro- 

and mesopores. However, experimental results depend upon a great number of variables 

and, therefore, computational simulation shall be used in the future designing and 
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understanding of electrical double layer capacitors and re-evaluate the double layer theory 

to account for solvation and de-solvation effects.  

Experimentally, Gogotsi et al. [59] reported carbide-derived carbons with pore sizes  

smaller than 1 nm that showed enhanced capacitance. Results suggested that capacitance 

can be increased when the diameter of the pore is smaller than that of the solvated 

electrolyte ion. If a uniform mesoporous structure is achieved, high-capacity and high-

rate capability carbons can be produced. Thus, designing mesoporous channels that 

enable electrolyte penetration, combined with controlled micro- and mesopore walls with 

increased number of active sites may result in increased capacitance. This is the case for 

the ordered hierarchical mesoporous/microporous carbon developed by Liu et al. [60], 

which achieved 146 F·g-1 in organic electrolytes and good scan rates (up to 200 mV·s-1) 

and for resol-derived hierarchical porous carbon developed by Li et al. [61], which 

showed the high capacitance of 307 F·g-1 in 6M KOH.  

New applications for supercapacitors are constantly being developed, there is great 

number of publications in the application of supercapacitors. Nonetheless, Sharma and 

Bhatti considered [20]:  

• Memory back-up: reliable and durable short-term emergency supply.  

• Electric vehicles: used when a peak load is required, such as in accelerating or 

mountain driving. They are also used in regenerative braking to reduce fuel 

consumption. 

• Power quality: Improving the reliability and quality of power distribution. 

• Battery monitoring: When short, high-current bursts of energy are required it is 

extremely demanding for a battery. Supercapacitors relieve the battery by meeting 

the power requirements extending the battery lifetime. 

• Portable power supplies: Adequate for moderate energy-demanding devices. 

• Electrochemical actuators: Actuation systems usually demand pulsed currents 

with high power peak requirements. Supercapacitors are used to manage the peak 

load in combination with batteries to supply the required energetic amount. 

• Adjustable-speed drives: Used in industry, they tend to have power fluctuations. 

Supercapacitors can adequate their power disturbances and voltage fluctuations 

and require no maintenance.  

• Renewable energy applications: Batteries have a short lifetime because 

continuous cycling has a detrimental effect on them. Supercapacitors increase this 

lifetime up to 20 years. It is also noticeable the increase of energy efficiency.  
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1.3 Pseudocapacitors 

Pseudocapacitors are devices that use fast electrochemical surface reactions or pseudo-

intercalation in combination with electrostatic mechanisms to store their charge. This 

principle allows increased energy density while maintaining fast charge-discharge rates 

[62]. Conway [19] identified three main faradaic processes by which pseudocapacitance 

is possible, namely, underpotential deposition, redox pseudocapacitance and intercalation 

pseudocapacitance.  

Despite having very similar electrochemical fingerprints, these processes are based on 

completely different physical mechanisms. Underpotential deposition or reversible 

adsorption is based on the adsorption of metal ions on top of another metal surface well 

above their redox potential. This is the case, for instance, for lead on top of a gold surface 

[63]. Redox pseudocapacitance has a different mechanism. In this case, ions are 

simultaneously adsorbed on top of a material’s surface producing a faradaic charge-

transfer. Finally, intercalation pseudocapacitance is founded on the intercalation of ions 

into tunnels, present at the electrode, producing a charge-transfer faradaic reaction that 

does not involve a phase transition. Both intercalation and redox pseudocapacitance are 

exemplified in Fig. 1.8. 

Although different in nature, these processes can be equated when evaluating their 

potential response as a function of the extent to which either adsorption/desorption or 

intercalation at the electrode-electrolyte interface has occurred (total charge stored). This 

is exemplified by equation 1.6: 

𝐸 ≈ 𝐸0 −
𝑅𝑇

𝑛𝐹
ln (

𝜒

1 − 𝜒
)          (𝑒𝑞. 1.6) 

where E is the potential (V), R is the ideal gas constant (J·mol-1K-1), T is the temperature 

(K), n is the number of electrons and F is the Faraday constant (C·mol-1). Finally, 𝜒 can 

be the fractional coverage of the surface or the inner structure, the extent of fractional 

absorption or the extent of conversion of an oxidized species to their reduced form 

[19,63]. As shown in equation 1.7, capacitance is defined for those regions in which the 

plot E vs. 𝜒 is linear: 

𝐶 =
𝑛𝐹

𝑚
·

𝜒

𝐸
                                  (𝑒𝑞. 1.7) 

where m is the molecular weight of the active material. It is remarkable that, unlike in 

electrochemical capacitors, the capacitance response is not always constant and, 

therefore, it is named as pseudo-capacitor. Pseudo- is a prefix meaning apparent, 

exemplifying the similar behaviour of these materials to a supercapacitor but with a 

different physical mechanism [63].  
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Fig. 1.8. Illustration exemplifying (a) redox pseudocapacitance and (b) intercalation 

pseudocapacitance with their respective electrochemical fingerprints. 

Since pseudocapacitance is faradaic in origin, it involves the passage of charge across the 

double layer in a similar manner to the mechanism that occurs in batteries. The 

electrochemical process, therefore, occurs at both the surface and near bulk of the 

material, inducing far greater capacitances than EDLS, but with far less power density 

[22]. Capacitance is consequently based on the relation between the charge acceptance of 

the active material and the change of potential. It is worth noticing that, due to the oxygen 

functionalities contained on carbon-based supercapacitive materials, there is always a 5-

10% contribution of pseudocapacitance in their response. In the case of pseudocapacitor 

materials, there is always the same amount of contribution arising from electrostatic 

double-layer capacitance, proportionally to their electrochemically accessible interfacial 

areas [19].  

The three types of faradaic processes, exemplified in Fig. 1.9, are usually associated to 

different materials. For example, reversible adsorption usually refers to hydrogen on the 

surface of gold, while redox reactions are, broadly associated to surface reactions of 

transition metal oxides and intercalation reactions are linked to reversible electrochemical 

doping-de-doping in conductive polymers or intercalation/de-intercalation in metal 

oxides [22]. Thus, most pseudocapacitor electrodes are based on either transition metal 

oxides/hydroxides or polymer-based materials. Moreover, they can be divided into 

intrinsic or extrinsic pseudocapacitors. Intrinsic pseudocapacitance is assigned to 

materials that present pseudocapacitance regardless their particle size, for instance, RuO2 

or MnO2; while extrinsic pseudocapacitance materials are those whose pseudocapacitive 

behaviour arises because of their nanostructure, which also suppresses phase 

transformation and enhances surface reactions. This is the case, for example, for LiCoO2 

when its dimension is reduced to 17 nm or of V2O5 [63,64]. 
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Fig. 1.9. (a) Example of a cyclic voltammetry profile of underpotential deposition of 

lead adatoms on polycrystalline gold from HClO4 aqueous solution. (b) RuO2 in 

aqueous 0.1M H2SO4 as one of the most common examples of redox 

pseudocapacitance. Cyclic voltammetry shows a series of positive electrode potentials 

(vs. RHE) at 50mV·s-1 exemplifying the squared nature of the pseudocapacitive 

response. (c) Cyclic voltammetry at different scan rates of Nb2O5 in 1M LiClO4 

demonstrating the high-rate capability of this pseudocapacitive intercalation material 

Reprinted with copyright permission of [27] and [65]. 
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1.3.1 Metal Oxides  

The most studied materials with pseudocapacitance response are MnO2 and RuO2. On the 

other hand, metal oxides such as Nb2O5 are examples of good intercalation 

pseudocapacitance as 70% of its theoretical capacity, based on lithium ion intercalation, 

can be stored in approximately one minute. Thus, redox reactions do not take place at the 

surface of the material but by means of redox reactions in the bulk that are not diffusion-

controlled, given their fast kinetics. Thus, in order to consider a metal oxide as 

pseudocapacitive material, four main criteria have to be met [66,67]: 

1. Linear dependence of the potential on the state of charge. 

2. Charge-storage capacity quasi-independent of rate. 

3. Redox peaks with small offsets. 

4. No phase transformation during the charge-discharge process. 

Consequently, metal oxides are distinguished given their redox or intercalation nature.  

Pseudo-capacitance based on surface redox reactions 

There are many transition metal oxides and hydroxides that have been studied and have 

pseudocapacitive properties. Their response will depend upon the structure, hydration and 

electrolyte. The most studied materials for this purpose are MnO2, RuO2·H2O, oxides 

with spinel structure and other transition metal hydroxides.   

RuO2 

Hydrous ruthenium oxide was the first discovered material with pseudocapacitive 

properties. However, it is a scarce, highly-toxic material and, therefore, cannot be used 

for large-scale applications. For that reason, many methods have been developed to 

optimize and limit its usage [68].  

Ruthenium oxide has a wide potential window, highly reversible redox reactions, three 

distinct oxidation states, high proton and electron conductivity, high capacitance, good 

thermal stability, long cycle life and high rate capability and exhibits a rectangular shape 

at the cyclic voltammetry that is close to that of a carbon electrochemical fingerprint [22]. 

Moreover, the capacitance obtained, pre-calculated by means of theoretical calculations 

considering BET active area, demonstrated extremely higher capacitance values than 

expected for a double-layer [69]. In fact, double-layer only accounts for approximately 

10% of the accumulated charge [22]. Moreover, it was demonstrated that this process was 

not diffusion-controlled as is the case for battery materials. However, impedance results 

showed a response that was not close to that of an ideal capacitor. As a consequence, 

Conway et al. [19] suggested that ruthenium’s oxide capacitance derived from a series of 

oxidation/reduction reactions over a potential range. Later, Zheng et al. [70] reported the 

first specific capacitance value of 720 F·g-1 for hydrous RuO2 and proved that the 

charging mechanism involved the protonation of the oxide.  

Pseudocapacitance of RuOx derives from surface reactions. For that reason, many 

attempts have been directed towards maximizing active surface area [71]. Many different 

techniques have been used, such as increasing substrate roughness or area, thin-film 

preparation, creating micropores, etc. [72–74]. One of the most effective ways to increase 

capacitance has been to combine water with RuOx, facilitating proton/cation exchange 

and electron-hopping. Hydrous ruthenium oxide is a good proton conductor (10-8 to 10-2 

cm2 s-1) and fast ionic conductor.   
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Since then, many studies to understand the mechanism and improve the material’s 

capacitance have been performed. Sugimoto et al. [75] expanded layered ruthenic acid 

(HxRuO2+y·zH2O) and delaminated it into nanosheets. They studied the electrochemical 

response at a 2 to 500 mV·s-1 scan rate range and observed the much faster reaction 

kinetics of the oxidation-reduction process as compared to traditional batteries. To date, 

one of the highest capacitance values achieved is that of hydrated ruthenium oxide 

reported by Hu et al. [76], in which a capacitance value of 1240 F·g-1 was achieved at 25 

mV·s-1. 

Crystallinity and crystal size also play a major role in the pseudocapacitive performance 

of ruthenium oxide. A good crystalline structure limits volume variation during 

intercalation processes, limiting diffusion. For that reason, amorphous RuOx exhibits 

better performance that its crystalline counterpart, and this crystallinity is greatly 

dependent on the synthesis procedure. On the other hand, smaller particles shorten 

diffusion distance, facilitating proton transport, and increase active surface area [77],[78]. 

In an attempt to lower the quantity of ruthenium oxide utilized, it has been combined with 

numerous cheaper metal oxides, such as SnO2, MnO2, NiO or WO3, or with other low-

cost materials such as carbons or conductive polymers. Additive metals can provide extra 

pseudocapacitance while facilitating electron and proton transport, reduce aggregation 

and minimize particle size. Carbon-based materials are usually used as supports to 

enhance ruthenium oxide dispersion, induce porosity, enable easy ion transport and 

increase electrical conductivity. Finally, polymer-based composites also exhibit high 

capacitance and high power, prevent aggregation and distribute uniformly ruthenium 

oxide particles, increase active surface area, enhance proton conduction and improve 

adhesion to the current collector. Unfortunately, they suffer from volume changes, being 

detrimental to the final performance. For more information, the reader is suggested to 

read Wang et al. [22] review on electrode materials for electrochemical supercapacitors. 

MnO2 / Spinel Mn3O4 

MnO2 is the most studied pseudocapacitive material  as an alternative to ruthenium oxide 

since it was first investigated by Lee and Goodenough [79] in KCl aqueous electrolyte  

because of its low toxicity and cost-effectiveness.  

Manganese oxide is usually operated in neutral aqueous electrolytes. Its electrochemical 

fingerprint, characterized by a squared voltammetry, indicates fast superficial redox 

reactions that usually correspond to a change in oxidation state of manganese from +4 to 

+3 [63]: 

𝑀𝑛𝐼𝑉𝑂2 + 𝑥𝐴+ + 𝑥𝑒− ↔ 𝐴𝑥𝑀𝑛𝐼𝐼𝐼𝑂2                  (𝑒𝑞. 1.8) 

Where “A” represents an alkali metal ion. Theoretically, the maximum capacitance that 

could be achieved is 1233 F·g-1 in a 0.9 V potential window. However, they have limited 

capacitance and power density due to the poor conductivity of manganese oxide, and only 

values around 200-250 F·g-1 have been achieved so far. Because of its poor conductivity, 

only the outer layer of the material is active, introducing inactive mass. Ultrathin layers 

have also been produced, with capacitance values higher than 1000 F·g-1 (1020 F·g-1 at 

5mV·s-1 and 450 F·g-1 at 100 mV·s-1with an approximately 10% decay after 100 cycles 

for gold/manganese oxide nanowires [80], and 1380 F·g-1 in the 0-0.9 V potential range 

for Pt-MnO2 at 5 mV·s-1  [81]). This demonstrates that, if more active sites of MnO2 are 

accessible by the electrolyte, higher capacitance values can be achieved. This has led to 

numerous synthesis strategies for this material, such as microemulsion preparation, 

ethylene glycol reduction, hydrothermal, sol-gel, microwave-assisted emulsion, 
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coprecipitation or anodic electrodeposition among many others, as described by Ivey et 

al. in their review [82].  

Manganese oxide has numerous allotropes and crystal structure greatly influences the 

capacitance of MnO2. Wide intercalation tunnels contribute to high capacitance. 

Ghodbane et al. [83] and Munichandraiah et al. [84] studied different manganese 

allotropes, namely, Birnessite (δ-MnO2), Cryptomelane (α-MnO2), Ni-todorokite, 

Pyrolusite (β-MnO2), Ramsdellite (γ-MnO2), Spinel (λ-MnO2) and OMS-5 and reported 

their specific capacitances in relation to their BET area and ionic conductivity, concluding 

that the preparation technique is crucial for the surface morphology of the material. 3D 

structures had the highest capacitance values and, the larger the cavity, the larger the 

capacitance [83].  

 

Fig. 1.10. Results obtained for different manganese oxide allotropes in the study 

performed by Ghodbane et al. Reprinted with copyright permission of [83]. 

It is also worth mentioning that, in general, different synthesis strategies lead to different 

types of manganese oxide that have a big difference in capacitance. Amorphous 

manganese oxide mainly has capacitance contributions from surface reactions while 

crystalline MnO2 shows intercalation contribution from bulk to a certain extent [85].  

As seen in figure 1.10, spinel manganese oxide and birnessite manganese oxide show the 

most promising results. Spinel structure is characterized by the general AB2O4 formula, 

which has three-dimensional diffusion channels. Many different materials are gathered 

under this structure such as Fe3O4 and Co3O4 or mixed metal spinels such as MnFe2O4 or 

NiCo2O4. Spinel manganese oxide is pseudocapacitive in nature, however, it also has poor 

electronic conductivity. Studies show a maximum capacitance of 420 F·g-1 at 5 mV·s-1 in 

KCl when a carbon nanotube conductive structure was introduced [86], 583 F·g-1 at 1A·g-

1 in 6M KOH [87] and 272 F·g-1 at 0.5 A·g-1 when doped with chrome in 1M Na2SO4 

[88]. 

There are several challenges to overcome regarding manganese oxide such as dissolution 

in the electrolyte during cycling, low surface area and poor electronic and ionic 
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conductivity. Therefore, future research based on manganese oxide will try so address 

these issues by implementing new strategies such as developing new MnO2 

nanostructures, doping it with other transition metal ions such as cobalt to improve 

stability and conductivity or synthesizing new composite materials [22]. 

Fe3O4 

Among the different spinel structures, Fe3O4 also exhibits pseudocapacitance while Fe2O3 

has a battery-like electrochemical response. Given that it is the fourth most abundant 

element on earth, it would be interesting to exploit iron as energy storage material. Iron 

is usually oxidized into three kinds of oxides, namely, Fe2O3, Fe3O4 and FeO [89]. Given 

that Fe2O3 is the most thermodynamically stable form, it is the most used form of iron 

oxide. Nonetheless, it also has three polymorphs, α with rhombohedral structure, β with 

orthorhombic structure and γ with cubic structure, depending on the arrangement of the 

octahedral within the crystalline structure.  

Another important iron oxide, given its pseudocapacitive properties, is Fe3O4, with face-

centred cubic unit cell, with iron in two different oxidation states, II and III. In comparison 

to other metal oxides, iron oxides have relatively high conductivity, unfortunately, iron 

oxides do not have very high specific capacitance [90]. For example, Fe3O4 prepared by 

Wang et al. [91] displayed capacitances of 170 F·g-1 in aqueous 1M Na2SO3, but only 

3F·g-1 in 1M KOH. Another example is that of Liu and Chen [92], who synthesized cubic 

nanoparticles of Fe3O4 with 118.2 F·g-1 when applying 6 mA (no mass specified) in the -

1 to 0.1V range with a 11.25% capacitance loss after 500 cycles.  

Different synthesis strategies have been developed to produce iron(III) oxide. 

Hydrothermal and solvothermal (ethanol, ethylene) synthesis are the most common 

synthesis procedure with nitrates sulphates and chlorates as most common precursors 

[93–95]. But also anodic electrodeposition (leading to a capacitance of 146 F·g-1at 5 

mV·s-1) [96], cathodic ED [97,98] or chemical precipitation [99,100].  

To overcome aggregation, poor electronic conductivity, capacity fading with cycling and 

low capacitance values, composite materials have been prepared. Overall, magnetite-

based Fe3O4 composites exhibit capacitance in the 115-220 F·g-1 range with a good 

cycling stability. Within the most explored strategies, using carbon nanotubes as 

dispersive material for iron oxide nanoparticles has been one of the major strategies. For 

example, Guan et al. [101] reported a Fe3O4/CNT composite with a specific capacitance 

of 117 F·g-1 at a current density of 10 mA·cm-2 and a 9% decrease after 500 cycles. Multi-

wall carbon nanotubes (MCNTs) have also been proved to improve ion diffusion. 

MCNTs/Fe2O3 thin-films were prepared with 100 F·g-1 specific capacitance at 2 mV·s-1. 

Nonetheless, poor electronic conductivity was still detrimental to the overall 

performance, with a decrease in capacitance to 8 F·g-1 when 200 mV·s-1 were applied 

[102].  

Unur and Sinan [103] prepared Fe3O4 nanoparticles by chemical co-precipitation and 

subsequently mixed them with hazelnut shell powder and magnesium acetate to produce 

an iron oxide-carbon composite by means of hydrothermal reaction.  The material 

presented 136.2 F·g-1 at 1A·g-1 in 1M Na2SO4 calculated for the 0 to -1.2V (vs. Ag/AgCl) 

potential range. Moreover, capacitance was almost completely retained after 1000 cycles. 

Fe3O4 nanoparticles were also grown on reduced graphene oxide by hydrothermal 

techniques and were compared to an analogous material with carbon nanotubes instead 

of reduced graphene oxide by Yuan et al. [104]. In their study Fe3O4 exhibited 65.4 F·g-

1 at 0.5 A·g-1 while Fe3O4/CNTs displayed 110.5 F·g-1 and Fe3O4/r-GO 220.1 F·g-1. This 

phenomenon was explained but aggregation avoidance and increased active surface area 
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for the rGO-containing composite. Nonetheless, low capacitance and poor cycling 

stability are yet to be overcome for iron oxide materials and, therefore, further work has 

to be done to be suitable for electrochemical pseudocapacitor applications [90]. 

V2O5 

Vanadium oxide also exhibits pseudocapacitive behaviour in neutral aqueous electrolyte 

such as NaCl or KCl and, given its unique electrical, optical and electrochemical 

properties, it has raised increasing interest during the past years. Many oxide-based 

compounds can be produced with vanadium, such as vanadium monoxide (VO), 

vanadium trioxide (V2O3), vanadium dioxide (VO2), vanadium pentoxide (V2O5), etc. 

because of the numerous oxidation states that vanadium can adopt. As expected, different 

properties can be achieved depending on the stabilized phase [89].  

Among the different possibilities, vanadium pentoxide and vanadium dioxide are the most 

explored phases for energy storage applications given their high capacitance for the 

former and capacity for the latter (despite its battery-like behaviour, it is described in the 

present section).  

The theoretical capacity of V2O5 is 294 mA·h·g-1 for lithium ion batteries in the potential 

range between 2.0 and 4.0V (vs. Li+/Li) [105,106] while it is 340 mA·h·g-1 for VO2 

[107,108]. As in the case of previous metal oxides, it can be produced by solvothermal 

and hydrothermal [109,110], sol-gel [111] and anodic electrodeposition [112].  

Regarding its application for pseudocapacitors, Saravanakumar et al. [109] reported 

values of 304 F·g-1 at 0.1A·g-1 in the -0.2 to 0.8V potential range and a capacity loss of 

24% after approximately 300 cycles. Goodenough et al. [113] prepared amorphous 

vanadium penta-oxide that displayed 350 F·g-1 in KCl in the 0.0 to 0.8V potential range 

at 5 mV·s-1. It was studied that V2O5 response is greatly dependent upon the electrolyte 

used, with optimum results for 2M KCl electrolyte, with which Wang et al. [114] reported 

190 F·g-1 for V2O5 at 5 mV·s-1 in the -0.2 to 0.8V potential range, while 106 F·g-1 were 

obtained in H2SO4 1M and 8 F·g-1 in KOH  2M. This behaviour is characteristic of 

extrinsic pseudocapacitors. V2O5 aerogels that are pressed into conductive wax display 

perfectly capacitive CVs (high exposure of surface area, 1300 F·g-1) [115] while aerogels 

with traditional electrode composition exhibits a CV with prominent peaks as a result of 

the required thermal treatment.  

It is known that vanadium oxide has poor electrochemical stability due to chemical 

dissolution and material pulverization [110] and poor electrical conductivity [22]. For that 

reason, vanadium-oxide-based composites tend to incorporate materials that stabilize the 

system and enhance electronic conductivity.  To overcome this issue, it has been 

combined with CNTs displaying 910 F·g-1 at 10 mV·s-1 in 1M LiClO4 in the 1.5V to 4.0V 

potential range [116]. It has also been combined with other more conductive metal oxides 

such as SnO2. For instance, SnO2-V2O5-CNTs composite displayed 121 F·g-1 at 100 

mV·s-1 in 0.1M KCl in the 0-0.8V potential range [117]. Finally, composites with reduced 

graphene oxide have also been developed. Given that reduced graphene oxide is an 

excellent conductive matrix that can serve as support for vanadium oxide nanoparticles, 

RGO-V2O5 electrodes displayed the excellent capacitance of 537 F·g-1 at 1 A·g-1 in 

neutral aqueous electrolyte in the -0.3 to 0.7V potential range and a capacitance loss of a 

16% after 1000 cycles [118].  

Composite materials with vanadium oxide are promising candidates for future 

electrochemical energy storage devices but poor electrical conductivity and stability still 

remain as challenges to overcome [63].  
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SnO2 

Tin oxide is not as explored as other oxides since its specific capacitance is much lower. 

Nonetheless, given its high electrical conductivity, it has been pin-pointed as potential 

material for electrochemical energy storage devices. In general, all reported values are 

smaller than 150 F·g-1, such as 66 F·g-1 for SnO2 sol-gel or 69.8 F·g-1 at 1 mV·s-1 for 

SnO2 impregnated on top of carbon aerogel in 1M H2SO4 in the -1.0V to 1.0V potential 

range [119]. Shin et al. [120] synthesized SnO2 hierarchical nanobranches that exhibited 

40.5µF·cm-2 at 20 mV·s-1 in 1M Na2SO4 and a nearly 9% of capacitance loss after 1000 

cycles.  Tyagi and Dhara [121] reported SnO2 by means of soft chemical method and 

studied their electrochemical response. In the potential range from -0.2V to 0.5V vs. 

Ag/AgCl in 0.5M KOH their quantum dots displayed 10 F·g-1 at 20 mV·s-1. Even when 

mixed with RuO2 it only displayed 24 F·g-1 at 3mA·cm-2 in the -1.0V to 1.0V potential 

range in 1M H2SO4
 [122]. One of the few exceptions that can be found was reported by 

Miura et al. [123], who synthesized amorphous SnO2 on top of stainless steel by means 

of potentiodynamic electrodeposition, yielding 285 F·g-1 at 10 mV·s-1 and 101 F·g-1 at 

200 mV·s-1 in the 0.0V to 1.0V potential range and 0.1M Na2SO4 electrolyte. However, 

the main limitation of SnO2 apart from its low capacitance is the 200-300% volume 

change during charge-discharge which leads to pulverization and loss of electrical 

contact. Introducing carbon structures is intended to buffer volume changes [121], 

however, results were not as high as expected in many cases. Nevertheless, when 

combined with reduced graphene oxide hydrogel by means of solvothermal synthesis, 

Lim et al. [124] reported a value of 363 F·g-1 at 10 mV·s-1 in 1.0M Na2SO4. It is worth 

mentioning that, despite this result, some other forms of SnO2/graphene-derivative 

displayed lower values in the 34-100 F·g-1 range [125,126]. 

Mixed metal oxides with spinel structure 

There are not many reports on MnFe2O4 and CoFe2O4 given their modest capacitance. 

For MnFe2O4 in 1M NaCl and KCl, values of 105 F·g-1 and 115 F·g-1 [127] were achieved, 

respectively, in a 1V potential window. In an attempt to improve their electrical 

conductivity, composites with carbon-based materials have been prepared, such as 

MnFe2O4/carbon black (however, results showed poorer capacitance but better cycling 

stability than MnFe2O4) [128], reduced graphene oxide/MnFe2O4
 (with an improved 

capacitance of 271 F·g-1 at 0.5 A·g-1 in 6M KOH and a 104% capacitance after 5000 

cycles) [129] or the ternary nanocomposite PANI/MnFe2O4/reduced graphene oxide, 

which displayed 307.2 F·g-1 at 0.1 A·g-1 [130]. 

Pseudocapacitors based on pseudo-intercalation  

There is an important feature to consider when evaluating an intercalation 

pseudocapacitive material. No phase transformation shall undergo during the 

intercalation process. For example, MoO2 usually undergoes a monoclinic-to-

orthorhombic phase transition when charged as bulk material. However, when 

molybdenum oxide is nanostructured, this phase transition is supressed, and the material 

complies with the pseudocapacitive requirements (therefore being defined as extrinsic 

pseudocapacitor). A general approach is to develop nanostructured materials since they 

tend to show capacitor-like behaviour when their crystallite size is smaller than 20 nm. 

Currently, this is explained by either a larger number of accessible active sites at the 

surface or the suppression of phase transitions. Only a few materials have been 

characterized in their nanosheet 2D form, where, under certain conditions, the entire 

surface of the sample is exposed, as in the case of TiO2 [67].  
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T-Nb2O5 

Nb2O5 is usually used in lithiated non-aqueous media to promote lithium insertion in a 

<2V potential (vs. Li/Li+). The lithiation of niobium oxide proceeds up to x=2 in 

LixNb2O5 corresponding to a theoretical capacity of 200mA·h·g-1. Recently, pseudo-

hexagonal (TT- Nb2O5) and orthorhombic (T- Nb2O5) phases were discovered to have a 

continuous change of potential with state of charge. Therefore, no phase transition occurs 

in this charging process and the material can be considered as pseudocapacitive [131]. 

Dunn et al. [132] first reported the pseudocapacitive properties of orthorhombic niobium 

oxide synthesized by sol-gel processes, which displayed values >400F·g-1 in non-aqueous 

electrolyte (LiClO4 1M) at sweep rates up to 100 mV·s-1. This indicates that faradaic 

reactions occur in very short timescales with fast ion [132,133]. Augustyn et al. [66] 

reported 380 F·g-1 calculated for a 60 seconds discharge, equivalent to 20 mV·s-1, in 1M 

LiPF6 and discussed the pseudocapacitve kinetics of T-Nb2O5 synthesized by a sol-gel 

route. T-Nb2O5 is an extrinsic pseudocapacitive material that, when 40-µm or thinner 

films consisting of approximately 40 nm nanoparticles are prepared, the material exhibits 

pseudocapacitive material while, for bulk T-Nb2O5, clear faradaic peaks are observed.  

Moreover, it was reported that the crystalline structure of the material determines the 

ultimate its electrochemical response. Consequently, when the material is amorphous, 

lower capacitance values are obtained (224 F·g-1) compared to crystallized in its 

orthorhombic phase (555 F·g-1). Computational studies determine that certain exposed 

planes exhibit lower energy barriers for lithium intercalation despite having lower surface 

area [134,135]. In general, intrinsic pseudocapacitors are not as dependent on active 

surface area since they are based on intercalation. Thus, different architecture engineering 

for these materials is required and is to be expected in future studies [63]. 

TiO2 

Another promising lithium intercalation pseudocapacitive material is titanium dioxide, as 

Graetzel et al. demonstrated [136]. Titanium charge storage is based in the +4/+3 redox 

couple and lithium intercalation occurs below 2V vs. Li/Li+ [63]. They prepared TiO2(B), 

a metastable monoclinic phase of titanium dioxide by means of hydrothermal synthesis 

and studied its electrochemical properties in LiN(CF3SO2)2. They concluded that this 

phase of titania accommodated lithium ions via surface-confined processes given that the 

redox peak current of the material varied linearly with sweep rates [68]. Later, Li et al. 

[137] studied hydrogen titanate tubes and stablished that pseudocapacitance was arising 

from the open-layered cross section, which had a much larger inter-layer space than 

normal Li-intercalation materials.  

Zhang et al. [138] synthesized H2Ti3O7 nanowires via alkaline-hydrothermal synthesis 

and its lithium-intercalation pseudocapacitance properties was investigated in 1M LiPF6. 

Results show a reversible capacity of 800 C·g-1.  Wang et al. [139] obtained similar results 

for H2Ti6O13 nanowires prepared by hydrothermal method. In their study, hydrogenated 

titania nanowires displayed 828 F·g-1 in the potential window from 2.0 to 1.0V (vs. Li/Li+) 

in non-aqueous electrolyte. Moreover, they also observed linear variation with sweep rate 

of the redox peak current. This pseudocapacitive behaviour arises from the low-density 

crystal structure that these titania phases contain, enabling rapid lithium ion transport 

from the surface to the sub-surface [136]. Therefore, they can be considered as intrinsic 

pseudocapacitors with broad redox peaks that overlap in their CVs even in their bulk 

form. This enables the scalability to thicker electrode materials but, unfortunately, present 

irreversible capacity loss that needs further understanding for the material to be applicable 

in future pseudocapacitor devices [63].  
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Other metal oxides 

Many other metal oxides, such as MoO2, IrO2, or WO3 can be considered for future 

electrochemical energy storage applications. For example, MoO2 1D nanorods were 

synthesized by thermal decomposition of tetrabutylammonium hexamolybdate and 

exhibited 140 F·g-1 at 1 mA·cm-2. However, the material did not exhibit very good cycling 

stability performance, with a 14% loss after 50 cycles [140]. Dunn et al. [141] studied the 

pseudocapacitive properties of the material and concluded that, for nanocrystals smaller 

than 15 nm, the reversible phase change from monoclinic to orthorhombic that is observed 

in the bulk material is suppressed. Thus, MoO2 exhibits extrinsic pseudocapacitive 

behaviour. Moreover, they created a composite with reduced graphene oxide to increase 

its capacity. At 10 mV·s-1 the composite material presented 615 F·g-1 in a 1V potential 

window versus the 300 F·g-1 that the analogous material without reduced graphene oxide 

had. Other alternative is tungsten oxide (WO3), which has good electronic conductivity, 

yielding, for instance, 196 F·g-1 at 10 mV·s-1 with 58% capacitance retention after 5000 

cycles when synthesized as nanoflowers by electrodeposition [142] or iridium oxide, that 

showed a specific capacitance of 293 F·g-1 at 5 mV·s-1 and has attractive electrical and 

electrochemical properties despite the fact that its price is even higher than that of 

ruthenium [143]. 

There is a vast range of potential metal oxides that may be used as energy storage 

electrodes. However, beyond their electrochemical performance, cost and abundance, 

ease of synthesis and toxicity are also key factors to consider when synthesizing novel 

materials. This has become evident with ruthenium oxide. Despite the outstanding 

properties of RuO2, this material is unlikely to be used in large-scale applications. Thus, 

when selecting new materials for novel electrodes, a careful selection and evaluation of 

the different parameters shall be considered.  

1.3.2 Conductive polymers 

Conductive polymers (CP) benefit from low cost, low environmental impact, high 

conductivity, high voltage window, high capacitance/capacity and reversibility and 

adjustable redox reactions. Capacitance behaviour in CPs is based on redox reactions in 

which, during oxidation, ions are transferred to the polymer backbone while released 

during reduction. These redox reactions are not limited to surface reactions but affect the 

bulk material without structural alteration, conferring the process with high reversibility 

[22].  

They are generally formed through either chemical or electrochemical oxidation of the 

monomer. Consequently, the oxidation reaction of the monomer occurs at the same time 

as the oxidation of the polymer [144] while the counter ion/dopant is inserted. When ions 

are inserted into CPs matrix, polymers gain either positive (p-doping) or negative charge 

(n-doping). Thus, electronic conductivity can be induced by means of redox reactions that 

delocalize electrons on their polymer chain.  

Common polymers are polyacetylene (PA), polyaniline (PANI), polypyrrol (PPy), 

polythiophene (PTh), poly(3,4-ethylenedioxythiophene) (PEDOT) and their derivatives. 

All these materials have a dopant ratio of 0.33 except for PEDOT, which has 0.5 [145]. 

In the case of PANI and PPy, they can only be p-doped and, therefore, are usually used 

as cathode materials. On the other hand, PTh can be n-doped or p-doped. However, it 

shows poor conductivity in the reduced state and its capacitance is low. For that reason, 

they also tend to be only used as cathode material [22,68]. 
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The charge reactions, according to the type of doping are presented in equations 1.9 and 

1.10 [145]: 

𝐶𝑃 → 𝐶𝑃𝑛+(𝐴−)𝑛 + 𝑛𝑒− (𝑝 − 𝑑𝑜𝑝𝑖𝑛𝑔)                   (𝑒𝑞. 1.9) 

𝐶𝑃 + 𝑛𝑒−  → (𝐶+)𝑛𝐶𝑃𝑛− (𝑛 − 𝑑𝑜𝑝𝑖𝑛𝑔)                   (𝑒𝑞. 1.10) 

Polymers present similar features to metal oxides for battery and pseudocapacitor 

materials: higher charge storage capabilities, since they are based on redox reactions, but 

slower kinetics. Moreover, they often degrade under less than a thousand cycles due to 

changes in physical structure caused by the intercalation/de-intercalation of ions [146]. 

For example, PANI hydrogels electrodes, synthesised using aniline hydrochloric salt as 

precursor and oxidizing it with ammonium persulfate, exhibited the high capacitance of 

750 F·g-1 at 1A·g-1 [147]; PPy deposited on stretchable stainless steel reached 170 F·g-1 

at 0.5A·g-1 in a solid-state supercapacitor [148].  

One of the main disadvantages of polymers is that they are restricted to a very narrow 

potential window and, if exceeded, the material degrades or becomes completely 

insulating due to the loss of the dopant charge. Moreover, volume changes (swelling and 

shrinking) during charge and discharge due to intercalated ions affects electrode stability. 

This usually leads to mechanical degradation and poor cycling capacitance retention. In 

order to overcome this issue, research is focused on either improve structure and 

morphology, hybridizing it with carbon-based materials or creating composites with 

metal oxides [22].  

In fact, the properties of the polymers can be greatly improved when combined with other 

materials. Wang et al. [22] summarized the main results obtained for CP-based electrode 

materials in their review, and their combination with carbon-based material, inorganic 

oxides and hydroxides [149,150], and other metal compounds [151–153]. Composite 

materials are intended to either have better conductivity, better cyclability, more 

mechanical stability, higher specific capacitance or easier processability [154]. 

Polyaniline (PAni) 

Polyaniline is one of the most studied energy storage materials. Its high electroactivity, 

doping level, specific capacitance in acidic medium (400-500 F·g-1) and stability has 

promoted polyaniline’s usage in research [146]. The major disadvantage is that it requires 

a protic solvent, acidic solution or protic ionic liquid, this is, it requires a proton to be 

charged [155]. Many factors affect the capacity that polyaniline yields, such as synthetic 

route, polymer morphology, the binders and additive used and the thickness of the 

electrode. For instance, it can display 107 F·g-1 when doped with LiPF6 with an 

approximately 22% capacitance drop after 9000 cycles [156].  

Polypyrrole (PPy) 

Polypyrrole’s flexibility in processing has attracted much interest for electrochemical 

energy storage applications. However, it cannot be n-doped and, as a consequence, can 

only be used as cathode material [145]. It present high capacitance per unit volume (400-

500 F·cm-3) but its doping ratio is limited because of its dense growth. This limits 

capacitance per gram when thicker coatings are prepared [145,157]. 
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Polythiophene derivatives (Pth) 

There are many variations of n-doped thiophene such as poly(3-(4-

fluorophenyl)thiophene) [PFPT], poly(ditheno(3,4-b:3’,4’d) thiophene) [PDTT] or 

poly(3-methyl thiophene) [PMeT] [145]. In general, specific capacitance is higher when 

p-doped and the conductivity of n-doped is usually not very high. PDTT displayed 106.4 

µF·cm-2 when p-doped while 43.2 µF·cm-2 when n-doped [158]. The main drawbacks of 

n-dope polythiophene is its self-discharge and low cycle-stability. Many different 

variations in which electron withdrawing groups are bonded to the previously bonded 

phenyl, alkyl or alkoxy groups in the third position of the thiophene are made to overcome 

this limitation. This results in derivatives such as PEDOT, PFPT or poly(3-(3,4-

difluorophenyl)thiophene) [MPFT] among others [159]. However, there are still few 

reports on n-doped polythiophene derivatives because of the strong dependence of the 

electrochemical behaviour with the size of the counter ion and solvent. 

Literature on PEDOT has largely grown due to its properties, namely, electron rich with 

low oxidation potential and wide potential window with high capacitance [160,161]. It 

also has good thermal and chemical stability, high charge mobility and high surface area, 

which results in fast kinetics. The main counterpart for using this material is that it has 

low specific capacitance. For example, Snook and Chen [162] reported a capacitance of 

only 92 F·g-1, while Lota et al. [154] prepared a PEDOT pellet with a capacitance of 80-

100 F·g-1.They also achieved a much higher capacitance of 180 F·g-1, however, given 

their thin-film configuration, results were said to not be feasible for energy storage 

purposes.  

1.3.3 Final note on materials for super- and pseudocapacitors 

There is a large amount of ongoing work, based on different strategies, to synthesize the 

next-generation of materials for pseudo- and supercapacitors. Furthermore, the use of 

these materials is constantly being extended to new applications. Kaner et al. [163] 

brilliantly summarized in their review the main fields of interest for supercapacitors and 

pseudocapacitor developments: AC filtering, flexible and stretchable energy storage 

devices, energy storage devices integrated in wearable electronics, transparent devices, 

fast-charging, lightweight energy storage devices for ultrathin electronics, 

supercapacitors with the energy density of batteries, safe energy storage devices achieved 

by means of perm-selective membranes, longer lifetime energy storage devices, self-

healing batteries and binder-free electrode materials. With that in mind, it seems crucial 

to develop new strategies to increase energy density while maintaining power density. A 

list of strategies to fulfil that goal are included in Fig. 1.11. 
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Fig. 1.11. Current strategies implemented in the development of next-generation super- 

and pseudo-capacitors. Modified version of the image presented in [163] with emphasis, 

in red, of the strategies that have a direct impact on the present work. 

Some of these highlighted strategies to enhance the performance of super- and 

pseudocapacitors are the core of the present manuscript. In fact, the main goal is to 

combine graphene with metal oxides, oxyhydroxides and hydroxides, which is intended 

to increase conductivity of the faradaic materials by creating an EDLC-faradaic 

composite with lowered contact resistance. Moreover, nickel and cobalt oxides, 

hydroxides and oxyhydroxides are nanostructured when synthesized, leading to improved 

ionic pathways and enhanced charge-discharge times. All of this investigated in a highly-

ionic conductor aqueous electrolyte. This combination of EDLC and battery materials, 

known as hybrid composites, has been recently studied and differentiated from hybrid 

devices, where two electrodes, one with a faradaic battery-like response and one with a 

super- or pseudocapacitive response, are required. Intertwining two materials with 

electrochemical charge storage mechanisms of different nature entails certain 

fundamental challenges that require further understanding, which is explained in the 

following section.  
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1.4. Pseudocapacitors to batteries: From surface to bulk capacity contribution and 

hybrid composites. 

The underlaying mechanism for the charge-discharge of a rechargeable battery is based 

on redox reactions that generally consist on the intercalation/de-intercalation of cations 

(usually H+, Li+ or Na+) within the crystalline structure in a phase transformation of the 

electrode material that is induced by the change in oxidation state of the metal.  

Some confusion arises when comparing batteries and pseudocapacitors. Many reports 

have already set that the electrochemical response of these devices is different in nature. 

The issue arises with hybrid composites with intermediate response, since they can 

exhibit relevant contribution from different processes [68,164,165]. This is well 

summarized in the article presented by Gogotsi et al. [166] and schematically represented, 

in terms of electrochemical fingerprint differences, in Fig. 1.12. 

 

Fig. 1.12. Schematic representation of the representative cyclic voltammograms and 

galvanostatic charge-discharge for energy storage materials with different charge 

storage mechanism. They are, therefore, divided in capacitive for EDLC and 

pseudocapacitors based on surface redox reactions, pseudocapacitive for intercalation 

and intercalation with partial redox reactions and, finally, faradaic when it is faradaic 

dominated or purely a battery-like material. Reprinted with copyright permission of 

[166]. 

There are several intrinsic differences that are worth mentioning. First, charging of 

batteries is usually related to a phase transformation while pseudocapacitors do not 

change their crystalline structure. Another relevant feature is different intrinsic kinetics. 

While batteries are dominated by diffusion-controlled phenomena within the crystalline 

framework of the electrode, pseudocapacitors are based on superficial reactions and, 

therefore, do not present such feature. This can be correlated to a different electrochemical 

response measured by cyclic voltammetry [68].  

The voltammetric response of an active material at various sweep rates is described as  

[167–169]:  
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𝑖 = 𝑎 · 𝑣𝑏                 (𝑒𝑞. 1.11) 

𝑖 being measured current at a fixed potential, 𝑎 and 𝑏 two constants and 𝑣 the applied 

sweep rate. Since battery behaviour is controlled by cation-diffusion in the crystalline 

structure, the corresponding response has been worked out to be [169]: 

𝑖 = 𝑛 · 𝐹 · 𝐴 · 𝐶 · 𝐷1/2 · 𝑣1/2  (
𝛼𝑛𝐹

𝑅𝑇
)

1
2

𝜋
1
2𝜒(𝑏𝑡)                (𝑒𝑞. 1.12) 

where 𝐶 is the surface concentration of the electrode material, 𝛼 is the transfer coefficient, 

𝐷 is the chemical diffusion coefficient, 𝑛 is the number of electrons involved in the 

electrode reaction, 𝐹 is the Faraday constant, 𝐴 is the surface area of the electrode 

material, 𝑅 is the molar gas constant, 𝑇 is the temperature and 𝜒(𝑏𝑡) is a function that 

represents the normalized current.  

Given the dependence of the current provided by a battery with diffusion, the relation 

between peak current and sweep rate can be therefore represented as:  

𝑖𝑝 = 𝑎 · 𝑣1/2                 (𝑒𝑞. 1.13) 

In this case b has the value 0.5. On the other hand, the electrochemical response of a 

pseudocapacitor is not diffusion-controlled and the resulting equation is:  

𝑖 = 𝐶𝑑 · 𝐴 · 𝑣                 (𝑒𝑞. 1.14) 

Where 𝐶𝑑 is capacitance and A the surface area of the active material. When considering 

the electrochemical response of a battery, the electrode potential has a defined value. 

Consequently, there are peaks at the cyclic voltammetry curve and a plateau at the 

galvanostatic charge-discharge curves (Fig. 1.12h,i), which are defined by the value of 

Gibbs energy for a well-defined phase transformation and the composition/concentration 

of solution. Contrastively, pseudocapacitors are based on the electro-adsorption of species 

in a continuous logarithmic function. Consequently, cyclic voltammetry does not present 

said peaks and galvanostatic charge-discharge displays a linear voltage-time dependence 

as displayed in Figure 1.12c [68].  

As a remark, it is worth noticing that, for some pseudocapacitive materials, intercalation 

only contributes partially to the overall response. They present a hybrid charge storage 

mechanism consisting of capacitive effects and diffusion-controlled insertion [167]: 

𝑖(𝑣) = 𝑘1 · 𝑣 +  𝑘2 · 𝑣1/2                (𝑒𝑞. 1.15) 

It is, consequently, possible to distinguish the percentage of intercalation contribution 

from capacitive processes at specific potentials. Trassati et al. stated in their analysis that 

capacity that occurs due to surface processes is constant with the sweep rate and will 

always be present whereas capacity that derives from diffusion-limited processes will 

vary according to 𝑣−1/2. Thus, the capacitive contribution, calculated at the “infinite-

sweep rate” capacity, can be calculated by extrapolation of the capacity obtained as a 

function of the sweep rate, as shown in Fig. 1.13 [170]: 

𝑄 = 𝑄𝑣=∞ + 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 · 𝑣−1/2                 (𝑒𝑞. 1.16) 
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Fig. 1.13. Kinetic analysis of capacity contribution from outer surface response 

proposed by Trasatti et al. The y-intercept would correspond to the infinite sweep rate 

capacity. Reprinted with copyright permission from [170]. 

Recently, materials with hybrid charge storage mechanism have been developed. In the 

pursuit for high-energy density and high-power density materials, when a faradaic 

battery-like material is mixed with a high active surface area material, both the 

contribution of capacitive and faradaic charge storage mechanism are relevant to the 

displayed electrochemical performance of the material, Fig. 1.12g [171]. In the same way 

that the combination of capacitors with batteries are used to complement each other, the 

combination of different materials with different charge storage mechanisms can be used 

to improve overall performance [172]. This leads to hybrid composites that also known 

as internal parallel hybrids, hybrid composites or high-rate battery materials (Fig. 

1.14).  

 

Fig. 1.14. Schematic representation exemplifying the hybridization approaches for the 

combination of supercapacitor and battery-like responses though device configuration 

(Hybrid device) or though material engineering (Hybrid material). Re-printed with 

copyright permission from [172]. 
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The goal for these hybrid composite materials is to display faradaic and capacitive 

response in parallel. This can be displayed as an extended working potential or as 

increased kinetics of the reactions associated to the faradaic charge-discharge mechanism. 

In general, battery-like materials have two limitations: they are confined to a very limited 

potential range and they are limited by diffusion-controlled phenomena. Regarding the 

former, an enhanced power response can be achieved if the initial stage of charge is 

supercapacitive in nature (until the faradaic reaction potential is reached). Regarding the 

latter, shortened diffusion paths may, eventually, reduce its diffusion-control dependency. 

For example, certain materials have traditionally exhibited a battery-like behaviour, such 

as NiO or Co3O4. However, high-power properties, associated to fast redox kinetics, have 

been achieved by enlarging its active surface area when nano-structuring them. 

Nonetheless, despite their high cycling stability and high capacity/power performance in 

aqueous electrolyte, the main drawback of narrow potential window was still present. By 

means of device and materials engineering, this drawback can be overcome. For example, 

combining materials with dissimilar properties may create synergistic combinations that 

palliate the main deficiencies present in the parent materials [171]. The most recurrent 

combination is that of electroactive and conductive materials that interact at the nano-

scale to produce novel phases, or intimate interactions between them, at an 

atomic/molecular level (and not producing a simple mixture) [172] .  

These two strategies, nano-structuring and hybrid composite production, have been the 

main focus of the present manuscript, where nickel-cobalt (hydr)oxide materials, 

traditionally used in batteries, have been nanostructured with the initial goal of achieving 

faradaic reactions confined to the surface of the material (pseudocapacitance) and have 

been combined with reduced graphene oxide to create hybrid composites that could either 

benefit from fast kinetics in the faradaic reaction, expanded active potential window or 

better cycling stability, usually associated to carbon-based material but not to metal 

hydr(oxides). For that reason, an extensive review of nickel, cobalt, nickel-cobalt oxides 

and hydroxides and reduced graphene oxide, with special emphasis on electrochemically 

reduced graphene oxide, is done. It must be noted that most studies provide capacitance 

values in F·g-1 units for nickel and cobalt (hydr)oxides, which is wrong and misleading 

when a battery-like response is obtained, and units shall be converted to mA·h·g-1. Values 

here reported are expressed in the same original form as the initial work, however, values 

of voltage range are provided for a more in-sight interpretation of the presented values. 

Finally, it is worth mentioning that batteries are, currently, the main field of study in 

electrochemical energy storage. Because of their mature stage of development and overall 

hegemony in commercially available energy storage devices, an in-depth discussion of 

all materials and battery types is unfeasible and out of the scope of the present work. As 

aforementioned, the scope of the present manuscript is to develop hybrid composites by 

means of nanostructuring nickel-cobalt oxide, hydroxide and oxyhydroxide to confine 

their reactions to a superficial level, thus increasing their power capabilities, and to 

engineer composites with relevant capacitance contribution from graphene derivatives. 

Nonetheless, there is an obvious battery-like contribution from the metal oxides and 

hydroxides in the work presented in this manuscript and, therefore, the use of 

nanostructured nickel and cobalt oxides and hydroxides and graphene for battery 

applications is considered in the following sections, where the state-of-the-art of these 

materials for electrochemical energy storage applications is reviewed. Special emphasis 

is done on nickel hydroxide as electrode material for battery applications, since its use is 

still relevant in commercially available metal-hydride batteries and the author believes 

the presented manuscript may be relevant in that field of study.  
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1.5 Nanostructured nickel and cobalt (hydr)oxides for energy storage applications 

NiO 

Nickel oxide is used in alkaline electrolytes as material for energy storage due to its easy 

synthesis and low cost [173–175]. NiO usually behaves as a battery-like material in bulk. 

However, when nanostructured, its redox reactions can be confined to surface, increasing 

the pseudocapacitive component of charge storage. There are several considerations when 

NiO is studied as a potential candidate in energy storage [19,90]: Its electrical 

conductivity must be maximized, two or more oxidation states shall coexist over a 

potential range, surface area shall be maximized so high rate capabilities are achieved in 

combination with the excellent capacity value of nickel oxide and electrolyte shall easily 

interact with the material favouring the charge-discharge redox reaction.  

During charge, nickel oxide transforms into its more conductive oxyhydroxide form as 

shown in equation 1.17 and 1.18: 

NiO + OH- ↔ NiOOH + e-                 (eq. 1.17) 

NiO + H2O ↔ NiOOH + H+ + e-                 (eq. 1.18) 

It is worth mentioning, however, that there are two main hypotheses regarding the energy 

storage mechanism for nickel oxide. On one hand, NiO/NiOOH as exemplified is 

considered. On the other hand, it is assumed that in alkali electrolyte NiO creates a 

passivation layer of Ni(OH)2 and the charging reaction is that of nickel hydroxide [176–

180]. In any case, during the charge reaction of nickel oxide Ni(II) oxidizes to Ni(III) and, 

the final electrochemical response is greatly dependent on porosity, degree of crystallinity 

and domain size and surface area [90]. 

In fact, the synthesis procedures and associated nanostructure have a strong effect on the 

final properties of nickel oxides [181]. Nickel oxide is usually reduced by heat treatment 

of nickel hydroxide. Yang et al. studied the effect of the calcination temperature on nickel 

hydroxide xerogels obtained by sol-gel. Then, they treated at different temperatures, from 

110oC to 450oC for 1h to produce nickel oxides and measured their electrochemical 

response. They observed an increase in pore volume until 280oC. If temperature was 

further increase, this parameter remained constant. Only when a temperature of at least 

280oC was applied there was a full conversion from the hydroxide to the oxide form and, 

an increase on temperature produced an increased crystallinity, as expected. Finally, they 

reported capacitance values obtained in the 0.0V to 0.6V potential range vs. Hg/HgO at 

2 mA·cm-2 applied current. Results showed that a maximum capacitance of 696 F·g-1 was 

obtained at 250oC and then decreased with increased temperature. This is later explained 

by a limited ion transport and electrolyte penetration in more crystalline structures which 

leads to slow electrochemical processes and charge storage delivery [182]. Therefore, 

when production of nickel oxide is considered, synthesis methods for nickel hydroxide 

are evaluated with the subsequent calcination process.  

Nanomaterials with very different morphology have been prepared, such as nanoplates, 

nanosheets, nanorings, etc. Yan et al. [183] reported a hydrothermal method to produce 

nanoplates and nanocolumns (stacking of nanoplates) that, in 1M KOH and in the 

potential range from -0.25V to 0.65V vs. SCE they exhibited a maximum of 390 F·g-1 at 

5A·g-1. Nanoflakes have also been prepared by precipitation with a maximum 

capacitance reported value of 942 F·g-1 in the 0.0V to 0.40V potential range, 2M KOH 

at an applied current of 5mA [184]. As a matter of fact, the final morphology is usually 

correlated to the synthesis method used, and many routes have been explored in the 

production of this material. For example, if NiO is synthesized by chemical bath 
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deposition by means of an alkaline bath of nickel nitrate followed by thermal treatment, 

a maximum value of 167 F·g-1 for a NiO honeycomb thin-film on top of stainless steel, 

obtained at 20 mV·s-1 in the -0.8V to 0.4V vs. SCE in 2M KOH has been reported [181]. 

If porosity is controlled during the synthesis method, as in the case in sol-gel synthesis, 

an increased capacitance can be obtained. For example, Zhang et al. [185] produced 

nickel oxide aerogels by a citric-acid and formamide assisted sol-gel synthesis, followed 

by thermal treatment. Aerogels present increased porosity that enhances electrode-

electrolyte interactions, leading to much higher capacity values, (~800 F·g-1) at 10 mV·s-

1 in the 0.0V to 0.5V potential range and, if temperature treatment is optimized, much 

higher values are obtained.  

Kate et al. [90] summarized and evaluated the pros and cons of the most common 

synthesis techniques for the production of NiO for energy storage purposes (Fig. 1.15), 

namely, hydrothermal and solvothermal synthesis, chemical bath deposition, chemical 

precipitation, electrochemical deposition, microwave and electrophoretic deposition and 

sol-gel. Some of the different morphologies and synthesis routes to produce nickel oxide 

are summarized in Table 1.2. 

 

Fig. 1.15. Representation of different morphologies and associated reported specific 

capacitances for NiO. Extracted with copyright permission from [90]. 
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Table 1.2 

Summary of some of the reported morphologies for nickel oxide together with their synthesis route and capacity values. 

Material Morphology Synthesis 
Calcination 

Temperature (oC) 

Capacitance 

(F·g-1) 

Current density 

/Scan rate 
Electrolyte 

Potential 

window (V) 

Capacity retention 

(number cycles) 
Ref. 

Porous NiO Nanoslices 
Chemical bath deposition and 

hydrothermal treatment 
400 176 5 A·g-1 KOH 1M 

-0.3 to 0.7 

(vs. SCE) 
100% (1000) [183] 

Porous NiO Nanoplates 
Chemical bath deposition and 

hydrothermal treatment 
400 285 5 A·g-1 KOH 1M 

-0.3 to 0.7 

(vs. SCE) 
>100% (1000) [183] 

Porous NiO Nanocolumn 
Chemical bath deposition and 

hydrothermal treatment 
400 390 5 A·g-1 KOH 1M 

-0.3 to 0.7 
(vs. SCE) 

>100% (1000) [183] 

NiO Nanoflakes Chemical bath deposition 250 942 5 mA KOH 2M 
0.0 to 0.5 (vs. 

SCE) 
82% (1000) [186] 

Hierarchical 

porous NiO 
Nanoflowers Microwave-assisted synthesis 300-400 277 2.5 mV·s-1 KOH 2M 

-0.2 to 0.5 

(vs. SCE) 
97% (100) [187] 

NiO Nanospheres Ostwald-ripening in alkaline solution 300 710 1 A·g-1 KOH 6M 
0.0 to 0.60 

(vs. SCE) 
98% (2000) [188] 

NiO 
Nanowall 

arrays 
Hydrothermal 500 270 0.67 A·g-1 KOH 1M 

0.0 to 0.55 

(vs. SCE) 
93% (4000) [189] 

NiO  Nanoflakes Potentiodynamic electrodeposition 300 222 10 mV·s-1 KOH 1M 
-0.2 to 0.4 
(vs. SCE) 

94% (1000) [190] 

NiO Thin-film Galvanostatic electrodeposition 200-400 277 5 mV·s-1 KOH 1M 
0.0 to 0.5 (vs. 

Ag/AgCl) 
- [191] 

NiO Nanotubes Ni electroplating and annealing 450 2076 12 A·g-1 KOH 1M 
0.35 to 0.85 

(vs. SHE) 
~100% (500) [192] 

NiO Nanorods Ni electroplating and annealing 450 1026 7 A·g-1 KOH 1M 
0.35 to 0.85 

(vs. SHE) 
~100% (500) [192] 
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Electrodeposition is a simple technique for the preparation of nickel oxide materials. 

Anodic electrodeposition of porous nickel oxide films on top of a stainless steel foil was 

performed by using a bath of sodium acetate, nickel sulphate and sodium sulphate at a 

0.9V vs. Ag/AgCl potential [174] and subsequent thermal treatment at 300oC for 1h, 

displaying a specific capacity of 178 C·g-1 at 10 mV·s-1 and 130 C·g-1 at 200 mV·s-1 and 

a capacity retention of nearly 80% after 4000 cycles. Electrodeposited NiO and Ni(OH)2 

materials generally display high-power capabilities. This is attributed to their nanoflake 

structure that enables faradaic reactions to occur on the grain surface enhancing and 

electron conduction and shortening proton diffusion paths. 

Several groups have reported thin-films with extremely high capacitance values. Wu et 

al. [193] reported 1478 F·g-1 at 0.5A·g-1 in KOH 1M at the potential window from 0.05 

to 0.45V vs. SCE, with very good rate capability and long cycle stability (87% after 500 

cycles). These results were displayed when NiO was deposited from Ni(NO3)2 0.08M by 

applying -0.9V vs. SCE until a total charge of 0.5C passed, and subsequent thermal 

treatment. In their report, they stated that the charging mechanism was not diffusion 

controlled but a very fast redox reaction at the interface. Contrastively, Srinivasan [179] 

reported only 59 F·g-1 in the 0.0V to 0.5V vs. Ag/AgCl in KOH 3% for NiO 

electrodeposited on gold from 1.8M Ni(NO3)2 and 0.075M NaNO3 at a cathodic current 

of 5mA·cm-2. More intermediate responses have been obtained for NiO prepared by 

anodic electrodeposition and thermal treatment at 300oC, for example, 167F·g-1 in 1M 

KOH at 1A·g-1 in the 0.0V-0.45V potential range and 140F·g-1 after 5000 cycles [194]. 

Again, porosity seems to be a determining factor in electrolyte penetration and 

performance of nickel oxide, limiting diffusion paths [195].  

It is generally reported that two main limitations shall be overcome for its potential use 

in energy storage devices. These are: poor cycle performance and high resistivity [196]. 

Many authors compare their performance to supercapacitor and pseudocapacitor 

electrodes despite the redox activity with phase transformations because of their high rate 

capabilities and capacitance contribution (expanded active surface area due to their 

nanostructure). Thus, when compared to supercapacitor electrodes, their degradation is 

extremely high. However, if compared to battery materials, its capacity value is extremely 

inferior while it presents excellent capacity retention with cycling. It is worth mentioning 

that, in many cases, also an activation process during the first 1000 charge/discharge 

cycles is observed. This is generally attributed to electrolyte penetration to the inner 

initially-inaccessible pores. 

Nonetheless, it is still interesting to avoid degradation of NiO. For that matter, cobalt or 

carbon-based materials are generally added as stabilizing agents. Nickel-cobalt oxide was 

also combined with carbon nanotubes to improve electronic conductivity and chemical 

stability, resulting on 569 F·g-1 at 10 mA·cm-2 in 1M KOH in the 0.0V to 0.5V potential 

range and a 99.8% capacity retention after 1000 cycles. Moreover, the effect of the Ni/Co 

ratio has been studied and it was determined that the material exhibited a maximum 

capacity at a 50% cobalt content [197].  

In addition, high resistivity, because of the semiconductor nature of nickel oxide, is 

another of the main limitations of nickel oxide. Again, composite materials with carbon-

based materials or introducing cobalt shall overcome this limitation to a certain extent. 

Carbon-based materials can act as conductive matrix on top of which nickel oxide 

nanoparticles can undergo redox reactions while shortening diffusion paths. For example, 

when CNTs are mixed with NiO, results up to 1000 F·g-1 have been reported, three times 

bigger than NiO thin film [198]. Nonetheless, for such a high capacitance, NiO film on 
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top of CNT was only about 5nm thick and the mass considered was that of NiO and not 

the entire composite, leading to an overestimation of the value.  

Reduced graphene oxide is also used as support for NiO nanoparticles. For example, 

Trung et al. [199] synthesized a 3D porous reduced graphene oxide on top of which NiO 

nanoparticles were deposited via thermal treatment in a 3-step process (Fig. 1.16). The 

material exhibited excellent capacity (1328 F·g-1 at 1A·g-1 in the -0.1V to 0.35V vs. SCE 

in KOH 2M) and cycling stability (87% retention after 2000 cycles). However, it seems 

crucial to further optimize the synthesis of composite materials and investigate the 

electrochemical properties that they may yield.  

 

Fig. 1.16. Illustration of a synthesis process of reduced graphene oxide with nickel 

oxide nanoparticles developed by Trung et al. Reprinted with copyright permission of 

[199]. 

Spinel Co3O4 and CoOx as electrode material in alkaline media 

The electrochemical fingerprint of bulk spinel cobalt oxide is very different to the 

analogous spinel manganese oxide or iron oxide: It presents two faradaic peaks that 

correspond to a battery-like electrochemical response. However, when nanostructured, its 

increased active surface and surface-confined redox reactions result in noticeable 

capacitance contribution. Therefore, it has interesting electrochemical and physical 

features, for instance, its redox reaction is highly reversible, it has long-term stability, 

large surface area and, when transformed into oxyhydroxide in its charged state, it has 

good conductivity [22]. Moreover, given the high theoretical capacity of Co3O4 (890 

mA·h·g-1) and of CoO (718 mA·h·g-1), these materials have attracted much attention in 

their potential application for energy storage [90].  

Its charging reaction in alkali media is presented in eq. 1.19: 

Co3O4 + H2O + OH- ↔ 3 CoOOH + e-                 (eq. 1.19) 

At the same time, cobalt oxyhydroxide can undergo a second reaction in which the 

material is transformed into Co(IV) oxide, as depicted by eq. 1.20. 

CoOOH + OH- ↔ CoO2 + H2O + e-                 (eq. 1.20) 

There are many different strategies to synthesize this material, such as template assisted 

[200], chemical coating [201], spray pyrolysis [202], sol-gel [203], etc. Furthermore, to 

increase the active surface of the material, intrinsically related to its electrochemical 

performance, several microstructures and morphologies have also been developed. For 

example, microspheres [200], nanosheets, aerogels [204], nanowires [205], nanorods 

[206], nanoflowers [207], nanotubes [208] or thin films [202]. As in the case for NiO, 

these nanostructures are greatly dependent upon the synthesis strategy employed, which 
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greatly influences the final electrochemical response of the material. For example, 

mesoporous microspheres were prepared by silica-template directed synthesis. Reports 

showed that a capacitance of 102 F·g-1 can be achieved [200]. Kim et al. [209] 

electrodeposited cobalt hydroxide that, by means of a thermal treatment, was transformed 

into cobalt oxide. Their material in 2M KOH displayed 235 F·g-1 in the -0.1V to 0.4V 

potential range vs. Ag/AgCl. It seems that, in general, cobalt oxide has a lower charge 

storage capability. This is related to the anhydrous nature of the material [202]. To 

provide an overview of this material as electrode material, some examples of different 

nanostructures and synthesis methods employed in the production of cobalt oxide are 

summarized in Table 1.3.  

The preparation of cobalt oxide by means of electrodeposition is usually performed in a 

two-step process. For example, Yuan et al. [210] synthesized cobalt oxide nanosheets on 

top of nickel foam by means of electrodeposition from nitrate precursors at -1.0V vs. SCE 

for 20 minutes followed by a calcination process at 250oC for 2h. The material showed a 

capacity of 379.86 mA·h·g-1 in the 0.5V potential range at 2A·g-1, 204.3 mA·h·g-1 at 

10A·g-1 and approximately a 5% capacity drop during the first 500 cycles. 

Some authors reported that spinel cobalt oxide presents several limitations, such as poor 

cycling stability and lower potential window. However, it is evidenced by the reported 

results that, in general, high capacity retention with cycling is observed in alkali media. 

Anyhow, this effect is more visible in cobalt oxide as electrode material for lithium ion 

batteries. In that case, later considered, nanoparticles tend to aggregate during charge-

discharge cycling and composite materials, surface-modified cobalt oxide and doped 

cobalt oxides have been produced to overcome this challenge [211].  

Carbon is usually used in the production of cobalt oxide composite materials. For 

example, Co3O4 nanowires have been synthesized on top of CVD graphene foam [212]. 

In this case, the electrochemical response limited to the 0-0.5V potential range had a 

pseudocapacitor behaviour with a specific capacitance of 768 F·g-1 at 10 A·g-1 and 

growing capacitance up to 1100 F·g-1 with cycling. The stabilization of capacitance with 

cycling has been observed in other graphene-based composites [213]. For instance, He et 

al. [214] prepared Co3O4 on top of exfoliated graphene oxide and reported  430F·g-1 at 3 

A·g-1 in 6M KOH in which approximately a 100% of capacitance was retained after 300 

cycles.  

MWCNT/Co3O4 composite was prepared by acid treatment of MWCNTs followed by 

precipitation and reflux in n-hexanol, displaying a capacitance of 200 F·g-1 in the -0.6V 

to 0.4V potential range vs. Hg/HgSO4 in 1M KOH  [215]. It seems that introducing the 

carbon-based material led to an expanded potential window, which can really benefit the 

ultimate performance of the device. 

García-Gómez et al. [216] studied the potentiostatic electrodeposition of reduced 

graphene oxide with cobalt oxide. For that purpose, cyclic voltammetry in the -1.5V to 

0.5V vs. SCE potential range was applied to a cobalt nitrate/graphene oxide suspension 

at different scan rates and evaluated their performance in 1M KOH. Best results were 

obtained when electrodeposition was performed at a 75 mV·s-1 scan rate, when the 

material exhibited 608 F·g-1 at 1A·g-1 and increased reversibility when compared to only 

CoOx.  
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Table 1.3 

Summary of some of the reported morphologies for cobalt oxide together with their synthesis route and capacity values. 

1 Results are likely to be associated to cobalt hydroxide given the applied calcination temperature.  

2 No in-depth study of the mechanism by which the potential range may be extended. Furthermore, the reported value is wider than the 1.2V 

potential window of aqueous electrolytes. 

Material Morphology Synthesis 
Calcination 

Temperature (oC) 

Capacitance 

(F·g-1) 

Current density 

/Scan rate 
Electrolyte 

Potential window 

(V) 

Capacity 

retention 

(number cycles) 

Ref. 

Mesoporous Co3O4 Microspheres 
Template assisted 

precipitation 
200-450 102 3 mV·s-1 KOH 4M 

0.1 to 0.6 
(Hg/HgO) 

74% (500) [200] 

Microporous Co3O4 Aerogel 
Epoxy addition and 

supercritical CO2 drying 
200 623 25 mV·s-1 NaOH 1M 

0.2 to 0.53 

(Ag/AgCl) 
96% (1000) [204] 

MWCNTs/Co3O4 Nanotubes 
Acid treatment and chemical 

precipitation in n-hexanol 
140, reflux 200 10 mV·s-1 KOH 1M 

-0.6 to 0.4 

(Hg/Hg2SO4) 
- [215] 

Co3O4 Thin-film Spry pyrolysis 400 74 5 mV·s-1 KOH 2M 0.0 to -0.6 (SCE) - [202] 

Co3O4 Xerogel powder Sol-gel 110-600 (max. 150)1 291 5 mV·s-1 KOH 1M -0.3 to 0.5 (SCE) Not quantified [203] 

Co3O4/ 

Ni foam 
Nanowires 

Template-free growth 

method 
300 746 5 mA·cm-2 KOH 6M 

-0.05 to 0.38 

(SCE) 
85% (500) [205] 

Nanoporous Co3O4 Nanorods Hydrothermal 300 280 5 mV·s-1 KOH 2M -0.2 to 0.6 (SCE) - [206] 

Porous Co3O4 Microspheres 
Solvothermal (ethylene 

glycol) 
300 1183 2 A·g-1 KOH 2M 0.0 to 0.5 (SCE) 93% (5000) [208] 

Co3O4 Thin-film Electrodeposition 200 235 20 mV·s-1 KOH 2M 
-0.1 to 0.4 

(Ag/AgCl) 
- [209] 

Co3O4 Nanowires Precipitation 90 922 2 A·g-1 KOH 1M -0.4 to 0.4 (SCE) 95% (5000) [217] 

Co3O4/Ag Nanowires 
Precipitation and Layered 

deposition 
90 1006 2 A·g-1 KOH 1M -0.4 to 0.4 (SCE) 95% (5000) [217] 

Co3O4 Film 
Ammonia precipitation and 

layered deposition 
- 
 

165 10 mV·s-1 KOH 1M -0.4 to 0.4 (SCE) 98% (1000) [218] 

Mesoporous Co3O4 Brush-like Nanowires Hydrothermal 250 1525 1 A·g-1 KOH 30% 
0 to 0.8 

(Ag/AgCl) 
91% (5000) [219] 

Mesoporous Co3O4 Flower-like nanowires Hydrothermal 250 1199 1 A·g-1 KOH 30% 
0 to 0.8 

(Ag/AgCl) 
91% (5000) [219] 

Co3O4 Nanocubes Hydrothermal 500 430 10 mV·s-1 KOH 6M 
-0.4 to 1 

(Ag/AgCl)2 85% (1000) [220] 

Co3O4 Micro-dumbbells Surfactant guided assembly 300 407 1 A·g-1 KOH 6M 
-0.1 to 0.5 

(Ag/AgCl) 
97% (2000) [221] 

Porous Co3O4 Co Nanoparticles 
Metal organic framework 
followed by thermolysis 

550 150 1 A·g-1 KOH 2M 
0.0 to 0.5 

(Ag/AgCl) 
100% (3400) [222] 
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Spinel Co3O4 and CoOx as electrode material in lithium-ion batteries 

Nonetheless, cobalt oxides (CoOx) materials are traditionally studied for lithium ion 

batteries since Tarascon’s discovery of the reversible mechanism of lithium storage 

[223,224]. In particular, it can accommodate up to 8 lithium ions per unit. Its lithium 

insertion material is very different to that of graphite, exemplified in equations 1.21 to 

1.23: 

MxOy + 2yLi+ ↔ yLi2O + xM                       (eq. 1.21) 

CoO + 2Li+ ↔ Li2O + Co                              (eq. 1.22) 

Co3O4 + 8Li+ ↔ 4 Li2O +3Co                        (eq. 1.23) 

The main challenge with cobalt oxides for lithium ion batteries is their large initial 

capacity loss and poor cycling stability. This is caused by large volume changes during 

the charge-discharge reaction that create local stress and pulverize the electrode [225]. As 

in the case for electrode material in alkali media, many different synthesis routes have 

been studied to improve performance by means of nanostructuring [226]. Lee et al. [227] 

have summarized cobalt oxide synthesis methods and performances for energy storage 

applications. In their work, they consider hydrothermal and solvothermal synthesis, 

solution combustion synthesis (cobalt nitrate is mixed with combustion fuels and is 

transferred to a furnace where reaction takes place), aerosol flame synthesis (nebulizing 

atomic droplets of cobalt nitrate in methanol and delivering them to a flame for 

hydrolysis), molten salt synthesis, microemulsion synthesis (water microemulsion by 

means of surfactants that function as micro-reactors), spray conversion synthesis (cobalt 

nitrate dissolved in H2O before being fed through a nozzle and spray-dried at 250oC and 

then calcinated), chemical vapour deposition, electrodeposition and ultrasonic dispersion 

with thermal oxidation. As a summary, they state that hydrothermal synthesis enables 

good control over materials morphology; solution combustion techniques generate lower 

capacity values; aerosol offers scaling-up advantages in terms of reactivity but is 

extremely costly; microemulsion is a tedious synthesis although great control over 

morphology is achieved and, finally, deposition techniques yield impressive capacity 

values while keeping small particle size and ease of scale-up [227]. A summary of the 

main reported results for cobalt oxide materials as electrode material in lithium ion 

batteries is included in Table 1.4.  

Electrodeposition serves as a method to produce nanostructured thin-films. Cobalt oxide 

is generally produced from electrodeposition of its parent form, cobalt hydroxide, and 

calcination. Do and Dai [228] reported that the composition is temperature dependent. 

When lower temperatures are used (300oC) pure Co3O4 is obtained, while higher 

temperatures (500oC) decomposes this phase yielding CoO. These materials were 

deposited by applying 0.5 mA·cm-2 to a gold substrate and an electrolyte consisting of 

0.175M Co(NO3)2/0.075 NaNO3 dissolved in a 50:50 mixture of aqueous:ethanol 

followed by thermal treatment. CoO displayed 715 mA·h·g-1 during the first cycle, which 

decomposed CoO to Co and a decay in discharge potential plateau from 0.72V to 0.02V, 

which led to a capacity of 433.1 mA·h·g-1. When cobalt hydroxide was used, however, 

capacity was 1089.2 mA·h·g-1 that increased to a value of 1589.4 mA·h·g-1 after 25 

cycles.  Xiao et al. [229] reported that, by using Brij 56 as structure-directing agent, a 

CoO film is produced by applying 1.0 mA·cm-2 cathodic current for 600s and thermal 

treatment at 350oC for 2h. The material, with nanoflake structure, displayed 710 and 509 

mA·h·g-1 in 1M LiPF6: ethylene carbonate 50:50 electrolyte at 1C after 0 and 50 cycles 

respectively. Note that similar benefits (improved cycle stability, volume changes 

inhibition and enhanced conductivity) can be obtained when combined with other 
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materials, especially carbon-based materials. For example, Kim et al. [230] synthesized 

a reduced graphene oxide/cobalt oxide thin-film by co-electrodeposition (Fig. 1.17) . 

Thus, cobalt nitrate was added to a graphene oxide suspension containing sodium nitrate. 

Electrodeposition was performed at -1.0V (vs. Ag/AgCl) for 5 minutes on top of stainless 

steel. Then, calcination at 350oC for 2h was performed.  Furthermore, they reported that 

by chemically modifying the graphene oxide suspension with poly(ethyleneimine)(PEI), 

adsorption of Co2+ is facilitated while graphene oxide aggregation is avoided. The 

composite material displayed 1523 mA·h·g-1 after 60 cycles.  

 

Fig. 1.17. Schematic representation of the co-electrodeposition of cobalt oxide/graphene 

composite material. Reprinted with copyright permission of [230]. 

 

 

 

 

 

 

 



 1. Materials for electrochemical energy storage | 

43 

 

Table 1.4. 

Electrochemical performance of cobalt oxide materials used as electrodes for lithium ion batteries. Reprinted with copyright permission from [227]. 

Material 
Morphology 

(particle size) 
Synthesis 

Potential range 

vs. Li/Li+ (V) 

Current 

density 

Initial discharge 

capacity (mA h g -1) 

Initial 

Coulombic 

efficiency (%) 

Capacity 

retention 

(number of 

cycles) 

Ref. 

C@Co3O4 
Nanospheres 

(400–500 nm) 
Hydrothermal 3.0–0.5 0.5 C 818 98.3 

567 mA·h·g-1 

(107) 
[211] 

CoO@CNT core–

shell 
Nanorod 

Multi-step 

hydrothermal 
3.0–0.005 0.1 C 1082 69 

1080 mA·h·g-

1 (100) 
[231] 

Co3O4–C core–shell Nanowire array Hydrothermal 3.2–0 0.5 C 1330.8 88.1 
989.0 

mA·h·g-1 (50) 
[232] 

Co3O4 Nanorod array 
Fluorine-mediated 

hydrothermal 
3.0–0.005 1 C 1192 80.7 

1000 mA·h·g-

1 (20) 
[233] 

Porous Co3O4 Nanowire array 
Microwave-assisted 

hydrothermal 
- 400 mA g 1 ~1100 ~80 

600 mA·h·g-1 

(100) 
[225] 

Co3O4 
Hollow spheres 

(2.5 mm) 

Hydrothermal with 

aging 
3.0–0.01 100 mA g 1 1334 73 

407 mA·h·g-1 

(100) 
[234] 

Macroporous CoOx Nanoparticles 
Solution 

combustion 
3.0–0.01 50 mA g 1 1191 76.2 

400 mA·h·g-1 

(100) 
[226] 

CoO 
Nanoparticles 

(20–30 nm) 

Urea-assisted auto-

combustion 
3.0–0.005 0.1 mA cm 2 1159.03 - 

565.2 

mA·h·g-1 

(30) 

[235] 

Co3O4 
Nanocrystalline 

(50–85 nm) 

Aerosol flame 

synthesis 
3.0–0.01 1 C 1130 66 

571 mA·h·g-1 

(30) 
[236] 

Co3O4 
Powder 

(200 nm) 

Molten salt 

synthesis 
3.0–0.005 600 mA g 1 - - 

710 mA·h·g-1 

(50) 
[237] 

Hierarchical Co3O4 Nanosheets 
Composite-

hydroxide-mediated 
3.0–0 140 mA g 1 1336 65.1 

680 mA·h·g-1 

(50) 
[238] 

Porous Co3O4 
Nanorods 

(80–150 nm) 
Microemulsion 3.0–0.01 50 mA g 1 1171 - 

850 mA·h·g-1 

(10) 
[239] 

Nanosized Co3O4 
Powder 

(<60 nm) 

Spray conversion 

synthesis 
2.5–0.001 0.2 mA cm 2 1100 - 

400 mA·h·g-1 

(50) 
[240] 
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Table 1.4 cont. 

 

Cobalt oxide 
Nanomaterials 

(CoO: 15 nm) 

Chemical vapour 

deposition 
3.0–0 0.05 C ~900 - 

800 mA·h·g-1 

(30) 
[241] 

NiSix/CoO 

core–shell 
Nanowire arrays 

Chemical vapour 

deposition + radio 

frequency 

sputtering 

2.5–0.01 0.5 C 1533 60.1 
900 mA·h·g-1 

(200) 
[242] 

Dendrite-like 

Co3O4/C 
Microparticles 

Low-temperature 

hydrothermal + 

CVD 

3.0–0.005 0.1 C 1666 53 
500 mA·h·g-1 

(40) 
[243] 

Mesoporous cobalt 

oxide 
Film (10–20 nm) Electrodeposition 3.0–0.02 1 C 1002 71 

509 mA·h·g-1 

(50) 
[229] 

Graphene/Co3O4 Thin-film 
Co-

electrodeposition 
3.0–0.01 700 mA g 1 1342 - 

1523 mA·h·g-

1 (60) 
[230] 

Nanoporous CoO/Co Thin-film Electrostatic spray 3.0–0.01 0.4 C 1057 - 
1182 mA·h·g-

1 (70) 
[244] 

CoO on graphene 

nanosheets 

Quantum dots (3–

8 nm) 

Ultrasonic 

dispersion 
3.0–0.01 50 mA g 1 1756 56 

1592 mA·h·g-

1 (50) 
[245] 

CoO/RGO 

nanocomposite 
- 

Ultrasonic 

dispersion 
3.0–0.01 100 mA g 1 1052.1 70 

701.7 

mA·h·g-1 (50) 
[246] 
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Spinel NiCo2O4 and Ni-Co oxides 

Spinel nickel-cobalt oxide combines good electronic conductivity in its discharged state 

(~62 S·cm-1) with high electrochemical activity of its redox reaction (with contribution 

from both nickel and cobalt ions). For that reason, it exhibits high capacitance values even 

at short charge-discharge times [63]. Compared to single oxides, spinel nickel cobaltite 

presents richer redox electrochemistry due to the combination of nickel and cobalt oxide 

and much better electrical conductivity [247]. The oxidation-reduction reaction of spinel 

in alkali media is usually depicted as a transformation into cobalt and nickel 

oxyhydroxides (eq. 1.24): 

NiCo2O4 + OH- + H2O ↔ NiOOH + 2CoOOH + 2e-                  (eq. 1.24) 

At the same time, oxyhydroxides exhibit a second reaction as in the case of spinel cobalt 

oxide (eq. 1.25): 

MOOH + OH- ↔ MO2 + H2O + e-                                                 (eq. 1.25) 

M denotes either Co or Ni. While nickel can only vary between Ni(II) and Ni(III), cobalt 

can be further oxidized to Co(IV) on the surface of the electrode material. The theoretical 

capacity for this overall process, including battery-like and pseudocapacitive 

contributions, is 2005 F·g-1 in a 0.6V potential window in alkaline electrolyte. However, 

further analysis on kinetics of the material are required to separate and understand the 

capacitive and diffusion contributions to the total charged stored in the material [63]. 

 

Fig. 1.18. Illustration of the different morphologies that have been reported for nickel 

cobaltite. Reprinted with copyright permission of [247]. 

Similar to NiO and Co3O4, there are many different synthesis strategies for NiCo2O4 that 

result in different morphologies (Fig. 1.18) and electrochemical properties. Dubal et al. 

[247] have extensively studied current literature on the topic of synthesis and 

electrochemical properties of nickel cobaltite. Considering nanostructured NiCo2O4, the 

main synthesis strategies are: sol-gel method, hydrothermal and solvothermal, chemical 

precipitation, chemical bath deposition and electrodeposition. A summary of the main 

reported results is included in Table 1.5. 
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Table 1.5 

Summary of some reported work on the synthesis of NiCo2O4 and their electrochemical performance as electrode material in alkali media. Adapted 

with copyright permission from [247]. 

Material Morphology Synthesis 

Calcination 

Temperature 

(oC) 

Capacitance 

(F·g-1) 

Current density 

/Scan rate 
Electrolyte 

Potential 

window (V) 

Capacity retention 

(number cycles) 
Ref. 

NiCo2O4 
3D network of 

nanoparticles 

Aerogel epoxide-drive 

Sol-gel 
200 719-1400 25 mV·s-1 NaOH 1M 

-0.2 to 0.55 

(vs. Ag/AgCl) 
91% (2000) [248] 

NiCo2O4 Hexagonal nanoplates Hydrothermal 300 294 1A·g-1 KOH 1M 
0.0 to 0.5  

(vs. SCE) 
89% (3000) [249] 

NiCo2O4 
Urchin-like 

nanostructures 
Hydrothermal 300 1650 1A·g-1 KOH 3M 

0.0 to 0.4 

(vs. SCE) 
90.8% (2000) [250] 

NiCo2O4 
3D microspheres with 

radial nanowires 

Hydrothermal and 

thermal decomposition 
300 1284 2 A·g-1 KOH 6M 

0.0 to 0.45 

(vs. Ag/AgCl) 
97.5% (3000) [251] 

NiCo2O4 Flower-like Hydrothermal 170 (300) 739(236) 2.86 A·g-1 KOH 1M 
0.0 to 0.45 

(vs. Ag/AgCl) 
~95% (2500) [252] 

Ni-Co oxides 

(1:1, 1:2) 

Tremella composed 

of nanoflakes 
Solvothermal 250 971-1550 4 A·g-1 KOH 2M 

0.0 to 0.55 

(vs. HgO/Hg) 
93.5% (1000) [253] 

NiCo2O4 Flower-like Solvothermal 300 1191 1A·g-1 KOH 2M 
0.0 to 0.55 

(vs. HgO/Hg) 
78% (1200) [254] 

NiCo2O4 Nanoflakes Chemical precipitation 280 1270 1A·g-1 KOH 6M 
0.0 to 0.6 

(vs. Ag/AgCl) 
95.2% (5000) [255] 

NiCo2O4 
Flower-like 

microspheres 

Microwave assisted 

reflux 
300 1006 1A·g-1 KOH 6M 

0.0 to 0.5  

(vs. HgO/Hg) 
93.2% (1000) [256] 

NiCo2O4 
Nanosheets and 

nanorods 
Chemical bath deposition 300 330-490 20 mV·s-1 KOH 2M 

0.0 to 0.4 

(vs. Ag/AgCl) 
92% (1000) [257] 

Co0.67Ni0.33 

DHs 

/NiCo2O4/CFP 

Nanowires supported 

nanosheets 

Hydrothermal + 

Electrodeposition 
300 1500 2 mA·cm-2 KOH 1M 

-0.1 to 0.45 

(vs. SCE) 
81.3-68% (2000) [258] 

NiCo2O4 Microparticles Electrodeposition 300 312 1A·g-1 KOH 1M 
0.0 to 0.6 

 (vs. HgO/Hg) 
75% (3000) [259] 

Ni-Co 

oxyhydroxide 
Nanoparticles 

Sol-gel + Microwave 

assisted 
100-200 (MW) 70-215 5 mA·cm-2 NaOH 1M 

1.0 to 1.6  

(vs. RHE) 
- [260] 



 1. Materials for electrochemical energy storage | 

47 

 

Excellent results, close to the theoretical value, have been achieved by NiCo2O4 

nanosheets obtained by means of electrodeposition on top of carbon nanofibers [261]. 

This is due to the simultaneous and uniform distribution of nickel and cobalt 

electrodeposition. Lou et al. [262] co-electrodeposited Ni-Co hydroxide on top of Ni foam 

by applying -1.0V vs. SCE to a solution containing nickel and cobalt nitrates for 5 

minutes. After annealing at 300oC for 2 h, nickel cobaltite was prepared. The material 

displayed 2010 F·g-1 at 2A·g-1 in KOH 3M in the -0.1Vto 0.3V vs. SCE potential range. 

Moreover, high rate capabilities, with a capacitance of 1450 F·g-1 at 20 A·g-1 and 

excellent cycling stability, with an activation to 2278 F·g-1 after 400 cycles and a 94% 

capacity retention after 2400 cycles.   

To maximize active surface area and improve overall conductivity, carbon-based 

composites have been synthesized.  For example, NiCo2O4 has been electrodeposited on 

top of carbon nanofibers [261].  A potential of -1.0V vs. SCE was applied to an electrolyte 

containing a Ni/Co ratio 1:2 to electrodeposit spinel nickel cobalt oxide on top of a 

previously activated carbon foam. After electrodeposition, the material was thermally 

treated for 2h at 300oC. The material displayed 2658 F·g-1 at 2A·g-1 in the -0.1V to 0.5V 

vs. SCE potential range with excellent rate capabilities. Moreover, it presented 80% 

capacitance retention after 3000 cycles.  

Nickel cobaltite has also been combined with reduced graphene oxide by different routes. 

It has been obtained by microwave-assisted synthesis [263], surface modification of 

nickel-cobalt hydroxides and self-assembly of appositively charged nanosheets [264,265] 

and hydrothermal synthesis [266]. When prepared by hydrothermal method, without 

surfactants, NiCo2O4@rGO displays 737 F·g-1 at 1A·g-1 in KOH 2M in a 0.7V potential 

window and 94% retention after 3000 charge-discharge cycles. Similar results were 

obtained for the microwave assisted synthesis. Interestingly, a capacity of 735 F·g-1 (83% 

retention) for an applied current as high as 33 A·g-1 was reported. Due to the enhanced 

electronic conductivity of rGO, faster charge-discharge redox reactions can be obtained. 

For that reason, it seems interesting to further explore this composite material and the 

effect that different synthesis methods may have.  

Ni(OH)2 

Nickel hydroxide had its major impact on electrochemical energy storage when used as 

cathode material in nickel-based batteries, which have been relevant since 1901, when 

Edison developed the first nickel-iron battery. In general, nickel-based batteries consist 

of a positive electrode of nickel hydroxide, whose reaction is exemplified in eq. 1.26, a 

porous separator (such as polyvinyl chloride or polypropylene, in many cases soaked in 

alkali 30%KOH) and a negative electrode.  

Cathode reaction: Ni(OH)2 + OH- ↔NiO(OH) + H2O + e-                     (eq. 1.26) 

The negative electrode has been replaced several times with the subsequent change in 

battery type. The anode reaction of the Ni-Cd battery is eq. 1.27: 

Cd(OH)2 + 2e- ↔ Cd + 2OH-                   (eq. 1.27) 

Later, Cd has been substituted by other materials such as zinc oxide in nickel-zinc 

batteries, metal alloys in metal hydride batteries (LaNi5, CeNi5-based alloys, TiNix-based 

alloys, ZrV2 or ZrMn2 amongst many others) or a platinum catalyst in nickel-hydrogen 

batteries. A summary of the most relevant parameters of these batteries is included in 

Table 1.6. 
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There are many factors that affect the performance of nickel-based batteries. However, it 

is worth mentioning that, among them, the performance of the nickel-based electrode 

material is a key parameter in the electrochemical performance of nickel-based secondary 

batteries. Thus, studying different micro- and nanostructures, physico-chemical 

properties when combined with other materials, different synthesis procedures and the 

resulting electrochemical performances is critical in the development of future nickel-

based energy storage devices. The main challenges for nickel hydroxide material as 

electrode material for battery applications, pointed out by Tsai and Chan [267] in their 

review, are the development of a low-cost simple method with high yield to produce 

nanostructured nickel hydroxide, the control of phases, compositions, crystallinity, 

dimensions and morphology of the nanostructure as a method to control the 

electrochemical performance and to find suitable additives that enhance its performance 

while not interfering in the synthesis procedure.  

It is also important to highlight that, from a structural viewpoint, nickel hydroxide has 

two very well-known polymorphs, α and β. These polymorphs were first identified by 

Bode et al. [268] and are shown in Fig. 1.19. This diagram describes that Ni(OH)2 is 

oxidized to its NiOOH form during charge and that the polymorphs are differentiated by 

the average oxidation state of nickel ions and the intercalated species/interslab distance 

in the interspace between nickel hydroxide layers. While α-Ni(OH)2 consists of a 

disorganized arrangement of nickel-hydroxide layers with an interslab distance of 

approximately 8Å, due to intercalated water and anions such as carbonates or nitrates, β-

Ni(OH)2 is an ordered structured of nickel hydroxide layers without intercalated species 

between the slabs, resulting in an inter-slab distance (ISD) of only 4.6Å. During 

oxidation, α-Ni(OH)2 transforms into γ-NiOOH (ISD: 7Å) while β-Ni(OH)2 oxidizes to 

β-NiOOH (ISD: 4.8Å). Moreover, while α phase transforms into β with ageing, β converts 

to γ during overcharging. Finally, the theoretical capacity of the α phase is 390 mA·h·g-1 

in a 0.5V potential range with a theoretically calculated electron exchange of 1.7 in an α-

Ni(OH)2/γ-NiOOH phase transformation while β-Ni(OH)2  is limited to 1 electron 

exchanged in the β/β phase transformation electrochemical reaction and, consequently, 

has a lower theoretical capacity value of 290 mA·h·g-1 [269].  

It is worth mentioning that, in bulk material, nickel hydroxide has a purely battery-like 

response. However, when nanostructured, the capacitance contribution from the active 

surface area becomes relevant and influences the final electrochemical response to a 

certain extent. The theoretical chemical reactions occurring during charge-discharge for 

both phases of nickel hydroxide material are [270–272]: 

α-NiIIxNiIII
1-x(OH)2(2NO3

-, CO3
2-)(1-x)/2(H2O)0.5 + (0.5-y)( Na+, K+)                  γ-

NiII
xNiIII

1-xOO(H+)y(Na+¸K+)(0.5-y)(H2O)0.5 
 + (2-y)H+ + (1-x)/2 (2NO3

-, CO3
2-) + 

(0.5+x)e-                     (eq. 1.28) 

β-NiII(OH)2                           β-NiIIIOOH + H++ e-               (eq. 1.29) 

There has been certain controversy regarding the exact mechanism for the charge-

discharge of nickel hydroxide. An exhaustive study by means of localized micro-

potentiometry is done and presented later in the presented manuscript. 
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Table 1.6 

Brief summary of the displayed properties for the main commercial nickel-based batteries. HER: Hydrogen evolution reaction; OER: Oxygen 

evolution reaction. 

Battery 

type 

Anode 

material 
Electrolyte 

Voltage 

(V) 

Specific 

Energy 

(W·h·kg-1) 

Specific 

Power 

(W·kg-1) 

Cycle-

life 

Tolerance to 

overcharge/ 

overdischarge 

Self-

discharge1 

Memory

-effect2 Limitations Ref. 

Ni-Fe Fe(OH)2 30% KOH 1.23 20-60 100 
1000 - 

2000 
Yes 10%/day No 

Corrosion, HER, 

OER 

[267,273][267,274] 

[275] 

Ni-Cd Cd(OH)2 30% KOH 1.2 40-60 150 
800 -

1000 
Yes1 10% month Yes 

Passivation of 

cadmium and 

HER, price and 

toxicity 

[276] [277] [274] 

[278] 

Ni-H2 

Pt 

catalyst/ 

LaNi5H6 

31% KOH 1.25 55-75 220 
Up to 

19000 
No 5%/day Yes 

OER, irreversible 

oxidation 
[279,280] 

Ni-Zn ZnO 30% KOH 
1.65-

1.75 
55-100 >3000 200 No 0.8%/day No 

Dendrite-

formation, HER 

and poor cycling 

stability 

[267,281,282] 

Ni-MH 
Metal 

alloys2 
6M KOH 1.2 60-120 

250-

2000 

200 -

2000 

Protection 

systems 

developed 

1%/day No 

Self-discharge and 

poor charge-

efficiency 

[283][284] [285] 

[286] [287] 

1 Self-discharge percentage of nominal capacity  

 

2 Memory effect is the apparent reduction in cell capacity at a fixed cut-off voltage and the inability of the device to become fully charged unless a full discharge is performed 

[277]. 

3 By controlling charge balance between the two electrodes 

4 The most popular alloys are LaNi5 or CeNi5-based alloys, TiNix-based alloys, ZrV2 or ZrMn2 amongst many others. 
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Fig. 1.19. Schematic representation of (a) Bode diagram with the phase transformations 

during charge, discharge, overcharge and aging of Ni(OH)2 and (b) interslab distance 

and intercalated species of α and β phases. Reprinted with copyright permission from 

[268] and [288]. 

Many different syntheses have been used in the preparation of nickel hydroxide materials. 

In fact, selecting a method for preparing nickel hydroxide with the right phase, 

crystallinity, morphology and general form can be a daunting task. Hall et al. [289], in 

their review on nickel hydroxide, summarize the main synthesis techniques and group 
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them in: chemical precipitation, electrochemical precipitation and electrodeposition, sol-

gel processing, chemical ageing, hydrothermal synthesis and nickel metal oxidation (Fig. 

1.20). Nonetheless, some other synthesis routes may be microwave-assisted routes, 

electrodialysis, sonochemistry, solid-state synthesis and re-crystallization. 

 

Fig. 1.20. Representation of six synthesis procedures to produce nickel hydroxide. (a) 

Chemical precipitation by basis addition. (b) Electrochemical precipitation. (c) Sol-gel 

process. (d) Chemical ageing for phase conversion. (e) Hydrothermal synthesis and 

treatment. (f) Nickel metal oxidation. Reprinted with copyright permission from [289]. 

For example, Wu et al. [290] prepared nickel hydroxide by precipitation with NH4OH 

and reported a capacitance of ~2000 F·g-1 at 5mA in the 0.0V to 0.4V vs. SCE voltage 

range.  However, during the first 5000 cycles, the material exhibited terrible capacity 

retention, with only a 75% initial capacity after 100 cycles and 45% after 400 cycles. This 

work, for instance, exemplifies a common issue found in nickel hydroxide literature: the 

extremely high values of capacitance reported for thin-films. Thin-films are usually 

extremely low in weight. This may result in an underestimation of active material for the 

electrode preparation, which leads to extremely high capacitance values. In several cases, 

a value of approximate mass is not even reported which confers added difficulty for result 

interpretation.  Because of it, establishing an adequate benchmark on the expected 

capacity/capacitance values for certain materials whose energy storage mechanism has 

been misunderstood has been proven challenging. For an overview of nickel hydroxide 

as electrode material in alkaline media, a summary of some of the results presented in 

literature is included in Table 1.7. 

Electrodeposition is a recurrent synthesis technique for nickel hydroxide as electrode 

material. For example, Ni(OH)2 films prepared by electrodeposition using the surfactant 

Brij56 in a 50% ratio as supporting electrolyte displayed a specific capacitance of 578 
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F·g-1  in the 0.0V to 0.55V vs. Ag/AgCl that, after 400 cycles was reduced by a 4.5% 

[291]. Yang et al. [292] also electrodeposited a thin-film of nickel hydroxide on top of a 

nickel foam, creating a 3D porous nanostructure in which the electrode-electrolyte 

interaction was enhanced. They reported a maximum value of 3152 F·g-1 in the -0.05V to 

0.45V (vs. SCE) potential range at 4 A·g-1 in 3% KOH and a capacity retention of only a 

52% after 300 cycles. However, this specific capacitance is extremely high, and no value 

of approximate mass was reported. Later, they reported a value of 2188 F·g-1at 1mV·s-1 

for electrodeposited amorphous nickel hydroxide nanospheres in 1M KOH in the 0.0V to 

0.5V (vs. SCE) range (with most of their capacity in the 0.2V to 0.3V potential range) 

with a mass of 0.12 mg·cm-2 and a 76% capacity retention after 10000 cycles.  

Concerning the application of exfoliated nanosheets of nickel hydroxide for energy 

storage applications, Wang et al. [293] exfoliated β-Ni(OH)2 in glycidol by a sol-gel route 

and re-stacked it by centrifugation. The material exhibited 1729 F·g-1 in the 0.0V to 0.6V 

(vs. Ag/AgCl) potential range at 5mV·s-1 in KOH 6M, although charge-discharge was 

performed in the 0.0 to 0.45V potential range. Moreover, the material retained 82% of the 

initial capacity after 2000 cycles. Schneiderová et al. [294] exfoliated nickel hydroxide 

by lactate intercalation and delamination in water and evaluated the cyclic voltammetry 

at 100 mV·s-1 response of the material in KOH 1M for the -0.1V to 0.5V (vs. SCE) 

potential range.  However, no in-depth evaluation of the material for electrochemical 

energy storage applications was done. 

As in the case of nickel oxide, there are two main limitations, the narrow potential window 

in which nickel hydroxide acts as active material and the poor capacity retention of the 

material [295]. For that reason, it is common to combine nickel hydroxide with other 

materials. Its combination with cobalt in a mixed or double metal hydroxide has been 

widely studied. For example, Ni(OH)2-Co(OH)2 deposited on top of Y-zeolite was 

studied by Li et al. [296]. The composite displayed a specific capacitance of 479 F·g-1 in 

1M KOH at 2 mA·cm-2 in the -0.1V to 0.45V vs. SCE potential range. Values up to 1809 

F·g-1 at 1A·g-1 have been obtained for co-precipitated layered double hydroxides in the 

same potential range and in 6M KOH [297].  
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Table 1.7 

Summary of some of the results obtained for nickel hydroxide with different morphologies prepared by different synthesis strategies. 

Material Morphology Synthesis 
Capacitance 

(F·g-1) 

Current density 

/Scan rate 
Electrolyte 

Potential 

window (V) 

Capacity retention 

(number cycles) 
Ref. 

Ni(OH)2 Hollow nanotubes 
Hydrolysis + Cathodic 

electrodeposition  
1581 1 A·g-1 KOH 1M 

0.0 to 0.45 (vs. 

Ag/AgCl) 
~65% (3000)  [298] 

Ni(OH)2 Thin film Cathodic electrodeposition 569 1 A·g-1 KOH 1M 
0.0 to 0.45 (vs. 

Ag/AgCl) 
~65% (3000) [298] 

Ni(OH)2 Bulk – coated ink Chemical precipitation 220 mA·h·g-1 0.2C KOH 6.5M 
0.2-~0.45 

(vs. Hg/HgO) 
- [299] 

β-Ni(OH)2 Coin-like nanoplates Chemical precipitation 847 4 A·g-1 KOH 6M with 

10g·L-1 LiOH 

0.15 to 0.55 

(vs. Hg/HgO) 
81% (300) [300] 

β-Ni(OH)2 Flower-like structure Hydrothermal synthesis 2653 2 A·g-1 KOH 6M 
0.15 to 0.55 

(vs. Hg/HgO) 
80% (600) [301] 

β-Ni(OH)2 Spheres  Continuous flow reactor 245 1C 
KOH 6M with 

15g·L-1 LiOH 

0.1 to 0.53 

(vs. Hg/HgO) 
114% (30) [302] 

β-Ni(OH)2 Honeycomb structure Chemical bath deposition 468 5 mV·s-1 KOH 2M 
0.0 to 0.5 

(vs. SCE) 
89% (1000) [303] 

β-Ni(OH)2 Nanorods Chemical precipitation 910 5 mV·s-1 KOH, NaOH and 

LiOH 1M 

0.0 to 0.6 

 (vs. SCE) 
99% (5000) [304] 

Co-doped β-

Ni(OH)2 

Bulk platelet or flower-

like aggregates 
- ~200 mA·h·g-1 7 mA·cm-2 KOH 30% 

0.1 to 0.5 

(vs. Hg/HgO) 
- [305] 

α-Ni(OH)2 Flower-like structure Hydrothermal synthesis 1715 5 mV·s-1 KOH 1M 
-0.05 to 0.55 

(vs. Ag/AgCl) 
75% (2000) [306] 

α-Ni(OH)2 Nanowires 
Reverse micelle/microemulsion 

synthesis 
268.5 mA·h·g-1 50 mA·g-1 KOH 6M 

0.2 to 0.5 

(vs. Hg/HgO) 
95% (200) [307] 

β-Ni(OH)2 Flower-like structure 
Reverse micelle/microemulsion 

synthesis 
251.3 mA·h·g-1 50 mA·g-1 KOH 6M 

0.2 to 0.5 

(vs. Hg/HgO) 
~87% (200) [307] 

α-Ni(OH)2 Amorphous structure Chemical precipitation 78 mA·h·g-1 0.3C KOH 6M 
1.0 to 1.5 

(vs. Hg/HgO) 
- [308] 

β-Ni(OH)2 Nanoribbons 
Chemical precipitation + 

hydrothermal treatment 
260 0.3C KOH 6M 

1.0 to 1.5 

(vs. Hg/HgO) 
- [308] 

β-Ni(OH)2 Nanoplatelets Sonochemical synthesis 1256 0.2 A·g-1 KOH 1M 
0.0 to 0.35 (vs. 

Ag/AgCl) 
85% (2000) [309] 
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In regard of the electrodeposition of nickel-cobalt hydroxide, Silva et al. [310] reported 

the electrodeposition of Ni:Co 30:70 dendritic alloy and evaluated its electrochemical 

response in 1M KOH, obtaining an electrochemical response from nickel-cobalt 

hydroxide. The material exhibited 121 mA·h·g-1 at 1 mA·cm-2 and 70% capacity retention 

after 8000 cycles. Nguyen et al. [311] prepared NixCo1-x(OH)2 nanosheets on carbon 

nanofoam with different nickel-cobalt ratios. The material presented a relevant 

contribution of capacitance from the carbon nanofoam and gravimetric capacities in 1M 

KOH in the 112-142 C·g-1 range, with a maximum response for the 2:1 Co:Ni ratio at 2.1 

mA·cm-2 in the -0.4V to 0.4V potential range. Moreover, the group also reported layered 

Ni(OH)2-Co(OH)2 films with a maximum of 762 C·g-1 at 1A·g-1 in the same electrolyte, 

and compared this result to the 586 C·g-1 capacity obtained for Ni1/2Co1/2(OH)2 [312]. 

Nickel-cobalt hydroxide charge storage mechanism is based on a hydroxide to 

oxyhydroxide phase transformation that is enhanced in alkali media. Thus, better 

response is obtained for more concentrated electrolytes. However, this presents two main 

issues, very alkali solutions are corrosive and more difficult to handle (and to neutralize, 

creating a major environmental impact) and, therefore, they also produce a much faster 

degradation of the electrode material.  

To the best of the author’s knowledge, only two reports have been done regarding the 

evaluation of exfoliated nickel-cobalt hydroxide nanosheets for energy storage 

applications. As in the case of nickel hydroxide, Schneiderová et al. [313] exfoliated 

nickel-cobalt hydroxide nanosheets in aqueous solution and prepared an electrode whose 

electrochemical performance was studied in KOH 1M. Nevertheless, only cyclic 

voltammetry was presented at 100 mV·s-1 (Fig. 1.21) and further electrochemical 

characterization of the material is required.  

 

Fig. 1.21. Electrochemical response evaluation by means of cyclic voltammetry at 

100mV·s-1 in KOH 1M of exfoliated nanosheets by lactate route of (a) nickel-cobalt 

hydroxide, (b) nickel hydroxide, (c) cobalt hydroxide and (d) mixture 1:1 of nickel and 

cobalt nanosheets. The arrows indicate the evolution of the peaks with continuous 

cycling until stable response (red) after 40-50 cycles. Reprinted with copyright 

permission of [313]. 
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Sebastian et al. [314] exfoliated nickel and cobalt hydroxide in aqueous media by means 

of p-aminobenzoate intercalation and re-stacked them in a randomly manner by co-

precipitation in sodium nitrate. Different Ni:Co ratios were used, namely, 0.25, 1, 4 and 

9. Then, they studied the electrochemical performance of the composite material in 2M 

KOH and concluded that a maximum capacitance of 990 F·g-1 could be obtained at 1 

A·g-1 when the nickel hydroxide content represented an 80% of the total composite 

(Ni:Co ratio of 4). Moreover, they observed a decrease in capacitance after 600 cycles of 

only a 4%.   

Another common strategy is to combine nickel hydroxide with carbon-based materials. 

Of special interest is its combination with reduced graphene oxide. For instance, Liu et 

al. [315] reported the synthesis of Ni(OH)2/reduced graphene oxide/carbon nanotubes by 

a two-step solvothermal synthesis in ethanol. The material exhibited 1170 F·g-1 at 0.2 

A·g-1 in 6M KOH, which was higher than Ni(OH)2 (953 F·g-1) and reduced graphene 

oxide (178 F·g-1) in the 0.0V to 0.55V potential range vs. Hg/HgO. The introduction of 

rGO and CNTs also induced an improvement of the cycling stability in a 43%. Similar 

results (1568 F·g-1 at 4A·g-1)  were obtained for Ni(OH)2 rGO obtained by a solid-state 

reaction [316] and for flower-like Ni(OH)2/rGO obtained by microwave-assisted 

synthesis (1735 F·g-1 at 1mV·s-1 in KOH 6M). 

Electrodeposition and exfoliation had also been used to form nickel hydroxide – graphene 

composites. On the one hand, Wang et al. [317] synthesized layered α-Ni(OH)2/rGO 

composites by means of exfoliation of both precursors (nickel hydroxide exfoliation was 

performed in formamide after SDS intercalation) and electrostatic self-assembly re-

stacking. The resultant composite displayed 1568 F·g-1 at 1A·g-1 in the 0.0V to 0.5V (vs. 

SCE) potential range, as compared to 945 F·g-1 for Ni(OH)2, increase rate capability and 

cycling stability (96% after 400 cycles).  

On the other hand, nickel hydroxide has also been electrodeposited on top of reduced 

graphene oxide. Yang et al. [318] used rGO paper and obtained 1700 F·g-1 at 5 A·g-1 and 

967 F·g-1 at 20 A·g-1, although their reported stability was not very good (~60% after 500 

cycles) while Ruiz-Gómez et al. [319] used a graphene foam, which enhanced the 

mechanical and electrical properties of nickel hydroxide (900 F·g-1  in 3M KOH at 1A·g-

1 and 98% capacity retention after 3000 cycles). Zhang et al. [320] performed a one-step 

co-electrophoretic deposition of reduced graphene oxide and Ni(OH)2, resulting in nickel 

hydroxide decorated on top of reduced graphene oxide that displayed 935 F·g-1 at 2.8 A·g-

1 and 90% capacity retention after 1000 cycles.  

Nickel-cobalt hydroxide has also been combined with reduced graphene oxide. For 

example, Ma et al. prepared Ni-Co hydroxide on top of reduced graphene oxide by means 

of hydrothermal synthesis [321]. The material exhibited remarkable cycling stability 

(80% after 17000 cycles) and 1691 F·g-1 at 0.5 A·g-1 with excellent rate capability (1327 

F·g-1 at 40 A·g-1). Other strategies have been: using graphene foam as substrate [322] that 

serves as conductive porous structure leading to 1847 F·g-1 at 5A·g-1 in 1M KOH in the 

0.0V to 0.5V (vs. Ag/AgCl) potential range; depositing rGO on top of Ni foam by dip-

coating of Ni foam on GO followed by electrochemical reduction and a subsequent 

potentiodynamic electrodeposition of nickel-cobalt hydroxide [323] resulting in 2133 F·g-

1 at 4A·g-1 in NaOH 3M in the 0.0V to 0.45V potential range (vs. Ag/AgCl) or, CVD 

deposition of graphene followed by electrochemical deposition of Ni-Co LDH material 

[324]. In this last case, the material displayed 1410 F·g-1 at 2 A·g-1 in 2M KOH, excellent 

rate capabilities and cycling stability. To the best of the author knowledge, no direct co-

electrodeposition of nickel-cobalt hydroxides with reduced graphene oxide was done 

prior to this work.  
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Co(OH)2 

As in the case of nickel hydroxide, cobalt hydroxide is an interesting material due to its 

layered structure and large interlayer space. This enables fast (de)insertion of ions, which 

correlates with large active surface area. However, due to more scarcity of cobalt as 

compared to nickel and poorer capacitance values, this material is not as explored on its 

own.  

The charging reaction is based on the transformation from hydroxide to oxyhydroxide, 

although a secondary reaction in which cobalt (IV) oxide is formed can also occur as 

exemplified by equations 1.30 to 1.32 [196]: 

α-CoII
xCoIII

1-x(OH)2(2NO3
-, CO3

2-)(1-x)/2(H2O)0.5 + (0.5-y)( Na+, K+) ↔ γ-CoII
xCoIII

1-

xOO(H+)y(Na+¸K+)(0.5-y)(H2O)0.5 
 + (2-y)H+ + (1-x)/2 (2NO3

-, CO3
2-) + (0.5+x)e-                        

(eq. 1.30) 

β-CoII(OH)2 ↔ β-CoIIIOOH + H++ e-                                      (eq. 1.31) 

CoOOH + OH- ↔ CoO2 + H2O + e-                                     (eq. 1.32) 

Again, many synthesis routes have been explored to obtain cobalt hydroxide, such as 

chemical precipitation, electrodeposition, microwave-assisted synthesis or hydrothermal 

synthesis. For instance, Lin et al. [325] synthesized β phases of cobalt hydroxide 

carbonate by means of hydrothermal synthesis on top of nickel foam. Moreover, they 

prepared different morphologies by controlling reaction time and studied their effect on 

the electrochemical performance on 6M KOH. Best results were obtained after 10h 

hydrothermal treatment, with a reported value of 1548 F·g-1 at 2A·g-1 and 583 F·g-1 at 

40A·g-1 in the 0.0V to 0.5V vs. SCE potential range. Another example is that of Chen et 

al. [326], that synthesized cobalt oxyhydroxide and doped it with nickel, manganese and 

iron by chemical precipitation with NaOH. Their material exhibited 211 F·g-1 at 1 A·g-1 

in the 0.0V to 0.5V vs. SCE potential range. A summary of some of the representative 

work done for cobalt hydroxide for energy storage application is included in table 1.8.  
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Table 1.8 

Summary of some representative work obtained for cobalt hydroxide prepared by different synthesis strategies with different morphologies. 

Material Morphology Synthesis 
Capacitance 

(F·g-1) 

Current density /Scan 

rate 
Electrolyte 

Potential 

window (V) 

Capacity retention 

(number cycles) 
Ref. 

β-Co(OH)2 Nano-spikes Hydrothermal 1548 2 A·g-1 KOH 6M 
0.0 to 0.5 

 (vs. SCE) 
92.5% (5000) [325] 

CoOOH Nano-rings Chemical precipitation 211 1 A·g-1 KOH 5M 
0.0 to 0.5 

 (vs. SCE) 
- [326] 

β-Co(OH)2 Nano-flakes Chemical precipitation 735 5 mA·cm-2 KOH 2M 
-0.2 to 0.4 
 (vs. SCE) 

- [327] 

α-Co(OH)2 
Nano-

platelets 
Microwave-assisted 711 1 A·g-1 KOH 2M 

0.0 to 0.55 

(vs. Hg/HgO) 
90% (1500) [328] 

β-Co(OH)2 Nano-cones Hydrothermal 562 2 A·g-1 KOH 2M 
0.0 to 0.55 

(vs. Hg/HgO) 
88% (3000) [329] 

β-Co(OH)2 Thin-film 
Potentiodynamic 

electrodeposition 
890 5 mV·s-1 KOH 1M 

-0.2 to 0.45 

(vs. SCE) 
84% (10000) [330] 

α-Co(OH)2 Thin-film Potentiostatic electrodeposition 881 1 A·g-1 KOH 1M 
-0.1 to 0.45 

(vs. Ag/AgCl) 
94% (1000) [331] 

β-Co(OH)2 Thin-film Cathodic electrodeposition 1125 1 A·g-1 KOH 1M 
-0.2 to 0.6 

(vs. Ag/AgCl) 
93% (2000) [332] 

β-Co(OH)2 Bulk Chemical precipitation 455 mA·h·g-1 1C KOH 6M 
0.6 to 0.82  

(vs. Hg/HgO) 

96% 

 (50) 
[333] 

β-Co(OH)2 @ Ni 

foam 
Nano-rods Chemical bath deposition 1116 2 A·g-1 KOH 1M 

-0.2 to 0.5 
 (vs. SCE) 

- [334] 

Co3O4/Co(OH)2 Nano-sheets Hydrothermal synthesis 
1221 

mA·h·g-1 1C 
LiPF6 /EC-

DMC 

0.02 to 3.0 

 (vs. Li/Li+) 

85%  

(50) 
[335] 
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As it can be observed, the capacity values for cobalt hydroxide are much higher than the 

spinel form, however, it is worth mentioning that cobalt oxide is a more common form 

for applications in energy storage, because of its well-known crystal structure and 

electrochemical properties.  

Electrodeposition of cobalt hydroxide seems to be one of the preferred methods for energy 

storage applications. For example, Jagdale et al. [330,336] electrodeposited by 

potentiodynamic cyclic voltammetry from 0.0V to -1.2V vs. SCE in 0.1M Co(NO3)2. The 

material presented a nanosheet-like structure that delivered a maximum of 890 F·g-1 in 

1M KOH at 5mV·s-1 and 44F·g-1 at 5mV·s-1 in a symmetric assembly. The capacity 

retention was 84% and 81% after 10000 and 5000 charge-discharge cycles respectively 

[330,336]. Potentiostatic deposition was used to deposit α-Co(OH)2 on top of a stainless-

steel mesh by applying -1.0V vs. Ag/AgCl to a solution containing cobalt nitrates. This 

resulted in a reported value of 860 F·g-1 in 1M KOH for the -0.1V to 0.45V vs. Ag/AgCl 

potential range [331].  

Zhou et al. [337] electrodeposited a mesoporous cobalt hydroxide film on top of a nickel 

film by using a surfactant, Brij 56, to form a lyotropic liquid crystalline phase, in their 

electrodeposition process at -0.75V vs. SCE to a 0.9M cobalt nitrate/0.075M NaNO3 

electrolyte. They estimated a capacitance of 2646 F·g-1 when deposited on top of a nickel 

mesh at 8 A·g-1 in the -0.1V to 0.45V vs. SCE and a 4% capacity loss after 300 cycles. It 

is worth mentioning that they presented a plateau at the discharge curve and that they 

probably overestimated mass of their electrodeposited film. Aghazadeh et al. [332] 

obtained beta phase of cobalt hydroxide by means of saccharide-assisted cathodic 

electrodeposition in a nanoflaked-structured thin-film form. Their material displayed 

1125 F·g-1 although no explanation was provided for the apparent increase in capacity. 

Cobalt hydroxide has also been exfoliated and applied for energy storage applications. 

Rovetta et al. [338] exfoliated cobalt hydroxide nanosheets by a cascade liquid exfoliation 

and sonication in sodium chlorate/isopropanol and evaluated the electrochemical 

response for energy storage. In their study, exfoliated β-Co(OH)2 sprayed on top of nickel 

foam displayed 1480 F·g-1, however, their study for energy storage applications could be 

more detailed. The electrochemical performance of exfoliated cobalt hydroxide 

nanosheets in aqueous media was introduced by Schneiderová et al. [339] as in the case 

of nickel and nickel-cobalt hydroxides. Again, further electrochemical studies for energy 

storage applications are required. A recent report studies the exfoliation of α and β-

Co(OH)2 by SDS intercalation and exfoliation in formamide together with its usage as 

catalyst in lithium-oxygen batteries [340], where they were used to enhance specific 

capacity, improve cycling capability and reduce over-potential. After obtaining a film, it 

was mixed with Ketjen Black and PVDF and pasted on carbon paper. Then, they were 

assembled in a coin cell with holes for oxygen flow (Li as anode, glass fibre as separator, 

1 M LiTFSI-EGDME electrolyte and air electrode containing the exfoliated material as 

collector). The material exhibited 11841 mA·h·g-1 after exfoliation at 100 mA·h·g-1 and 

enhanced cycling stability (over 70 cycles), which was higher than the results obtained 

for the same material without undergoing exfoliation.  

Although cobalt hydroxide can provide high capacity values, their potential window 

range is limited [341]. In an attempt to increase the active potential range, Nayak et al. 

[341] studied the electrochemical response of cathodically electrodeposited cobalt 

hydroxide in different electrolytes; NaOH at different concentrations from 1.0M to 0.05M 

and in Na2SO4 1.0 and 0.1M. Results showed that cobalt hydroxide in 1.0M alkali media 

is limited by a 0.0 to 0.6V potential range vs. Hg/HgO. However, when aqueous media 

was used, this potential range expanded from 0.0V to 1.5V before OER. The more diluted 
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the electrolyte, the more expanded the potential range and a more rectangular shape in 

the voltammogram is obtained and a more linear response in the galvanostatic charge-

discharge curve. This entails a more superficial reaction and, therefore, capacitance 

contribution to the total charge mechanism. Furthermore, when the alkali concentration 

was more diluted, a lower capacitance value was reported. Again, a trade-off between the 

power capabilities and energy density is observed. However, it is interesting to see the 

effect of the electrolyte. Indeed, this parameter shall be optimized to result in a maximum 

capacity while taking benefit of an expanded potential range and high-rate capabilities of 

the material.    

To further improve the electrochemical behaviour of cobalt hydroxide, several 

composites have been prepared. For example, Al-substituted α-Co(OH)2 was prepared by 

potentiostatic deposition. Besides reducing the nanosized domains of cobalt hydroxide 

nanoflakes, incorporating aluminium produced a transition in which the electrochemical 

reaction is expanded to a wider potential range instead of having two well-defined redox 

peaks at defined potentials. The capacitance variance that the authors reported was, 

however, not significant, resulting in 840 F·g-1 for Co(OH)2 and 843 F·g-1 for 8wt% Al-

substituted cobalt hydroxide at 1A·g in the 0-0.4V potential range [342]. Once the 

aluminium content is increased, a capacitance drop was observed (520 F·g-1for a 59wt% 

substitution). This exemplifies how certain strategies to increase surface area and 

therefore capacitance contribution to the total energy stored result in a trade-off of power-

capabilities and energy density.  

A synergistic effect can also be observed when mixing cobalt hydroxide with carbon-

based materials. Graphene derivatives have recently been used in combination with cobalt 

hydroxide for energy storage applications. For example, Nethravathi et al. [343] 

synthesized β-Co(OH)2 hexagonal platelets by means of flocculation and chemical 

precipitation of a suspension of graphene oxide and a cobalt hydroxide colloidal 

suspension. Then, they thermally treated the material to obtain reduced graphene oxide 

while partially transforming cobalt hydroxide into its oxide form. In their report, obvious 

pseudocapacitance contribution, probably from graphene oxide, is observed. This hybrid 

material exhibits 1337 F·g-1 at 1A·g-1, with excellent rate capability performance (77.8% 

at 12A·g-1) and capacity retention, 93% after 5000 cycles. Patil et al. [344] anchored 

cobalt hydroxide nanorods on top of a graphene foam ( CVD deposited on top of Ni foam, 

Fig. 1.22) by means of a chemical bath and studied its electrochemical response in both 

a 3-electrode system and symmetric configuration. The electrode material displayed, in 

1M KOH, a maximum capacity of 1139 F·g-1 at 10 A·g-1 in the 0.0V to 0.4V potential 

range (vs. Ag/AgCl), while only 616 F·g-1 were obtained for Co(OH)2 obtained by the 

same technique and coated on top of stainless steel. The symmetric device with the 

composite material delivered, however, only 69 F·g-1 and a capacity retention of 74% 

after 1000 cycles in a 1.2V potential range, using polypropylene separator soaked in 1M 

KOH as electrolyte.  
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Fig. 1.22. Schematic representation of the Co(OH)2/Graphene@Ni Foam symmetric 

device used in [344], image of one of the electrodes (left) and SEM image of the coated 

foam at two different magnifications.  

Zhao et al. [345] produced vertically aligned graphene nanosheets by radio-frequency 

plasma-enhanced chemical vapour deposition, on top of nickel foam, and used the 

resulting material as substrate for cathodic electrodeposition of cobalt hydroxide 

nanosheets. Their material displayed 693.8 F·g-1 at 2A·g-1 in the -0.2V to 0.5V vs. SCE 

potential range in 1M KOH. Moreover, a capacity retention of a 91.9% was obtained after 

3000 charge-discharge cycles. However, the scalability of is technique is limited, as 

compared to direct co-electrodeposition, due to its complexity. Later, Lee et al. [346] 

electrodeposited reduced graphene oxide and cobalt oxide on top of a previously 

photolithography-patterned Au/Ti@polyimide substrate by applying a constant potential 

of -1.2V and -0.94V vs. SCE for 140s and 120s respectively to a suspension containing 

graphene oxide with sodium sulphate or cobalt nitrate (Fig. 1.23).  

 

Fig. 1.23. Schematic illustration of the synthesis procedure undertaken by Lee et al in 

[346]. Reprinted with copyright permission from said reference. 
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Then, they tested them in 1M KOH, which resulted in 112.5 mF·cm-2 at 1.6 mA·cm-2 in 

the -0.2V to 0.5V vs. Ag/AgCl for Co(OH)2 and 2.0 mF·cm-2 at 0.64 mA·cm-2 for Er-GO 

in the -1.0V to 0.0V vs. Ag/AgCl potential range. Finally, they assembled these two both 

electrodes in an asymmetric device using either 1M KOH as aqueous electrolyte PVA-

KOH-KI as solid electrolyte. This configuration delivered 14.2 mF·cm-2 at 1.64 mA·cm-

2 in a 1.4V potential range [346]. The author is not aware of any reports on the direct co-

electrodeposition of cobalt hydroxide with reduced graphene oxide. 

α-Co(OH)2 was exfoliated by acetate intercalation and delamination in water and 

combined with exfoliated graphene oxide nanosheets by flocculation [347]. Then, the 

resulting product was filtrated obtaining a film that would use as electrode material (after 

mixing with PVDF and acetylene black and coated on Ni foam). The electrochemical 

performance of the material was evaluated in 2M KOH in the -0.15V to 0.55V vs. 

Ag/AgCl potential range. However, results were not as high as expected (approximately 

25 F·g-1). Thus, the material was used as negative electrode in Li-ion battery, where 

displayed 120 mA·h·g-1 at 133 mA·g-1 during 210 cycles, although the initial capacity 

was around 500 mA·h·g-1.  
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1.6 Graphene for energy storage applications 

Graphene, since its first isolation in 2004 by Geim and Novoselov [348], has been pin-

pointed as a very attractive material, with hundreds of publications evidencing its 

appealing properties. Graphene is described as a 2D carbon monolayer with a honeycomb 

lattice and was initially thought to be an “academic material” which could not be obtained 

in a free state [349]. Nonetheless, the first demonstration of graphene isolation was 

achieved by exfoliating graphite by means of the well-known “Scotch tape method” 

[349]. Since then, many different procedures have been developed to synthesize either 

graphene or one of its derivatives, such solvothermal synthesis, chemical vapor 

deposition, liquid-phase exfoliation by means of modified Hummer’s method, growth on 

SiC surfaces, thermal decomposition, molecular beam epitaxy, chemical vapor deposition 

(CVD), plasma-enhanced CVD (PE-CVD) or roll-to-roll production among others. In 

fact, new methods are being constantly developed [350–358]. 

Synthesis methods are of extreme importance when considering the nature of the 

graphene being used for electrochemical energy storage applications, since it will 

determine the properties and performance of the carbon-based material [359]. For 

example, if pristine graphene was to be considered, many interesting properties could be 

of use. This material exhibits very large theoretical surface area, 2630 m2·g−1, a very high 

thermal conductivity with a value greater than 3000 W·mK−1, gas impermeability and an 

extremely high Young’s Modulus of 1 TPa [360,361]. Moreover, if the electrical 

conductivity of graphene is considered, which is a key parameter when evaluating a 

material for energy storage applications, a value of 4.84–5.30 103 W·mK−1 is obtained 

while its charge mobility is around 200.000 cm2·V·s−1. Theoretically, graphene is 

conferred with ballistic transport, this is, negligible electrical resistivity. It is ambipolar 

(“charge carriers can be alternated between holes and electrons depending upon the nature 

of the gate voltage”) and has anomalous quantum hall effect [362,363].  

Nonetheless, the chemical reactivity of this material shall be taken into account if 

composite materials are to be prepared.  Pristine graphene is, in general, chemically inert 

and its reactivity, although not fully understood yet, requires the breaking of sp2 bonds 

[363]. For that reason, reduced graphene oxide (rGO) and graphene oxide (GO), which 

have functional groups that act as reactive regions, are more popular in practical use 

during the production of the next-generation energy storage electrode materials. 

Graphene oxide is one of the easy-to-obtain derivatives of graphene and, at the same time, 

one of the most important graphene-based materials. It is produced from graphite oxide 

and contains four types of functional oxygen groups, namely, hydroxyl, epoxy, carbonyl 

and carboxyl. These oxygen groups break the aromaticity, create localized sp3 carbons 

with the consequent variation of the properties of pristine graphene [363,364]. They are 

the starting point towards functionalization of graphene and, therefore, to the chemical 

modification of graphene. Thus, although there is plenty of reactivity yet to be explored 

regarding this material, it is known that they provide graphene with hydrophilic character 

and chemical reactivity [364]. However, the fact that the C-O bonds break the aromatic 

structure provokes that GO becomes insulating. The values obtained for its lateral 

resistivity are around 105 Ω·cm−1 [365]. However, if a controlled process of de-oxidation 

is used, it is possible to obtain an electrically active material with a restored aromatic 

carbon matrix that is chemically active [366]. When graphene oxide is de-oxygenated, 

this graphene derivative is known as reduced graphene oxide (rGO). For example, if the 

electrical conductivity of aqueous solution of graphene oxide is compared to that of 

reduced graphene oxide, an increase from 17 S·m-1 to 1250 S·m-1 can be observed [367]. 
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Unfortunately, reduced graphene oxide has yet to achieve the ideal properties of pristine 

graphene, since it has intermediate properties between graphene oxide and theoretical 

pristine graphene. The ultimate properties depend on several factors, such as the grade of 

de-oxidation of GO, the inclusion of defects in the exfoliation process or the presence of 

impurities.  

Given the aforementioned properties, electrochemical studies are usually conducted with 

reduced graphene oxide, which is usually obtained by means of liquid exfoliation and 

reduction or functionalized graphene oxide with other materials that is reduced at 

posteriori [368,369]. Finally, graphene-based materials are classified by Scrosati et al. 

[370], depending on its participation in the energy storage process, in two main groups, 

graphene as active material and graphene as inactive materials.  

1.6.1 Graphene as active material for energy storage applications. 

When graphene acts as active material, it takes part in the energy storage mechanism. 

This affects different energy storage systems such as lithium and sodium ion batteries, 

electrochemical double layer capacitors and metal-air batteries.  

Graphene for Lithium-ion batteries 

Great interest has been risen on graphene as a lithium ion host or as part of a composite 

anode material for lithium ion battery applications [370]. Regarding the former, lithium 

is hosted by adsorption in the exposed surface area of graphene and in the nanopores 

between layers instead of intercalation. Theoretically, a capacity of 744 mAh·g-1 can be 

achieved, twice the theoretical capacity of graphite (372mA·h·g-1 based on the formation 

of LiC6) [371,372]. The first group reporting restacked graphene nanosheets as a potential 

candidate in lithium-ion anodes was Yoo et al. [373], who reported the exfoliation and 

re-stacking of graphene layers and prepared a material that displayed 540 mA·h·g-1 and 

was further optimized to 784 mA·h·g-1 by the inclusion of fullerenes. It was reported that 

an expanded matrix eased lithium ion penetration. Different graphene morphologies have 

been reported since, from reduced graphene oxide paper to graphene monolayers 

[374,375]. Experimentally, however, most studies are done with rGO, which exhibited a 

capacity of 100-2000 mAh·g-1, much higher than the one calculated for pristine graphene 

during the first cycle.  However, lithium ion insertion is, in this case, not fully reversible 

due to a surface side-reactions that form passivation layer of the electrolyte, known as 

solid electrolyte interface, always present in lithium-ion batteries. This is related to the 

great number of defects and oxygen atoms and expanded active surface area, among many 

other issues. Graphene derivatives provide geometrically and electronically non-

equivalent sites in which oxygen atoms may be chemically bonded to the carbon matrix. 

Oxygen atoms will be released during the first discharge, partially oxidizing the 

electrolyte and induce chemical instability[376]. This results in poor energy and 

Coulombic efficiency, hence, making unfeasible its practical use [377]. This entails that 

lithium storage greatly depends upon production method, especially the reduction step 

[378,379]. The final properties are extremely dependent upon the quality and structure of 

graphene nanosheets and it is said to be different from batch to batch causing 

inconsistencies in the results reported [380]. For a graphene derivative to reach 

commercial standards, strategies to prevent the initial lithium ion consumption and avoid 

re-stacking shall be developed by means of strategies such as pre-lithiation, controlled 

surface functionalization or the use of composites [370,376,381–383]. 

Concerning graphene usage in anode composite materials, graphene’s energy storage 

limitation and poor cycling stability have been tried to be overcome by the addition of 
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electroactive materials, such as metal and metal oxide nanoparticles. Metal oxides have 

been considered as Li-ion anode materials due to their high capacity (>600 mA·h·g-1). 

However, they suffer from low electrical conductivity and capacity retention [384,385]. 

Thus, graphene-derivative/metal-oxide composites may create a synergistic effect 

enhancing the electrochemical performance of the anode. For example, introducing cobalt 

oxide or iron oxide enables reactivity with lithium resulting in higher capacity values 

while re-stacking is inhibited [381,386]. Moreover, graphene derivatives act as a 

conductive matrix, improving electronic conductivity and hindering possible volume 

changes of the metal oxides during charge-discharge [387]. Some of the results achieved 

so far display capacities up to 1500 mA·h·g-1 for reduced graphene oxide/cobalt oxide 

nanoparticles, or 1150 mA·h·g-1 for RGO/silicon nanoparticles[227]. Nonetheless, 

reversibility of 20-30% is also observed during the first cycle [56,381]. Grafting redox 

active organic molecules or conductive polymers on top of graphene nanosheets has also 

been shown, improving their cycling stability [376]. A more detailed state-of-the art can 

be found in reviews done by Kleperis et al [388], Scrosati et al. [370] or Kaner et al. [163]. 

Graphene derivatives have also been applied as cathode composites for Li-ion batteries. 

The limited capacity and power density of cathode materials such as LiFeO4 has been the 

main limiting factor up to date. This is consequence of poor electrical and ionic 

conductivity of the materials forming the electrode and aggregation [376]. By means of 

reduced graphene oxide certain enhancements can be achieved. For example Cui et al. 

reported LiM1-xFexO4/rGO with a specific capacitance of 107 mA·h·g-1 at 50C and good 

cycling stability [389]. Finally, graphene layers can avoid dissolution of cathode materials 

serving as a protective barrier. 

Graphene for Sodium-ion batteries 

One of the main advantages of graphene in comparison to graphite is that the latter does 

not allow sodium intercalation [390]. Given the nature of graphene, it can potentially be 

used as sodium ion host. As a consequence of reduced graphene oxide defects, mainly in 

the form of oxygen groups, it displayed good electrochemical, cycle life and rate 

capability behaviour [391]. However, these defects also induce worse reversibility of the 

charge-discharge reaction. As in the case of lithium-ion batteries, different synthetical 

methods lead to different performances. To date, one of the best graphene-based materials 

reported for sodium-ion applications is reduced graphene oxide with a capacity of 300 

mA·h·g-1 and an acceptable 200-cycle stability [370,392].  

Graphene for Supercapacitors 

In the recent years, graphene derivatives have been pin-pointed as a competitive electrode 

material for supercapacitor applications. The potential usage of Er-GO as electrode 

material for supercapacitors has been extensively proven [393]. This is consequence of 

its superb chemical stability, its high electrical conductivity and high active surface area, 

which is crucial in defining double-layer charge. In fact, the theoretical capacitance of 

pristine graphene is 550 F·g-1 or 21 mF·cm-2 [394]. Nonetheless, experimental values are 

well below expected values. Rao et al. [395] developed a graphene-based ultracapacitor 

in aqueous H2SO4 that reached a capacitance value of 117 F·g-1 and a maximum of 31.9 

W·h·kg-1 energy density. This report demonstrated a better performance of graphene and 

reduced graphene oxide (produced by different methods) in terms of surface area and 

conductivity compared to carbon nanotubes. Besides, the value achieved for energy 

density value is one of the highest values achieved to date. Ruoff et al. [396] then reported 

a chemically modified graphene as an electrode material. The specific capacitances that 
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they achieved were 135 and 99 F·g-1 in aqueous and organic electrolytes respectively. 

One of the best performances for reduced graphene oxide for supercapacitor applications 

was achieved by Lei et al. [397], who reduced graphene oxide by using urea. Urea was 

useful in restoring the conjugated structure, improving conductivity. This led to 255 F·g-

1 at 0.5 A·g-1 and a capacity retention of a 93% after 1200 cycles. The electrochemical 

performance of urea-reduced graphene oxide was much better than when performed with 

hydrazine, microwave radiation or hydrothermal treatment [386]. In general, RGO 

displays a gravimetric capacitance of 100-300 F·g-1 for both aqueous and organic 

electrolytes [56,394]. This is caused by the inaccessibility of the electrolyte to the inner 

interlayer space between graphene nanosheets and spontaneous re-stacking, driven by 

strong π- π interactions [354]. Furthermore, the excellent electronic conductivity is 

compromised by the extent of reduction, the number of defects and intersheet contact. 

Many strategies have been developed to avoid re-stacking of single-later sheets and 

increase active surface area, such as specie intercalation (polymers, carbon nanotubes, 

etc.), compromising the power-density of pristine graphene [398,399]; using solvents as 

effective “spacer” [400] or curving graphene sheets [398]. Using water as spacer yielded 

156 F·g-1 at the impressive applied current density of 1080 A·g-1 while curving the 

nanosheets exhibited remarkable energy density (85.6 W·h·g-1).  

Vertically aligned graphene nanosheets were produced conferring better electrolyte 

accessibility. With that strategy, values of 145 F·g-1 in aqueous electrolyte were obtained 

[401]. By using a reduction method of graphene oxide with hydrazine, lower 

agglomeration is produced within the layers of graphene, which leads to an acceptable 

capacitance value of 205 F·g-1 with energy density of 28.5 W·h·kg-1 [402]. Not only that, 

high capacitance retention values of 90% after 1200 cycles were achieved. Another 

relevant work is that performed by Li et al. [403], who assembled graphene sheets in a 

densely packed porous structure forming films in presence of non-volatile liquid 

electrolyte. In that manner, electrolyte was trapped within the graphene sheets with a 

continuous ion transport network. The fabricated device displayed 60 W·h·L-1.  

In general, achieving a large active surface area is the main strategy to optimize 

graphene’s electrochemical performance. For example, by chemical exfoliation a BET 

surface area of 3000 m2·g-1 with 0.6 to 5nm pores as achieved displaying 70 W·h·kg-1 at 

5.7 A·g-1 in a 3.5V voltage window in organic electrolyte [404,405]. Reduced graphene 

oxide films (rGO) can also have very large surface areas after activation (2400 m2·g-1). 

This is reflected in the capacitance displayed by the electrode material. For example, 

specific capacitance of 120 F·g-1 for a free-standing porous activated graphene film has 

been reported [386]. 

Similar results (215 F·g-1) with less capacity fading during charge-discharge cycling have 

been achieved by controlling the stacking and using water to solvate graphene and avoid 

the loss produced by the aggregation of several layers of graphene [400]. However, there 

is still a lot of work to do; for example in developing a cost-effective chemical production 

of graphene, studying pseudo-capacitance to increase the higher density without 

compromising the ion mobility, reducing the irreversibility of capacity and in 

understanding how chemical modifications would improve the electrochemical response 

[361]. To date, the maximum value of capacitance in rGO obtained is 205 F·g-1 with a 

power density of 10 kW/kg in an aqueous electrolyte with an energy density of 28.5 

Wh·kg-1. Usually, the effective surface area in large surface area materials is directly 

proportional to the number and characteristics of the pores in the solid-state compound. 

However, this is not the case for reduced graphene oxide. It depends on the number of 
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layers. The fewer number of layers entails reduced agglomeration and, therefore better 

capacitance results [402]. 

Finally, graphene/carbon-based material composites have also been developed to 

improve the electric double layer. By using, for example, nanosized carbon (carbon 

black), an opening of the channels for the electrolyte to penetrate is achieved, increasing 

active surface area [406]. This resulted in a specific capacitance of 138 F·g-1 at 10 mV·s-

1 in 6M KOH and a capacity retention of approximately 97% after 2000 cycles. Another 

strategy has been to intercalate mesoporous carbon spheres (MCS) by flocculation. 

Negatively charged GO suspended flocculates with surface positively charged 

mesoporous silica spheres. The treatment to remove silica spheres produces 3D porous 

carbon and reduces GO simultaneously. With this method, however, Zhao et al. [407] 

reported a maximum value of 218 F·g-1 at 10 mV·s-1 in 6M KOH. Nonetheless, carbon 

nanotubes (CNTs) have been the most common material for graphene-layer spacing 

[408,409]. This strategy has led to promising results, such as a specific capacitance of 

385 F·g-1 at 10 mV·s-1 and a capacity increase of a 20% after 2000 cycles [409]. 

Electrochemically reduced graphene oxide as active electrode material 

Tong-Lau et al. [410] developed a supercapacitor based on the electrochemical reduction 

of GO. For that, they applied a constant potential of -1.7V vs Ag/AgCl for 4.5h to a GO 

suspension (-1.1V for solid GO as a previously dropcasted film) on a gold substrate. Then, 

they fabricated a symmetric supercapacitor consisting of two identical Er-GO based 

electrode films separated by a PVDF filter paper soaked on 1M NaNO3. 

Their results on electrodeposition showed that, by generating a pre-film that was then 

reduced electrochemically, the reduction process was more effective. This is due to the 

limitations induced by the diffusion effects that mass transport processes entail. Besides, 

premature precipitation may occur in this case.  

The electrochemical investigation for energy applications showed that the Er-GO based 

asymmetric supercapacitor obtained with this methodology presents a capacitance of 128 

F·g-1, an energy density of 17.8 W·h·kg-1 and a power density of 106.08 kW·kg-1 in a 

1.0V potential range and with a capacity retention of 84% after 3500 charge/discharge 

cycles [410]. The fade in capacity with cycling is due to the loss of unstable oxygen 

groups that had not undergone reduction in the deposition/reduction process. 
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Fig. 1.24.  On the left there is the cyclic voltammetry of a) CRGO, b) Er-GO and c) GO 

films on top of Au-PET substrates using 0.1M KCl as electrolyte and a scan rate of 50 

mV s-1. On the right, the galvanostatic charge discharge curves of the Er-GO film in 

NaNO3 at the potential range of -0.1- 0.9V at a current density ranging from 84.86 to 

212.16 A/g. Reprinted with copyright permission of [410]. 

Gunasekaran et al. [411] performed a similar study in which Er-GO was produced by a 

repetitive cathodic potential cycling in a potential range going from 0.0 to -1.5V vs. 

Ag/AgCl in 0.05M PBS for 100 cycles. Their investigation on the electrochemical 

properties of the electrode material concluded that it had a specific capacitance of 223.6 

F·g-1 at 5mV s-1; a much higher value than the previously reported. A value of 180.8 F·g-

1 at 0.2 mA cm-2 is presented with a 100% retention after 1000 cycles.  

By applying the high value of -1.5V, they removed all instable groups, with the 

consequent stabilization of the material. Besides, they associated the deposition process 

to the variation of zeta potential and, therefore, of surface charge of the layers. When GO 

is suspended in water, the zeta potential is around -30mV. However, when reduced, it 

tends to zero. It is considered, from the colloidal science perspective, that a suspension 

with zeta potential around -30mV is stable. Then, when it is reduced, there is an 

adsorption on the surface of the material of positively charge ions, such as H+ or Na+ 

because of oxygen removal. That induces precipitation on top of the substrate[411]. 

Yang et al. [412] deposited Er-GO potentiostatically at voltages ranging from -1.0 to -

1.3V and different deposition times (400- 800s) on top of nickel foam. For that, they 

included a 0.15M LiClO4/7.5 g·L-1 GO electrolyte and a posterior further reduction by 

means of a cyclic voltammetry in the 0 to -1.5V range at 50 mV·s-1 in 6M KOH. They 

observed a capacitance of 183.2 mF·cm-1 at 1·mA cm-1 and excellent capacitance 

retention for both high current and scan rates and continuous cyclability.  
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Fig. 1.25. Electrochemical characterization of Er-GO electrodeposited at -1.2V for 

500s. a) and b) Cyclic voltammetry at different scan rates. c) Galvanostatic charge 

discharge curves at different current densities. d) Specific capacity retention at different 

current densities. e) Capacity retention with continuous scan rate at 500 mV s-1 f) 

Nyquist plot of electrochemical impedance spectroscopy. Re-printed with copyright 

permission of [412]. 

Another relevant work was performed by Shi et al. [413]. They developed an ultrahigh-

rate supercapacitor by using an aqueous suspension of GO with LiClO4 at -1.2V vs. SCE 

for 5-60 seconds and a second step of reduction by means of LiClO4 for another 30 

seconds on top of a gold substrate coated with tape. They then assembled a symmetrical 

capacitor with two identical Er-GO electrodes and a 25% KOH electrolyte. With that, 
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they could achieve scan rates as high as 400 mV·s-1 without loss in the quasi rectangular 

shape of the cyclic voltammetry. Besides, capacities were 487 µF·cm-2 for 40 µA·cm-2 

and only a 7% loss at 700 µA·cm-2 and 100% retention after 10.000 cycles.  

Shun et al. [414] also produced an electrochemical capacitor based on reduced graphene 

oxide, in this case with a different morphology: fibre-shaped. As pointed out, the 

performance of the Er-GO based supercapacitors greatly depend on the composition, the 

structure and the intrinsic properties of the Er-GO deposited. For that reason, the authors 

developed a solid and flexible supercapacitor by using Er-GO on top of a gold wire by 

combining two Er-GO based electrodes separated by a thin solid-electrolyte based on 

H3PO4/PVA/H2O. The experimental conditions were optimized for electrodeposition of 

Er-GO on top of Au by using a 3 mg·mL-1 GO suspension with 0.1M LiClO4 at an applied 

potential of -1.2V vs. SCE for 10 seconds. In the two-electrode evaluation they obtained 

a capacitance vale of 11.4µF·cm-1/0.726 mF·cm-2 with an almost ideal supercapacitor 

behaviour. Also, the device presented very low internal resistance (0.92 Ω·cm-2) and high 

capacitance retention with cycling (94% after 2000 GCD cycles).   

Dickerson et al. [415] applied the same technique to reduce graphene-based hydrogels for 

supercapacitor applications. In the preparation of hydrogels, freeze-drying is commonly 

used to remove entrapped water. However, this water acts as a spacer preventing re-

stacking and producing a porous electrolyte-accessible structure. However, if not freeze-

dried, the structure collapses and degrades with ease during electrochemical testing. By 

producing an Er-GO hydrogel by means of electrodeposition this can be avoided. For that 

reason, they prepare and Er-GO hydrogel on top of a SS mesh by applying a constant 

potential of 5V to a 2 g·L-1 GO suspension with a pH of 1.35 and evaluated its 

performance as supercapacitor electrode. The material presented a capacitance of 147 F·g-

1 at 10 A·g-1 and a retention of the 93.1% after 10000 cycles. 

On the same line of work, Er-GO hydrogel  was deposited on top of nickel foam by means 

of electrophoretic deposition of 6 g·L-1 GO at 5V and a posterior reduction voltage of -

2.5V for 600s. Said material exhibited a volumetric specific capacitance of 176.5 F·cm-1 

at 1 A·g-1 with a retention of 79-90% after 10000 cycles [416].  

These results can be compared to other studies in which 3D porous graphene materials 

are produced, such as the work undertaken by Li et al. [417]. They prepared the 3D 

material by first reducing GO in aqueous dispersion and then electrodeposited on top of 

a copper working electrode. With that, they combined the 3D architecture with 

conducting polymers, noble metals and a metal oxide. For the Er-GO/PAni composite, 

capacitance up to 716 F·g-1 at 0.47 A·g-1 were achieved. In the absence of additives, Er-

GO behaves as a pseudocapacitive material, with a rectangular cyclic voltammetry and a 

capacitance of 102 F·g-1. Nonetheless, when PANI is introduced, redox peaks appear, 

enhancing the capacity response of the material. This exemplifies the advantages of 

incorporating electrochemically produced graphene derivatives with other materials to 

produce energy storage materials, namely: 

• High surface area that enables the anchoring of other species. 

• High conductive matrix in the form of Er-GO. 

• Low mass transport resistance.  

• In general, no binder is required. 

• Facile and tuneable synthesis.  
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Graphene for Pseudocapacitors 

Hybrid structures can surpass supercapacitive values by combining a graphene derivative 

with a pseudocapacitive metal oxide or a conductive polymer, amongst others. By 

tailoring graphene, it is possible to fully exploit its properties in synergy with other 

composites to improve the performance of super- and pseudo-capacitors. It shall be noted, 

however, that the power performance can be diminished due to the dependence on redox 

reactions [418]. A summary of the different benefits and disadvantages of combining 

graphene and metal oxides is displayed in Table 1.9. Graphene derivatives and metal 

oxides can interact by means of oxygen functional groups. Graphene serves as conductive 

platform enhancing the electrical conductivity of the composite compared to the metal 

oxides. By an optimized interaction, volume changes and aggregation, agglomeration and 

re-stacking can be minimized. Furthermore, by stabilizing volume changes the chemical 

stability of metal oxides is improved. Finally, large capacities may be obtained when 

including metal oxides, while better power performance is also possible.  

Table 1.9 

Summary exemplifying the complementary properties that graphene derivatives and 

metal oxides have and how, by creating a composite material, synergistic effects coming 

from the interaction can be achieved. Modified from table presented in [381]. 

Graphene PROs Metal Oxides PROs 

Good electrical conductor Large capacity/capacitance 

Anchoring of functional groups in GO High packing density 

Chemical stability in time High energy density 

High surface area Rich resources 

High surface to volume ratio 
 

Light and thin 
 

Flexible 
 

Broad electrochemical window 
 

Grade of transparency 
 

Graphene CONs Metal Oxides CONs 

Agglomeration Poor electrical conductivity 

Re-stacking Large volume change 

Large irreversible capacity from oxygen groups Large irreversible capacity 

Low initial coulombic efficiency Low initial coulombic efficiency 

Fast capacity fading Aggregation/agglomeration 

No clear Li+ storage mechanism Poor rate capability 

Large voltage hysteresis Low cycling stability 

Low capacity/capacitance values (only ECDL) 
 

For example, composites of graphene layers with manganese oxide can benefit from the 

higher capacitance of the metal oxide while enhancing its electrical conductivity [419]. 

For instance, MnO2/electrochemically reduced GO (Er-GO) was produced by 

electrodeposition with MnO2 nanoparticles decorated on top of Er-GO. The material 

displayed a promising 315 F·g-1 capacitance at 2mV·s-1 which was 4-5 higher than pure 

MnO2. However, the most common method to prepare rGO-MnO2 composites is by direct 

precipitation in which carbon acts as a reductant and converts aqueous permanganate into 

insoluble manganese oxide on top of the graphene matrix [420,421].  
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Other metal oxides such as ruthenium oxide [422], molybdenum oxide [423] or vanadium 

oxide [424]  among many others [387] have been prepared for this purpose, always 

leading to similar aforementioned conclusions. For instance, RuO2/chemically exfoliated 

graphene prepared by a sol-gel method displayed 570 F·g-1, enhanced rate capability and 

a 97.9% retention after 1000 cycles [425]. 

Fe3O4/rGO nanocomposites were prepared by means of benzyl alcohol [426] resulting in 

a capacitance of 126 F·g-1 in 1M Na2SO4 in the -0.8V to 0.0V (vs. Ag/AgCl) potential 

range at 5mV·s-1. Authors reported that the ratio iron/rGO has a great impact. When 

higher concentrations of iron precursor were used (Fe(acac)2/GO ratio used in synthesis 

of 18.3 in comparison to 3.5), full coverage of the rGO sheets was observed, limiting the 

graphene layers re-stacking, resulting in higher capacitance than pure iron oxide with the 

same power capability of rGO. Studies on vanadium oxide with reduced graphene oxide 

displayed capacitances up to 550 F·g-1 while maintaining high power (500 W·kg-1) [109]. 

Cheng et al. [381] reported a detailed review on graphene-based composites with 

graphene derivatives for energy storage, with an overview of the performances achieved 

for graphene derivatives with SnO2 for lithium-ion batteries (LIBs) (~550-2000 mA·h·g-

1), Co3O4 for LIBs and pseudocapacitors (~700-1000 mA·h·g-1 and ~150-500 F·g-1), 

Fe2O3 (~1300-1700 mA·h·g-1), RuO2 (~200-600 F·g-1), MnOx (~200-650 F·g-1) and many 

others. 

An example of graphene-based composite material with conductive polymers is the 

composite developed by Wang and his group[427]; fibrillar polyaniline (PANI) doped 

with graphene oxide. This composite reached the capacitance value of 531 F·g-1 compared 

to individual (PANI) whose capacitance was 216 F·g-1. Similar cases for PANI/graphene-

derivative can be found in literature, with capacitances comprised in the 400 to 600 F·g-1 

range [428,429]. In situ electrodeposition of PANI on top of Er-GO had a capacitance of 

970 F·g-1 at 2.5 A·g-1 [430]. PPy was also decorated on top of graphene nanolayers. It 

resulted in an increased surface area for 20-50 nm thickness PPy sheets on top of the 

carbon matrix [428]. 

Other energy storage systems with graphene 

Other energy storage fields in which graphene is used as active material are lithium-

sulphur batteries, lithium-air and sodium-air batteries. Lithium-air batteries consist of 

metallic lithium and oxygen as cathode and anode respectively and have a theoretical 

energy density of 3500 to 5.200 W·h·kg-1 [370,431]. They are based on the oxidation of 

lithium, that is reversed during charge by the oxygen evolution reaction. The system, 

however, suffers from low rate capability and lifetime [432–434]. One of the main factors 

affecting this performance is the cathode material: the active surface area and porosity of 

the cathode affect OER. Reduced graphene oxide, because of its extensive active surface 

area, can, in principle, display high capacity [433]. In a similar way, sodium-air batteries 

are being explored. RGO has been used as catalyser for the oxygen-reduction and oxygen-

evolution reactions [435]. Results are promising but inconclusive so far, thus, further 

investigation in this field is required.  

Lithium-sulphur batteries have a high theoretical capacity of 1672 mA·h·g-1 and a specific 

energy of 2600 W·h·kg-1by the complete redox reaction of sulphur with lithium. 

Moreover, sulphur is naturally abundant and has a low cost and toxicity [376,436,437]. 

Research on this area is focused on improving the electronic conductivity of sulphur, 

inhibit volume changes and solubility of polysulfide intermediate states [438,439]. 

Graphene derivatives are a promising solution, especially considering the potential 
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immobilization of S/LixS during cycling. For that, several approaches have been 

undertaken, such as wrapping sulphur nanoparticles with rGO (however, this led to 

insulating domains and incomplete oxidation) or chemical surface modification. Values 

of approximately 600-1000 mA·h·g-1 for 50-100 cycles have been reported [440,441]. 

More information can be found on Zhang’s et al. review on graphene-based energy 

storage applications [376]. 

1.6.2. Graphene as inactive material for energy storage applications. 

Graphene as inactive material, this is acting as conductive agent, substrate or matrix, is 

not such an exploited field, nonetheless, it is worth considering. It mainly concerns 

lithium-ion batteries, sodium-ion batteries and lithium-sulphur batteries applications 

[370]. Lithium metal oxide electrodes and sodium-ion battery cathode materials tend to 

have poor electrical conductivity. To overcome this limitation, conductive additives such 

as carbon black are usually added. Graphene, because of its excellent electronic 

conductivity, shall be considered for this application. 

In fact, the role of graphene derivatives in many composite materials is to act as 

conductive network. Moreover, graphene oxide is generally reduced at the same time as 

the lithium metal oxide materials are deposited. This promotes the formation of 

nanostructures that affect the final lithium intercalation process [388]. Although some 

reports suggest that simple mixing of rGO worsens the electrochemical response, it is 

generally reported that it enhances the final properties of the composite material in up to 

a 160%.  

1.6.3. Final note on graphene for energy storage applications 

It is worth noting that, to understand the limits of graphene in supercapacitor applications, 

it is important to not evaluate only single electrode materials, but a full packaged cell. As 

Kaner et al. [163] reported, if an acetonitrile-based electrolyte is used together with an 

standard current collector and separator, the two parameters that define the ultimate 

performance of the device are the density of the graphene-based electrode and the voltage 

of the cell. If 200-µm thick graphene-based electrodes with a density of 1.5 g·cm-3 at an 

operating voltage of 4V are used, the maximum theoretical energy of the device would 

be approximately 170 W·h·kg-1, which is close to nickel metal hydride and lithium-ion 

batteries with much higher power density and longer cycle life. However, experimentally, 

values of only 15-35 W·h·kg-1 have been achieved. These results are two-folded. On one 

hand they are encouraging, graphene-based devices have great potential and shall be 

further investigated. On the other hand, much work is yet to be done to fully exploit 

graphene potential capabilities and achieve its scaling up. Despite the intensive research 

already performed on graphene derivatives, much work remains to be done. Just for 

energy storage purposes, several new applications have been developed, such as AC-line 

filtering supercapacitors, flexible and stretchable devices or self-healing batteries 

amongst others. Not only that, other 2D materials are being obtained, as explained in the 

exfoliation section of this manuscript. These new two-dimensional materials may 

overcome graphene limitations for certain applications. Therefore, 2D-materials and 

composites is a new and exciting field of work with great potential in the production of 

next-generation energy storage devices.  
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1.7 Concluding remarks 

Considering the current developments in energy storage devices, one of the main goals is 

to develop materials that exhibit high power capabilities without compromising energy 

density or vice versa. In the quest for next-generation devices, hybrid composites 

consisting of a supercapacitive material in combination with a faradaic battery-like 

material seem one of the most promising alternatives to achieve better performances. 

Among all materials nickel-cobalt hydroxides and oxides are being considered due to 

their high energy density capabilities and promising power capabilities, already exhibited 

to a certain extent in metal hydride batteries. When nano-structuring them, their 

electrochemical reaction may be confined to superficial reactions and diffusion-transport 

phenomena may lose relevance during the charge-discharge phase transformation. 

Kinetically favoured phase-transformation reactions undergone in materials with high 

theoretical capacity may aid in solving, to a certain extent, the challenges traditionally 

related to faradaic-related materials. Nonetheless, it is the combination of these 

nanostructures with carbon-based materials, with supercapacitive nature, that may 

crucially affect the future of electrochemical energy storage devices. With that 

combination, fast response times in an extended voltage range supported by the 

carbonaceous material until reaching the potential in which the faradaic-like material 

activity is confined may be achieved. It is only recently that this sort of materials are 

being exploited. In that context, graphene derivatives with very large active surface area, 

a key parameter in the capacitance performance of a material, have been pin-pointed as 

candidates for hybrid composites.  

The current thesis is developed in the context of the current state-of-the-art of graphene-

based composites and metal hydroxides and oxides for hybrid composites. Therefore, two 

strategies, presented in the next chapter, are undertaken, exfoliation and 

electrodeposition. The former, performed at the University of Bordeaux, serves as a mean 

to nanostructure nickel and cobalt hydroxides and oxides, and potentially combine it in 

its delaminated form with suspended reduced graphene oxide, with the consequent 

intimate interaction that it may entail. The latter, performed at Instituto Superior Técnico, 

enables the direct synthesis of nickel and cobalt nano-structures in a single-step process 

and its combination with reduced graphene oxide. Thus, nickel-cobalt and graphene-

based hybrid composites are prepared by these two routes and an exhaustive study of their 

electrochemical response is performed, mainly at Instituto Superior Técnico, to evaluate 

their potential use in the next-generation of energy storage devices alongside in-depth 

solid-state physico-chemical characterization, mostly performed at the Universtiy of 

Bordeaux. Thus, it is worth highlighting the complementary nature, in regard to facilities 

and expertise, provided by each university in the course of the work here presented.  
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2. Synthesis strategies 

2.1 Electrodeposition 

Electrodeposition is a technique with a very long history. It has been reported that it was 

first used by pre-Columbian Andean metalworkers as a surface colouring method. They 

used a very primitive form of electrochemical plating to create a very thin and uniform 

layer of gold on top of copper. Unknowingly, they produced a self-contained system that 

generates electric current to balance the charges produced[1]. Despite its antiquity, it is a 

very relevant and commonly used technique in both research and industry. 

For example, IBM used it as a cost-effective technique to deposit copper on chips for 

integrated circuits. By means of electrodeposition they could achieve a superfilling 

structure that could not be obtained by any other procedure. Not only that, they improved 

the throughput and costs associated to this process[2]. 

Nowadays, electrodeposition plays a key role in nanofabrication processes and the 

development of novel materials. The process is based on the growth of a film on top of a 

conductive substrate. By means of an applied current, several redox reactions occur at the 

interface between an electrolyte, containing the ions to be electrodeposited, and the 

substrate (colloids may also be deposited, in this case the term electrophoretic deposition 

shall be used). The electrolyte acts as an ionic conductor in which diffusion of ions occurs 

and, after the redox reaction, the desired film is formed. The exact mechanism depends 

upon the material to deposit[3].  

Electrodeposition presents several advantages when compared to other nanofabrication 

techniques, namely[4]: 

• Low cost. 

• Rapidity and simplicity. 

• Controlled porosity. 

• Controlled nanostructures and morphology. 

• High Purity. 

• Industrially applicable. 

• High deposition rates. 

• Ability to produce coatings on different substrates. 

• Ability to produce metastable materials. 

• Possibility of multilayer deposition. 

• No post-treatments required.
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For these reasons electrodeposition has been considered as an extremely promising 

technique in the development of nanostructured materials for energy storage.  

2.1.1 Electrodeposition setup. 

Probably due to the simplicity of its setup, this technique has become extremely 

convenient in several industrialized processes. Electrodeposition in laboratory scale 

synthesis requires the following constituents[5]: 

• Reference electrode: Electrode with a stable and well-known electrode potential 

because of the high stability of the redox reaction contained within, and the fact 

that the concentration of the elements present is known. The potential in 

comparison to the standard hydrogen electrode (assigned to a 0.000V potential) is 

known. An ideal characteristic is that it has non-polarizability when current is 

applied. When the passing current generates a relevant resistance, an auxiliary 

electrode may be used.  

• Counter electrode. Electrode whose electrochemical behavior does not affect the 

system of interest and serves to create a potential difference with the working 

electrode. 

• Working Electrode: Electrode system of interest. 

• Electrochemical Cell: Container of the electrochemical system. 

• Potentiostat: Hardware used to control the three-electrode cell and apply the 

electrical conditions for the electrochemical experiments. Has control over the 

voltage across the working electrode and the counter electrode pair and can adjust 

the voltage to control the potential difference accordingly.  

It is worth noticing that some of these components may not be necessary or may be 

substituted in optimized or industrialized conditions. 

 

 

Fig. 2.1. Simplified representation of (a) the electrodeposition arrangement and (b-d) 

the electrodeposition process for a nickel hydroxide film. 
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2.1.2 Physico-Chemical process. 

This section aims to introduce the fundamental theory behind the electrodeposition 

process. It is mainly based on the Book “Fundamentals of electrochemical deposition” 

by Milan Paunovic and Mordechay Schlesinger [6], whose lecture is recommended for 

further study. In the electrodeposition process, a z number of electrons is provided by an 

external current supplier. Those electrons interact with the ions present in the electrolyte 

at the interface between a conductive substrate and the liquid to form a film. There are 

four main parameters involved in this process, namely; the substrate-solution interface, 

the kinetics and mechanisms of the process, the nucleation and growth of the layer and 

the structure and properties of this newly-formed lattice [6].  

1. Substrate-solution interface: The substrate must be conductive, and may be 

metals, alloys or conductive materials such as carbon derivatives. It is important 

to point out that the structure and electronic properties of the materials (both 

solvent and substrate) greatly affect the electrodeposition outcome. 

2. Kinetics and mechanism of the electrodeposition: Mass transport processes 

associated to the mobilization of the ions from solution to the interface and the 

rate of deposition (number of moles of layer deposited per second per unit area). 

The latter is influenced by the activation energy, which is a function of the 

electrode potential. Mass transport can either be diffusion (chemical 

potential/concentration gradient), migration (movement of electric 

charges/charged species due to an effect of an electric field) and convection 

(hydrodynamic flow, either natural or forced)[5]). 

3. Nucleation and growth of the film: Formation of monolayers and multilayers. 

Current density is assumed to be uniform across the area of electrodeposition. 

Nonetheless, it must be highlighted that any surface contains heterogeneities that 

produce prevalent places with higher energy. Here, the electrodeposition process 

will start. These active sites are known as active centers or nucleation points.  

4. Structure and properties of the deposit: Physico-chemical properties of interest 

of the layer deposited. In particular, charge storage properties of the materials and 

structural characterization are relevant in this work.    

2.1.2.1 Substrate-Solution Interface 

There are several models to explain the substrate – solution interface. However, only 

three, due to their relevance, are included in this work.  

The Helmholtz compact double-layer model assumes that all the excess charge 

produced in the interphase, more particularly on the solution side, is lined up at the same 

plane with a constant distance from the electrode. This distance comprises the ionic radius 

in addition to the solvation sphere of the ion. At the same time, the substrate consists of 

an equal and oppositely charged layer, forming a double layer. This is equivalent to that 

of a double-layer present in a capacitor. However, this is an oversimplified model since 

the interphase has been proven, experimentally, to not behave in such manner. Thus, more 

accurate models have been developed, such as the Stern model. 

The Stern model considers the contribution of a diffusion layer model, previously 

developed by Gouy and Chapman, in addition to the double layer considered by 

Helmholtz. In this model, some ions are at a fixed distance, confined in a single plane, 

while others are distributed in the solution. Finally, Grahame modified Sterns’ model and 

resulting in the Grahame model, that considers the same principles but introduces an 

inner plane of approach (inner Helmholtz plane) with partially not solvated adsorbed ions 
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and an outer Helmholtz plane with fully solvated ions [6]. This model varies by including 

two planes of closest approach, one for fully hydrated ions and another for partially 

hydrated or fully dehydrated specifically adsorbed ions.  

 

Fig. 2.2. a) Helmholtz double layer model of a double layer. b) Linear variation of 

potential in the double layer with distance from the electrode. c) Stern model with d) its 

variation of potential based on the distance from the electrode. e)  Triple-layer Grahame 

model. Reprinted with copyright permission of [6]. 

When no external potential/current is applied in the system, there is a potential difference 

at the interphase. This potential difference cannot be directly measured unless another 

interphase is placed by means of a counter electrode. This results in an electrochemical 

cell in which the potential can be measured. An electrode’s equilibrium potential is 

described by Nernst equation for redox electrode potentials, resulting in an exchange of 

electrons between the metal and the electrolyte: 

∆∅𝑒𝑞 = ∆∅0 +
𝑅𝑇

𝑧𝐹
𝑙𝑛 (

[𝑂𝑥]

[𝑅𝑒𝑑]
)                    (𝑒𝑞. 2.1) 

In equilibrium, a redox reaction interphase has an equal number of electrons crossing in 

both directions across the substrate/electrolyte interphase.  When an external current is 

applied, the potential will vary resulting in a current flow that will create an overpotential 

in the interphase. This will lead to four types of rate control in an electrodeposition 

process, explained in the following sections.  

2.1.2.2 Kinetics and mechanism of electrodeposition 

There are four possible phenomena occurring during electrodeposition, namely: charge 

transfer, diffusion, chemical reaction and crystallization. Charge transfer is related to the 

transfer of charge across the double layer, determined by the electrode potential. 

Moreover, during the whole electrodeposition process, mass transport is present, in which 

the substances involved in the reactor shall be transported from the bulk electrolyte to the 

electrode surface, the interface and vice versa. This process is governed by diffusion.  
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Chemical reactions are then involved. Although they may be homogeneous in the 

solution, they can be heterogeneously distributed on top of the electrode’s surface. The 

rate at which chemical reactions occur is not dependent on the applied potential but it is 

affected by a diminution of the current flow. At the same time, this is affected by the 

species and processes of the interface. Finally, when metal/metal-ion interfaces are 

present, there is a crystallization of partial reactions. This is the incorporation/de-

incorporation of atoms into the crystal lattice.  

All the processes mentioned before can become the kinetically limiting process and, 

therefore, the rate determining process. According to it, different models have been 

developed to explain the kinetics of the reaction, which are out of the scope of the present 

work.  

Summarizing, the reaction rate of a general electrochemical redox reaction, in terms of 

current density, is given by:  

Reduction rate: �⃗� = �⃗⃗�[𝑂𝑥]                                              (𝑒𝑞. 2.2) 

Reduction current density: 𝑖 = 𝑧𝐹�⃗⃗�[𝑂𝑥]                     (𝑒𝑞. 2.3) 

Oxidation rate: �⃖� = �⃖⃗�[𝑅𝑒𝑑]                                            (𝑒𝑞. 2.4) 

Oxidation current density: �⃖� = 𝑧𝐹�⃖⃗�[𝑅𝑒𝑑]                     (𝑒𝑞. 2.5) 

where �⃗⃗� is the rate constant of the reduction reaction. When the charge-transfer processes 

are the limiting process of the electrodeposition, the relationship between the current 

density 𝑖 and the transfer overpotential 𝜂 is described in terms of two parameters, the 

exchange current density 𝑖𝑜 and the transfer coefficient 𝛼 by the Butler-Volmer 

equation. This relationship is given by k, which can be derived to be:  

𝑖 = 𝑖𝑜 [𝑒𝑥𝑝 (
(1 − 𝛼)𝑧𝐹𝜂

𝑅𝑇
) − 𝑒𝑥𝑝 (−

𝛼𝑧𝐹𝜂

𝑅𝑇
)]             (𝑒𝑞. 2.6) 

where F is the Faraday’s constant, z is the number of electrons transferred across the 

electrode-electrolyte interphase and R is the gas constant. Finally, the transfer coefficient 

𝛼 is a constant that can take values from 0 to 1 and is, usually, 0.5 (depending on the 

symmetry of the energy barrier).  

 

Fig. 2.3. Variation of partial current densities (dashed line) and net current density 

(solid line) with overpotential η. Reprinted with copyright permission of [6]. 
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When mass transport is the determining process, there are several models. The diffusion-

layer model can be applied. In equilibrium, the concentration of the electrolyte is 

homogeneous in the whole system apart from the region from the outer Helmholtz layer 

to the electrode’s surface. When the electrodeposition is occurring, there is a consumption 

of the species at the interphase. This depletion extends further as the reaction progresses. 

Then the rate of the reaction depends on the diffusion of the species according to: 

𝑖 = 𝑧𝐹𝐷𝑜𝑥 (
𝜕𝐶𝑜𝑥

𝜕𝑥
)

𝑥=0
                  (𝑒𝑞. 2.7) 

However, an evaluation of the presented model is complicated and different models can 

be applied such as the Nerst Diffusion-Layer model.  This model assumes that the 

concentration of oxidant has a constant bulk concentration that drops linearly at the 

electrode at a single electrochemical reaction. However, when multiple reaction steps are 

considered, more complex models are required and have been developed.  

2.1.2.3 Nucleation and growth of the film 

In the formation and growth of clusters there are two main processes to be considered: 

the arrival and adsorption of ions at the surface and their motion on the surface. If a crystal 

was perfect, the deposition of an ion would only be temporary because the binding energy 

to the surface would be very small. However, it can increase its stability by forming 

clusters. The energy associated to this process is based on the transfer of ions from 

solution onto the surface and the decrease in surface energy due to the creation of the 

surface of a cluster. When the charge transfer process is fast, the growth rate is determined 

by either lattice incorporation step or the diffusion of electrodepositing ions into the 

nucleus.  

The first order kinetic model of nucleation is given by the equation: 

𝑁 = 𝑁0(1 − exp(−𝐴𝑡)                  (𝑒𝑞. 2.8) 

Where N0 is the total number of sites and A the nucleation rate constant. The rate of a 2D 

nucleation is given by: 

𝐽 = 𝑘1 exp (−
𝑏𝑠𝜀2

𝑧𝑒𝑘𝑇𝜂
)                   (𝑒𝑞. 2.9) 

Where k1 is a rate constant, b is a geometric factor, s is the area occupied by one atom, ε 

is the specific edge energy, k is the Boltzmann constant, z is, e is the electron charge, T 

is the temperature and η is the overpotential. 

At the initial stage of deposition, the nucleation constant is very big and, therefore 𝑁 ≅
𝑁0. This means that all electrodeposited sites convert into nuclei instantly, this is known 

as instantaneous nucleation. When A is small, 𝑁 ≅ 𝐴𝑁0𝑡. This is known as progressive 

nucleation. 

Regarding the lattice incorporation step, there are four models describing the process. At 

the initial stages, it can be assumed that the nuclei are independent one from each other. 

Then, the rate of growth is given by the 2D cylindrical nucleus model, described as: 

𝑖 =
𝑛𝐹𝑘2 · 2𝜋ℎ𝑀

𝜌
𝑡  (𝑒𝑞. 2.10) 

Where k is the rate constant of 2D nucleus growth (mol·cm-2s-1), h is the height of a 

cylindrical nucleus (height of a monolayer), M is the molecular weight, t is time of 

deposition, n is the number of electrons involved in the reaction, F is Faraday’s constant 
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and ρ is the density of deposit. Then, the 2D nucleus may only grow laterally or may grow 

into a 3D structure. This is when the other three models apply, they being a hemisphere, 

a right-circular cone and a truncated four-sided pyramid. 

When analysing the diffusion of electrodepositing ions into the nucleus, the process by 

which nuclei interact is evaluated. At a certain time, nuclei will no longer be independent 

one from the other and there will be an overlap of the diffusion films. This overlap is 

translated into local concentration regions and different overpotential/current distribution 

in the surroundings of the clusters. Thus, they will have reduced nucleation rate. At the 

point of the contact, growth will be stopped. 

When a monolayer applies, the nucleation process is based on either the instant nucleation 

or the progressive nucleation mechanism. However, when multilayers are formed, there 

are also two different possible mechanisms. 

Monolayer layer-by-layer growth occurs at low potentials when the applied potential is 

barely above the critical deposition overpotential. In this case, growth is faster than 

nucleation and each nucleus spreads over the entire surface and each layer is based on a 

single nucleus (see Fig. 2.4). Multinuclear multilayer growth happens when the 

nucleation rate is faster than the growth rate. This occurs at potentials over the 

propagation rate and the electrodeposition is based on multiple clusters.  

 

Fig. 2.4. Potentitostatic current-time transient for the deposition of up to 5 individual 

layers. This exemplifies 2D progressive nucleation with overlap. Reprinted with 

copyright permission of [6]. 

During potentiostatic current-time transients (see Fig. 2.5) the process can be divided into 

three-time intervals. First, the current decays during nucleation and growth, then it 

increases due to the growth of independent nuclei and simultaneous increase of the 

number of nuclei (linear increase for instantaneous nucleation and squared dependence 

for progressive nucleation). Finally, there are two opposing effects, the growth of 

independent nuclei and the overlap of clusters. This produces a maximum that will 

decrease over time. When two clusters collapse, the growth stops and the current 

decreases due to the reduction of effective electrode surface area.  
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Fig. 2.5. Theoretical potentiostatic current-time transient, including the effect of 

overlap. Reprinted with copyright permission of [6]. 

However, real electrodepositions are not based on a monolayer nor a few monoatomic 

layers deposition. They are usually based on coherent domains that joined together and 

coalescence. There are two mechanisms for coherent deposits. First one is layer growth 

mechanism. This is related to the formation of steps (microsteps and macrosteps) or 

grown layers such as columnar crystals, whiskers, etc. Second one is the nucleation-

growth mechanism. This process is subdivided in four sequences: a) formation of isolated 

nuclei and their growth into three-dimensional structures. b) coalescence of these 

structures. c) formation of a linked network and, finally d) formation of a continuous 

deposit. 

Finally, it is worth mentioning that during electrodeposition many orientations may occur. 

Single-crystals are deposited when a single orientation is achieved. However, deposits 

tend to have different textures such as polycrystalline or amorphous that have different 

crystal orientations or no epitaxial influence respectively. Also, the texture obtained in 

the perpendicular plane to the substrate shall be considered, the most important being 

columnar microstructures (grains that become larger the further they go from the 

substrate). 

 
Substrate 

Fig. 2.6. Schematic cross section of the columnar deposit. Reprinted with copyright 

permission of [6]. 

2.1.2.4 Structure and properties of the deposit 

Properties of the electrodeposited material will be defined by the materials deposited 

themselves. However, all deposited structures can be classified within one of the seven 

main groups, namely; single crystal, polycrystalline columnar, polycrystalline equiaxed, 

polycrystalline fibrous, polycrystalline dendritic, polycrystalline nodular and amorphous 

(Fig. 2.7). 

Single crystals appear when the periodicity of an atomic pattern extends to the whole 

crystal. When that periodicity is interrupted, and several orientations of the patterns 
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appear, forming grains, they become polycrystalline. Finally, when the size of the pattern 

unit is comparable to that of the size of the grains they are known as amorphous materials.  

Regarding the different types of polycrystalline structures, columnar refers to those that 

have a preferential growth direction. Fibrous materials are those that only cover partially 

the substrate, resulting in oriented growth of grains. Nodular structures have a 

cauliflower-like structure whose nature has yet to be explained. Dendritic structures may 

result as mass-transport controlled growth. Finally, Equiaxed are those similar to 

columnar that grow to larger sizes.  

 

Fig. 2.7. Representation of the different structures of electrodeposited thin films. 

Reprinted with copyright permission of [6]. 

There are many parameters that influence the structure of the deposit. For example, metal-

ion concentration, additives, current density, temperature, agitation or polarization. 

Although an in-depth discussion of the different parameters is out of the scope of the 

present manuscript, some of the factors that have greater relevance in the final structure 

of a deposit are: 

Crystallographic planes, this is the periodic arrangement of atoms, is vital in 

understanding the solid-state chemistry of the material. Depending on the 

electrodeposition conditions, they may have one out of the 230 possible distinct space 

groups.  

Homogeneity of the deposit and phase changes must be considered as well. This can be 

correlated to the degree of crystallinity, this is, the extent to which a crystallographic 

orientation is maintained throughout the deposit.  

Impurities such as oxidized materials due to ambient atmosphere, added chemicals, 

production of bubbles or subproducts may play an important role in the ultimate 

performance of the deposited material.   

The substrate is also a key parameter in defining the final structure and properties of the 

electrodeposited material. In this regard, there are two main phenomena to consider: 

epitaxy and pseudomorphism. The former refers to the goodness of the adaptation of the 

deposit to the structure of the substrate. The latter refers to the continuation of grain 

boundaries and geometric features of the substrate.  

Finally, it should be mentioned that every deposited material will have different intrinsic 

properties such as thermal and electrical conductivity, magnetoresistance, mechanical 

properties, etc. 
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2.1.2.5 Other parameters affecting the electrodeposition. 

Additives affect the electrodeposition process by acting as adsorbates at the surface of 

the electrode. Depending on the nature of this interaction there is chemisorption (based 

on chemical covalent bonding of the additive to the surface) and physisorption (based on 

weak interactions without electron transfer from the additive the substrate). Additives 

affect nucleation and growth processes and the kinetics of the electrodeposition. The 

concentration of adions (superficial ions), the diffusion coefficient and the activation 

energy are affected among others.  

When electrodeposition occurs, ions become attached to favoured places. That creates 

discontinuities in the form of pores and cracks. Thus, current density distribution plays 

a fundamental role in this process. It is defined as the total current divided by the unit 

area. Current density varies over the substrate surface tending to be lower in cavities and 

greater at points closer to the opposite electrode.  

Temperature, agitation, polarization, metal-ion concentration, deposit stress while 

forming, roughness of the surface and surface morphology, electrolyte density or 

impurities are other parameters that may affect the electrodeposition process and that shall 

be considered in the experimental setup since they will affect the resulting material in 

parameters as important as, for example, grain size. 

2.1.3 Modes of electrodeposition. 

There are several techniques that can be applied in the electrodeposition process for 

energy storage applications (and other applications). In this section they are briefly 

described.  

In the Galvanostatic Transient technique the current applied between the working 

electrode and the counter electrode is constant and the potential between the working 

electrode and the reference electrode is time-variant. The response, E=f(t), requires a 

certain time to reach a potential at which the electrode reaction happens at a measurable 

rate. The charge is used to charge the double-layer capacitance up to the potential at which 

the reaction occurs at a measurable velocity and charge transfer (Fig. 2.8). The total 

Galvanostatic current density is therefore given by the addition of the double layer 

contribution together with the charge transfer current: ig=idl+ict. 

Fig. 2.8. (a) Scheme of galvanostatic current (constant current) applied in a given time. 

(b) Variation of potential of the electrode with time when a constant current is applied. 

(c) Equivalent circuit for a single-electrode reaction taking into consideration the 

double-layer capacitance and the charge transfer resistance. Reprinted with copyright 

permission of [6] 

When a negative current is applied at the working electrode (WE), positive ions are 

attracted to it. Then, the working electrode is considered as the cathode and the technique 
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is known as cathodic galvanostatic electrodeposition since the WE undergoes a 

cathodic polarization (Fig. 2.9). When the current is applied to make the electrons flow 

to the working electrode, the process is known as anodic galvanostatic 

electrodeposition since the working electrode gets positively polarized, becoming the 

anode and attracting negatively charged species (Fig. 2.9).  

 
Fig. 2.9. Scheme comparing cathodic electrodeposition versus anodic electrodeposition. 

An analogous technique, known as Potentiostatic Transient technique, consists in 

maintaining a constant potential while having the current density as a time-dependent 

function. I= f(t). In the same manner, cathodic for a negative applied potential and anodic 

for a positive applied potential can be used (Fig. 2.10).   

 

Fig.2.10. Variation of current with time for potentiostatic electrodeposition. Reprinted 

with copyright permission of [6]. 

Pulsed electrodeposition is a technique in which either the current or the potential 

(depending if it is a galvanostatic or potentiostatic technique) is either alternated between 

positive and negative values, or between two different positive/negative/zero 

potentials/currents. This is done to generate pulses of equal amplitude, duration and 

polarity. By modifying the amplitude or width (time) of the pulse, different materials can 

be preferentially deposited to different values, allowing the formation of different 

compositions, morphologies or thicknesses. 
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Fig.2.11. Variation of potential with time in a pulsed electrodeposition. Reprinted with 

copyright permission of [6]. 

Finally, another method is the Potential Sweep technique (Fig. 2.12). In this case, the 

potential is varied with time. When this variation is linear, the technique is known as 

Linear Sweep Voltammetry. The sweep rate ν (mV·s-1) must be considered in this case. 

The potential at a given time and with an initial potential E0 will be:  

𝐸𝑡 = 𝐸0 − 𝜈𝑡 (𝑒𝑞. 2.11) 

 

Fig. 2.12. Linear potential sweep voltammetry comparison for the input and output 

responses. Reprinted with copyright permission of [6]. 

Finally, it is worth mentioning electrophoretic deposition (EPD) making distinction 

with electrodeposition (electrolytic deposition) because EDP refers to the deposition of 

colloidal suspensions of particles instead of dissolved ions. In this case, the colloids 

migrate under the effect of an electric field and are deposited on top of an electrode [7].  

During the extent of this work, electrodeposited materials of graphene and nickel and 

cobalt hydroxides. Therefore, an in-depth state-of-the-art in the work reported in literature 

so far is here presented. 
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2.1.4 Electrodeposited graphene. 

Efficiently reducing graphene oxide is still a challenging and an ongoing study. Different 

methods such as chemical or thermal reduction have been reported [8,9]. In fact, more 

than 50 reducing agents have been reported leading to different types of chemically 

reduced graphene with different properties. This highlights the importance of the 

reduction of graphene oxide to mass-produce reduced graphene oxide, with tailored 

properties depending upon the final application. 

Electrodeposition has been pin-pointed as a potentially prosperous technique to produce 

reduced graphene oxide due to the advantages aforementioned. Not only that, chemical 

reduction usually entails the usage of dangerous chemicals that, by means of 

electrodeposition, are avoided. Moreover, chemical processing usually requires high 

temperature, high processing times or results in a very small layout. By means of 

electrochemical reduction of graphene oxide, milligrams, or even grams or Er-GO can be 

obtained [10].  

The electrochemical approach, in comparison to the chemical methods, has the 

advantages of being single-step, easy to operate, environmentally friendly and possible to 

be produced at ambient conditions [11]. Not only that, other existing methods to produce 

reduced graphene oxide are based on a pre-step of graphene oxide deposition by means 

of diverse techniques such as membrane filtration, dip coating, layer by layer deposition, 

spray coating or spin coating [12–19]. Consequently, all of them present the disadvantage 

of uncontrolled thickness and uniformity. However, electrodeposition techniques can 

enable accurately control over them[15]. There are several procedures to produce reduced 

graphene oxide electrochemically that will be considered in this work. To prepare Er-GO, 

either the application of a cathodic or anodic potential is required. Also, the electrolyte in 

which the reduction is produced is a determining parameter. The monolayers can be either 

suspended in a chemically exfoliated graphene oxide solution or coming from a working 

electrode of graphite. If based on a graphite working electrode, first intercalation for the 

expansion of the monolayers is required by means of cations or anions present in the 

electrolyte. After that, a different potential/current is applied to reduce the suspended 

graphene oxide layers. In general, a constant potential/current or a potentiodynamic cyclic 

voltammetry between two prefixed potential is applied [20].  

2.1.4.1 Production of Graphene Oxide by Anodic oxidation. 

The production of graphene oxide based on the anodic oxidation requires the application 

of a positive potential to a graphite working electrode to oxidize it. This produces the 

intercalation of anions within the interslab structure of graphite and results in the ultimate 

exfoliation of the monolayer [21]. The process is based on the hydrolysis of the highly 

oriented pyrolitic graphite (HOPG) to produce alcohol radicals on the surface. Negative 

ions then get intercalated by means of oxygen production. This entails an expansion of 

the graphene interslab distances that produce graphene oxidized layers [20]. Several 

acidic media have been tested, resulting in different quantities of defects produced, hence, 

different qualities of graphene oxide. This process is exemplified in Fig. 2.13 and a 

summary of the different experimental procedures is included in table 2.1. 
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Fig 2.13. Exemplification scheme of the exfoliation of graphene into Er-GO via 

intercalation of Li+ ions as presented in [10]. Re-printed with copyright permission of 

[10]. 

Table 2.1. Summary of experimental conditions used in the production of 

electrochemically exfoliated graphene oxide nanosheets. Modified and reprinted with 

permission of [20]. WE: working electrode. CE: Counter Electrode. RE: Reference 

Electrode. T: Temperature. HOPG: Highly oriented pyrolityc graphite. GE: Graphite 

electrode column. Grafoil®: Flexible graphite foil. Pt: Platinum. SCE: Saturated calomel. 

NHE: Normal hydrogen electrode. SSCE:  sodium saturated calomel electrode. SCE: 

saturated calomel electrode. MSE: Mercury-mercurous sulfate electrode. NM: Not 

measured. CV: Cyclic voltammetry. DI: Deionized water. IL1: triethyl sulfonium bis 

(trifluoromethylsulfoniyl)imide ionic liquid. BMIM: 1-butyl-3-methylimidazolium. IL2: 

1-octyl-3-methylimidazolium hexafluorophosphate. IL3: 1-methyl-3-butyilimidazolium 

tetrafluroboate. PSS: polystyrene sulfonic acid. 

WE CE RE Electrolyte T( oC) 
Potential/

Current 
Comments Ref. 

Flexible graphite Pt rod Ag/AgCl 
([BMIM][BF4]) %DI water 

+ LiClO4 
NM 

from -2V 

to 3V scan 
CV for 50 cycles [22] 

Pencil 

(9B)+Graphite 

flakes or HOPG 

Pt spiral Pt 10 mL IL1 NM 
0V, +8V 

and -8V 

0V for 120 s, the 

rest 600s 
[23] 

Graphite flakes or 

HOPG 
Pt wire - 

4.8 g 98% H2SO4 + 100 mL 

DI + 11 mL 30%KOH 
25±3 

from -10 to 

10V 

Static potential 

2.5V 1min first 
[24] 

Graphite foil 
Carbon 

sheet 
NHE 1M HClO4 25±3 

from -1.5 

to +1.7V 

Double potential 

step 1200s 
[25] 

Graphite rod Pt foil 
Platinum 

wire 
0.1M SDS NM 

1.4-2V 
then -1V 

12h intercal. 2h 
exfol 

[26] 

Graphite 
Lithium 

metal 
- 

30 mg mL-1 LiClO4/PC or 

LiCl/DMF/PC 
NM 

Potential of 

-15±5V 

LiClO4 for 

intercal. LiCl for 
exfol. 

[10] 

HOPG - SSCE 

1M KNO3/LiClO4/ 

(NH4)2SO4/H2SO4/ 

KOH/K2HPO4 

NM 

0.135V, 

1.5V and 

1.95V 

Potential scans [27] 

HOPG - MSE 5M H2SO4 + HCOOH NM 1.3V 
8000C g-1 for 

exfoliation 
[28] 

Graphite rod 
Graphit

e rod 
- 10 mL IL2 and 10 mL water NM 15V 

anodic corrosion 
for 6h 

[29] 

Graphite 

rod/HOPH 
Pt wire - IL3 NM 1.5-15V 

10%, 60%, 90% 

wt. H2O used 
[30] 

GE - Ag/AgCl 0.1M Na2SO4 (aq.) NM 
from -1.0V 

to 3.0V 

Scan rate 5000 

mV s-1 
[31] 

Grafoil ® 
Copper 

foil 
- 0.001M PSS (aq.) NM 

300 mA 

(1min to 
2h) 

2 cm interlectrode 

gap 
[32] 

Graphite plate Pt foil SCE 96% H2SO4 0 10V 
Anodic 

electrolysis 
[33] 

HOPG Pt wire - 
FeSO4/CoSO4 +  Na2SO4 

(aq.) 
NM 0, 0.7, 10V 

Alternate step 

voltages 5min 
[34] 

Graphite rod 
Graphit

e rod 
- 0.001M PSS (aq.) NM 5V; 4h 15% yield [21] 



 2. Synthesis strategies | 

121 

 

2.1.4.2 Production of Graphene Oxide by Cathodic oxidation. 

Although electrochemical methods can be used to generate exfoliated graphene oxide, to 

produce electrochemically reduced graphene oxide, a cathodic potential shall be applied. 

Fortunately, if a cathodic potential is directly applied, no strong oxidizing media must be 

employed, leading to a reduced number of defects present in the nanolayers. The process 

is similar to that of the anodic potential but with the intercalation of cations instead and 

the expansion by means of hydrogen release instead of oxygen. However, this direct 

procedure entails very small yields and has not been investigated thoroughly [10,20]. In 

this case, lithium ions or surfactants were required to be present in the electrolyte for the 

exfoliation to occur.  

2.1.4.3 Production of Er-GO by Electrophoretic Deposition. 

Electrophoretic deposition (EPD) is a promising technique for large area Er-GO 

production. The colloidal particles, suspended in an aqueous electrolyte, migrate under 

the effect of an electric field and deposit onto the electrode. There have been several 

strategies in the EPD of GO, including the deposition of GO with posterior conversion 

[35], direct deposition-reduction of Er-GO [15,36], pre-reduction of GO and deposition 

[37,38] and modified GO with metal oxides EPD [39]. Due to the large number of reports 

presented regarding the EPD of Er-GO, only those strategies related to electrode materials 

for charge storage are included in this report.  

The first GO deposition and subsequent reduction by electrochemical methods was done 

by Liu et al. They measured the zeta potential of GO suspensions, obtaining a value of -

64.7 mV, which can be related to a big negative surface charge. Then, they deposited it 

on top of ITO by applying 150V for 45s and then reduced the film by applying a constant 

potential or scanning potential ranging from 0.0 to -1.0V at a scan rate of 10 mV s-1 in 

0.1M KCl [35]. Finally, they measured its characteristics as electrode material for energy 

storage applications. They investigated the material in 0.1M Na2SO4 in the potential range 

from -0.2V to 0.8V vs Ag/AgCl. For that they calculated a specific capacitance of 156 F 

g-1 at 150 mA g-1 and obtained a good capacitance retention (93 F g-1 after 400 cycles) 

with a pseudocapacitive response from the material. 

The direct deposition and reduction of Er-GO was achieved when Ruoff et al. [40] wanted 

to study the improvement in electronic conductivity when graphene oxide is reduced. For 

that, they deposited a film of GO and reduced it by Electrophoretic deposition. They 

observed an improved electrical conductivity, from 0.53·10-3 S m-1 to 1.43·104 S m-1. To 

achieve the reduction and deposition on top of a stainless-steel mesh, copper nickel or 

aluminum; they suspended GO in water with a 1.5 g L-1 concentration and applied a DC 

current for 1 to 10 minutes at 10V. The suggested reduction reactions are: 

RCOO- → RCOO· + e- (oxidation of carboxylate)      (eq. 2.12) 

RCOO· → R· + ·CO2 (oxidative decarboxylation)        (eq. 2.13) 

2R· → R-R (dimerization of radicals)                           (eq. 2.14) 

GO flakes, which are negatively charged, are electrophoretically drawn to the positive 

electrode. Then, once contact is done in the anode, electrons can flow away from the 

flakes oxidizing the samples. Then, there is a loss of carbon dioxide. However, reported 

results were counter-intuitive because oxidation usually occurs at the anode of an 

electrochemical cell and they exposed de-oxidation in this case. Furthermore, the 

oxidation of epoxides was not explained [15].  
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Sandhu et al. [36] reported another direct electrophoretic deposition GO, in this case with 

partial reduction of the GO film during the process. They deposited the film on SiO2/Si 

and glass. For that, they used conductive Cu tape on the back of the glass substrate and 

treated the substrates with O2 plasma. Then, they applied a constant potential ranging 

between 1 and 30V for 5 minutes and found out that the C-C% of bonds increased from 

49% to 81%, with the consequent reduction of C-O bonds, in comparison to the GO 

precursor [36]. 

Regarding the last strategy, the pre-reduction of GO by means of chemical ways and then 

electrodeposited the reduced layers. Chen et al. pre-reduced a GO suspension by means 

of p-phenylene diamine in ethanol and then electrodeposited them on a 3D nickel foam 

at 50V. A final step of annealing was performed at 400oC for 3h [37]. Lee and coworkers 

used a similar two-step method in two different ways. First, they EPD an aqueous 

suspension of GO and then reduced it by immersing it into hydrazine. Second, GO was 

pre-reduced in an alkali solution and then EPD [41].  

In the first case, similar values to those obtained by Liu et al. are achieved. A high 

capacitance of 164 F g-1 at 10 mV s-1 and 139/100 F g-1 at 3 and 6 A g-1 respectively. 

However, the retention of the capacitance faded to approximately a 60% after 700 cycles 

[37].  

By means of this technique, graphene has been deposited with other nanostructures. For 

example, Kim et al. did an electrophoretic deposition of RGO with multiwall carbon 

nanotubes assisted by nickel ions. For that, they used an aqueous solution of MWCNT 

and RGO, an aluminum foil as counter electrode and aluminum foil as working electrode. 

RGO was prepared electrochemically by applying 300mA for 1h to a Grafoil® electrode 

in a PSS solution. The electrophoretic deposition was carried at 100V for 10 minutes. The 

material showed promising results and, overall electrophoretic deposition may be a 

potential route for industrial production of Er-GO. However, further development is 

required [42]. The capacity values obtained were of 1700 mAh·g-1 at 0.2C on the first 

cycle and 600 mAh·g-1 for the second cycle and 282 mAh·g-1 after the 10th cycle.   

Nam et al. reported the electrophoretic deposition of chemically reduced GO and its 

detachment from the substrate as a self-sustained film. For that, they used hydrazine as a 

reducing agent and then applied a 3V direct current to stainless steel for 15 minutes. Then, 

they electrochemically edged the film by applying a 5V current to the RGO/SS cathode 

in an H2SO4 solution. The detachment was possible thanks to the hydrogen bubbling on 

the electrode. Then, they further reduced the film by applying thermal annealing. The best 

C/O ratio achieved was 16.66 after annealing at 100oC [41]. The inconvenient of this 

technique is, evidently, the high number of steps that must be performed in many cases 

in other to obtain the reduced film and the usage of chemicals in the reduction process of 

the GO suspension.   

2.1.4.4 Production of Er-GO from Graphene Oxide Suspensions.  

The first strategy employed for the electrochemical reduction of graphene oxide was to 

pre-apply GO onto an electrode and then reduce it in an appropriate electrolyte [11] in a 

two-step electrochemical reduction approach. By pre-applying GO, a controlled synthesis 

in terms of shape, size and thickness can be achieved [43]. It greatly depends upon the 

technique used for the deposition, for instance, dip-coating, drop-casting, layer-by-layer 

or spray coating [44,45].  

Dong et al. first reported the reduction of graphene oxide by applying a sweep 

voltammetry after GO was spray-coated with different forms on top of various substrates 
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by means of a patterned template at -0.90V during 5000s. The obtained O/C ratio was of 

a 4.2% [44]. Xia et al. dropcasted GO on top of glassy carbon or graphite and reduced it 

potentiostatically at -1.5V or -1.3V vs SCE in 10 mmol/L pH 5.0 PBS [46]. Finally, also 

Engelhard et al. deposited GO on top of glass by dropcasting and reduced it by means of 

a CV between -1.0 and 1.0V vs. RHE at 50 mV s-1 in Na2SO4s. Engelhard et al. explained 

that the reduction of GO is an accumulative process in which, at the beginning, GO is 

insulating. Thus, only the GO in direct contact with the substrate can be reduced. Then, 

as it turns more and more into conductive graphene, more GO becomes accessible and 

the reduction peak at -0.75V increases. After a certain number of cycles, the amount of 

GO left is substantially reduced and this reduction peak decreases until vanishing. Once 

this happens, the CV response remains constant, see Fig. 2.14. Therefore, the reduction 

can be monitored  by the variability in the -0.75 V redox peak [47]. 

It is worth noticing that there are two peaks around 0.5V vs. RHE that are maintained 

after the reduction of GO. Electrochemical reduction has been reported to only partially 

remove the oxygen groups leaving some functional groups in the basal plane due to a fast 

electron transfer around the edges of GO [48]. This denotes the presence of oxygen groups 

that maintain its functionality and are stabilized, resulting in a faradaic electrochemical 

response. When the electrochemical capacitance was investigated by CV and 

galvanostatic charge/discharge, values of 164.8 F/g at 20 mV s-1 in a 0.9V potential 

window and 150.4F/g at 150.4 A g-1 in 0.1M Na2SO4 were achieved. Moreover, only a 

degradation of a 10% was observed after 1200 charge/discharge cycles.  

 

Fig. 2.14. a) Cyclic voltammogram showing the evolution of graphene oxide in 0.1M 

Na2SO4 at 50 mV s-1in the reduction process. b) Specific capacitance measured with the 

evolution of the reduction cycles, measured in the range 0-0.9V vs RHE at 20 mV s-1. 

Reprinted with copyright permission of [47]. 

A second strategy was to functionalize the electrode in order to add templating properties 

to GO [11]. For instance, Zhang et al. reported the electrochemical reduction of graphene 

oxide suspensions and then used it for biosensing. To reduce the GO flakes, they adsorbed 

GO on the surface of 3-aminopropyltriethoxysilane functionalized glassy carbon. Then, 

they performed a cyclic voltammogram from 0.7 to -1.1V in NaCl saturated with N2 at a 

scan rate of 50 mV s-1 and observed that reduction occurred during the first cycle of 

scanning [49]. Another example of this approach was undertaken by Ramesha et al. [50]. 

They first assembled GO on top of a gold substrate by means of a cystamine monolayer 

and was then reduced by scanning between the potentials 0 to -1V vs. SCE. They observed 

the increase in conductivity because of the reduction process and analyzed it by Raman 

spectroscopy.  
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Kvarnström et al. modified Au surfaces with mercaptoethylamine. Then, they modified 

the GO aqueous solution to obtain a positively charged on the surface of the layers. 

Finally, they adsorbed GO by means of an integrated surface plasmon resonance affinity 

sensor. Then, they cycled the thin films in 0.1M NaF aqueous solutions at 10 mV s-1 vs. 

SCE in a potential range from -1.0V to 0.0V [51]. 

A third route was to functionalize GO and then deposit it by means of organic solvents 

[11]. Xue et al. reported the simultaneous electrodeposition of electrochemically 

graphene oxide and amorphous carbon nanoparticles in a methanol suspension. For that, 

they used a (PDDA)-modified chemically reduced graphene oxide suspended in methanol 

and applied a DC voltage of 1600V at 50oC during 8h [52].  

As observed, typically, after the deposition of the GO layer, the reduction takes place in 

either acidic or neutral pH since there is a greater concentration of protons, which are 

believed to participate in the process [53]. It can also be observed that there is a difference 

of the cathodic peak reported in the cyclic voltammetry for the reduction process, 

depending on the media and the different reference electrode. However, the cathodic peak 

decreases in most cases until its disappearance, as observed in figure 2.14.  

The reduction process greatly depends upon the used potential range and the cycling time 

in a CV reduction and upon the reduction potential and time in the potentiostatic method. 

Zhou et al. showed the great dependence of the reduction with pH, shifting towards lower 

values with the increase of pH [44]. However, if too low potentials are used, hydrogen 

bubbling can lead to layer peeling and the formation of defects. For that reason, the range 

from -1.0V to -1.5V vs Ag/AgCl has shown the best results [46,54]  
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Table 2.2 

Summary of experimental conditions for the electrochemical reduction of pre-deposited 

GO layers. PS, potentiostatic; CV, cyclic voltammetry; GC, glassy carbon; SCE, saturated 

calomel electrode; RHE, reversible hydrogen electrode; Pt, platinum; Au, gold; APTES, 

3-aminopropyltriethoxysilane; Cyst, cystamine; HAD, 1,6-hexadiamine; PET, 

polyethylene terephthalate; PBS, phosphate buffered saline.  Re-printed with copyright 

permission of [54]. 

Technique RE CE WE 

GO 

pre-

step 

Electrolyte pH 

Applied 

potential 

(V) 

Scan 

Rate 

(mV/s) 

Time/ 

number 

of cycles 

C/O 

ratio 
Ref 

PS SCE 
Pt 

wire 
GC/GO 

Drop-

casting 

PBS(KH2P

O4/ 
K2HPO4) 

5.1-

5.5 

-0.8, -0.10, -

0.12-0.14,-
0.16 

- 3 min 

3.57, 

3.85, 

4.35, 
5.00, 

5.56 

[55] 

PS 
Ag/

AgCl 
Pt 

disc 
Au/PET/

GO 
Drop-
casting 

0.5M 
NaNO3 

- -1.1 - 4.5h - [56] 

PS SCE 
Pt 

wire 
GC/GO 

Drop-

casting 

0.05M PBS 

(KH2PO4/ 
K2HPO4) 

6.5 -1.2, -1.7 - 600 s - [57] 

PS 
Ag/

AgCl 

Pt 

foil 
GC/GO 

Drop-

casting 
0.1M KCl - -1.1 - 5 min - [58] 

PS 
Ag/

AgCl 

Pt 

wire 
GC/GO 

Spray-

coating 

1M PBS 
(NaH2PO4/ 

Na2HPO4) 

4.12 -0.90 - 5000s 24.3 [44] 

CV 
Ag/

AgCl 

Pt 

wire 

GC/HDA

/GO 

Dip-

coating 

0.2M PBS 
(NaH2PO4/ 

Na2HPO4) 

7 0 to -1.4 50 15 cycles - [59] 

CV SCE 
Pt 

wire 
GC/GO 

Drop-

casting 

0.05M PBS 
(NaH2PO4/ 

Na2HPO4) 

5 0 to -1.5 100 
100 

cycles 
- [60] 

CV SCE 
Pt 

foil 

Au/Cyst/

GO 

Layer-
by-

layer 

0.1M KNO3 - 0 to -1.0 10 2 cycles - [61] 

CV RHE 
Pt 

foil 
GC/GO 

Drop-
casting 

0.1M 
Na2SO4 

- -1.0 to 1.0 50 
1500 

cycles 
- [62] 

CV SCE Pt GC/GO 
Drop-
casting 

0.01M PBS 

(KH2PO4/ 

K2HPO4) 

5 0 to -1.5 50 - - [63] 

CV 
Ag/

AgCl 

Pt 

wire 
Au/GO 

Dip-

coating 
0.1M KNO3 2 0.1 to -1.1 100 2 cycles - [64] 

CV 
Ag/

AgCl 
Pt 

GC/APT
ES/GO 

Dip-
coating 

0.5M NaCl - 0.7 to -1.1 50 3cycles - [49] 

Finally, McFarlane et al. reduced graphene oxide from aqueous suspensions for the first 

time by applying a potentiostatic reduction voltage varying from -1.0V to -1.4V (-1.2V 

showed the best results). They reported the direct electro-chemical reduction of graphene 

oxide from an aqueous suspension. They performed an in-depth investigation of the 

reduction conditions and concluded that the reduction process greatly depends upon the 

conductivity of the electrolyte (which must vary from 4 to 25 mS·cm-1 for successful 

reduction) and that it can be deposited over the wide range of pH of 1.5-12.5. They 

reported a conductivity of the later of approximately 20 mS·cm-1[11].   
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Fig. 2.15 Deposition behaviour of graphene oxide suspension (0.5 g L-1) with NaCl 

0.25M for optimum conductivity at different pH values. Deposited were obtained by Li 

et al. in a pH range from 1.5 to 12.5 at a potentiostatic deposition performed at -1.2V vs. 

SCE [11] . Reprinted with copyright permission of [11]. 

YanWei et al. also reported the reduction of graphene oxide by means of -0.9 to 0 V (vs. 

Hg/HgO) cycling voltammetry at a 6M KOH electrolyte resulting in a Er-GO film with a 

O/C ratio of 1.29% (and a specific capacitance of 152 F/g at 5 A/g, 99% retention after 

3000 cycles) [65]. 

A one-step approach was developed afterwards for the reduction of graphene oxide. The 

GO sheets were directly reduced from an aqueous suspension while being deposited on 

top of the substrate. The reduction can be either done by cyclic voltammetry [66,67]; 

linear sweep voltammetry [68], or at a constant potential mode [54,68,69].  

The process is believed to be as follows. The GO sheets close to the substrate accept 

electrons, hence producing Er-GO. The carbon-based reduced material is insoluble in 

nature and precipitates on top of the working electrode. Therefore, according to Liu et al., 

this deposition is based on the different solubility of Er-GO as compared to GO aqueous 

suspension [54,66]. 

This process comprises a redox reaction that requires a buffer solution in the electrolyte 

for the reduction process. For that PBS [70,71], NaCl [11] or Na2SO4 [47] have been, for 

instance, used. They affect the conductivity of the medium, which is a critical parameter 

in the formation of the Er-GO films [11]. The optimal conditions for the electrodeposition 

of Er-GO directly from an aqueous suspension of GO have been found to be a constant 

potential of -1.2V vs. SCE at a neutral pH media with a conductivity ranging from 4 to 

25 mS·cm-1.  

By potentiostatic deposition, a cathodic current must be applied to fully reduce GO. The 

more GO is consumed, the more the current decreases. When the conversion is complete, 

the current shall be zero. As exposed, the potential of reduction is a critical parameter that 

affects the reduction rate along with the time of the process. Guo et al. did a complete 

study in which they observed that ketone groups get reduced at -1.3V vs SCE, while 

hydroxyl and ether groups only get reduced at potentials lower than -1.5V vs SCE. 

Nonetheless, the usage of this low voltages lead to hydrogen evolution reactions that limit 

the diffusion of the nanosheets to the working electrode’s surface, thus limiting the 

electrodeposition process [46].  
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On the other hand, cyclic voltammetry can be used as a deposition-reduction technique. 

By sweeping the potential in a determined range, usually from 0V to -1.5V at 20-100 

mVs-1, in both directions; Er-GO is produced. The advantage of this technique is that it 

gives information about the reversibility of the process and provides information about 

the redox behaviour of the sample.  

According to literature, the redox reactions associated to the electrochemical reduction of 

graphene oxide may be the following [65]: 

>C=O + H+ + e- ⇋ >C-OH           (eq. 2.15) 

>C=O + e- ⇋ C-O-                        (eq. 2.16) 

-COO + H+ + e- ⇋ -COOH           (eq. 2.17) 

In the negative potential region vs. Ag/AgCl there are two visible peaks, associated to 

two different reactions. First, there is a reversible reaction in the range of -0.4V to -0.6V 

and, second, a reaction in the -0.6V to -1.0V potential range vs Ag/AgCl.  While the 

second reaction is associated to the reduction process and disappears as the reaction 

evolves,  the former is associated to oxygen groups in the basal plane that are too stable 

to be eliminated [54,64,66,72]. 

Finally, the resulting CV resembles to that of a pseudocapacitive material, with a nearly 

squared response with a peak at around -0.6V, see Fig. 2.16. It is worth mentioning that, 

in this case, the response was studied in negative potentials while, in the case of Engelhard 

et al. [47], they studied the -1.0 to 1V range.  

 
Fig. 2.16. Cyclic voltammetry curves for the electrochemical investigation of Er-GO 

deposited by the process presented in [65] and variations with scan rate for the Er-GO 

electrochemistry presented in reference [73]. Reprinted with copyright permission of 

[65] and [73]. 

The ease by which GO can be effectively reduced by electrochemical routes using 

aqueous electrolytes as solvent gave rise to numerous experiences in which Er-GO was 

applied. From Lipase enzyme biosensors based on Er-GO electrodeposited on ITO by a 

60s chronoamperometry at -1.2V [74] to fundamental studies of the different properties 

of graphene derivatives [75]. Nonetheless, the field of supercapacitors and energy storage 

is probably one of the most affected by this achievement, which has been reviewed in the 

previous chapter. 
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2.1.5 Electrodeposition of nickel and cobalt oxides and hydroxides. 

Nickel hydroxide 

The electrochemical deposition of nickel hydroxide from nitrate solutions has been well 

studied. When considering the synthesis of nickel hydroxide, two main difficulties arise. 

Nickel hydroxide can crystalize in two different polymorphs, α and β, and it is a 

semiconductor that must be bonded to a conducting support. Electrodeposition enables 

the selective deposition of α or β by controlling the electrodeposition parameters and 

direct bonding to porous conductive substrates without binders or external agents [76]. 

Besides, one of the added benefits that electrodeposition imposes is that it can be applied 

to different substrates by adjusting the electrodeposition potential. 

The electrodeposition of nickel hydroxide is carried out by the electrochemical reduction 

of salt solutions, which is a simple and yet effective technique whose reactions have been 

in-depth studied. In general, deposition currents of a few mA·cm-2 generate an α phase 

while larger currents tend to produce an α/β mixture. Nonetheless, it is difficult to predict 

the exact product phase, given the influential effect of salt concentration, deposition 

current, temperature, counterions, nature of the substrate, etc. [77]. Moreover, this process 

can be performed either anodically or cathodically [78].  

Wu et al. introduced the anodic electrodeposition of Ni(OH)2 nanoflake arrays by means 

of a mixed solution of NiSO4, Na2SO4 and CH3COONa [79]. Nonetheless, the most 

common route to produce nickel hydroxide is cathodic electrodeposition. Although many 

counter ions have been used, Cl-, SO4
2-, etc., NO3

- is the most utilized anion. By placing 

a conductive substrate in a solution containing nickel (II) nitrate, in the electrolyte, and 

by applying a negative potential, the nitrate anions will reduce. This will lead to the 

production of hydroxyl ions that will react with Ni2+, forming Ni(OH)2, which has very 

low solubility and will immediately precipitate at the surface of the substrate [77]. It is 

worth mentioning that, during this process, the oxidation state of nickel does not change. 

While the nickel-hydroxyl reaction is well-established (eq. 2.18), the pre-required nitrate 

reduction is not, and it greatly affects the deposition efficiency. 

Ni2+ + 2OH- ↔ Ni(OH)2      (eq. 2.18) 

The reaction for the nitrate reduction is highly dependent on cathode material and pH of 

the bath. Four possible mechanisms for the reduction of nitrates were initially postulated 

by MacArthur [80]: 

- Mechanism 1: Direct nitrate reduction to nitrous acid       (eq. 2.19). 

2NO3
- + 4H+ + 4e- → 2HNO2

 + 2(OH)-                    (eq. 2.19) 

Ni2+ + 2NO3
- + 4H+ + 4e- → 2HNO2

 + Ni(OH)2 (eq. 2.20) 

- Mechanism 2: Direct reduction to hydroxylamine             (eq. 2.21). 

NO3
- + 5H+ + 6e- → NH2OH + 2(OH)-               (eq. 2.21) 

Ni2+ + NO3
- + 5H+ + 6e- → 2HNO2

 + Ni(OH)2 (eq. 2.22) 

- Mechanism 3: Indirect reduction to nitrite (eq. 2.23 and 2.24). 

2 H2O + 2e- → 2H* + 2(OH)- (eq. 2.23) 

2H*+ NO3
-→ H2O + NO2

- (eq. 2.24) 

Ni2+ + NO3
- + H2O + 2e- → NO2

- + Ni(OH)2
 (eq. 2.25) 

 



 2. Synthesis strategies | 

129 

 

- Mechanism 4: Indirect reduction to hydroxylamine (eq. 2.26 to 2.27). 

12H2O + 12e- → 12(OH)- + 12H*(eq. 2.26) 

2 NO3
-+ 12H+- → 2 NH2OH + 2 H2O + 2OH- (eq. 2.27) 

7Ni2+ + 2NO3
- + 10H2O + 12e- → 7Ni(OH)2 + 2NH2OH (eq. 2.28) 

Many more mechanisms  have been postulated [76,81,82], however, recent results 

establish that the reaction mechanism may be caused by [83,84]: 

- Nitrate to ammonium reduction (eq. 2.29): 

NO3
- + 7H2O + 8e- → NH4

+ + 10OH- (eq. 2.29) 

- Nitrate to nitrite reduction and further reduction to ammonium (eq. 2.30 and 

2.31): 

NO3
- + H2O + 2e- → NO2

- + 2OH- (eq. 2.30) 

NO2
- + 6H2O + 6e- → NH4

+ + 8OH- (eq. 2.31) 

- Mixed route of eq. 2.29 to 2.31. 

In any case, the overall route follows the nitrate to ammonium reduction [84]. Reactivity 

is important to understand since this step will determine the current efficiency of the 

reaction. Moreover, besides nitrate reduction, formation of hydrogen must be considered 

(eq. 2.32): 

2H2O + 2e- → H2 (g) + 2OH-            (eq. 2.32) 

However, there are still some undergoing studies in that regard [85].  

Nickel hydroxide electrodeposition from nickel nitrates involves several parameters that 

are very important, such as [OH-]/[Ni2+] ratio [83,86–88], which correlates to the α/β 

ratio. Furthermore, this [OH-]/[Ni2+] ratio is controlled by applied current density. When 

high absolute current densities are applied (<-500 A·m-2), the β phase is produced, while 

a mixture of phases is obtained for lower current densities (50-500 A·m-2) [85]. Moreover, 

when the current density is higher, the current efficiency is also increased [89]. Nickel 

nitrate concentration also affects this ratio while pH has an influence on potential 

variation, but it does not affect electrode kinetics and its effect is insignificant.    

At low concentrations, the Faradaic efficiency of the deposition is nearly 100%, this is 

for a concentration below 0.2M and at 0.5mA·cm-2. For every two mols of OH- produced 

at the surface, nearly one mol of Ni(OH)2 is obtained, as observed in Fig. 2.17. However, 

at higher concentrations, this efficiency can decrease to 10-20% [90]. Moreover, the 

concentration of nickel is the most important aspect in the efficiency of the deposition. 

When the electrolyte is varied and saturated in nitrates, the efficiency only drops to 75% 

while acidification changes the deposition rate by less than a 10%. At all currents, the 

utilization of hydroxyl ions is 100% for dilute concentrations and 10-20% for 

concentrated electrolyte. Below 0.02M, some mass transportation effects for Ni occur and 

there is a limit for the total mass deposited) [90]. 
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Fig. 2.17. (a) Variation of mass vs. time for 0.2M Ni(NO3)2, 2.0M Ni(NO3)2 and 0.2M 

Ni(NO3)2 saturated with NaNO3. (b) Mass vs. time for deposition of 2.0M Ni(NO3)2 in 

basified conditions. (c) Mass vs. time at 0.1 mA in diluted Ni(NO3)2 solutions (<0.2M). 

Reprinted with copyright permission of [90]. 
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An increase in temperature produces a decrease in current efficiency, while density is 

increased. Nitrate ion concentration has a marginal effect on the electrodeposition 

process. Finally, increase in current density produces alterations in particle size. At higher 

current density bigger particles are produced and it has been proven that the smaller the 

crystalline size, the better the charge-discharge performance of the material [89]. The 

effect of nitrate concentration, nickel concentration, temperature, particle size and 

temperature are displayed in figure 2.18. The effect of ethanol was also studied and 

resulted to be insignificant for current efficiency (this is, the amount of electrodeposited 

material, apart from when 100% ethanol was used) while increased molecular weight, 

confirming that solvent was trapped during the deposition [82]. This led to better results 

for a 50% ethanol content. 

 

Fig. 2.18. Effect of (a) nickel concentration, (b) nitrate concentration and (c) 

temperature in the current efficiency and density of nickel hydroxide electrodeposited 

films. Reprinted with copyright permission of [89]. 
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Finally, nickel hydroxide deposited at current densities below -1.0 mA·cm-2 display the 

highest density and tend to agglomerate, while at higher current densities certain porosity 

was observed and the material consisted of small particles of approximately 0.1µm of 

diameter [91]. 

NiSO4 and NiCl2 have also been used as precursors of Ni(OH)2 electrodeposition 

[92][93]. Slightly different properties can be achieved since the intercalated ion in α 

phases has certain influence in the electrochemical properties of the material. However, 

the exact mechanism of these anions is not as studied as nitrates. 

To summarize, nickel hydroxide electrodeposition is usually performed galvanostatically 

at current densities in the -0.1 to -5 mA·cm-2 range, or at -0.8V vs. SCE [94] or by means 

of cyclic voltammetry from 0.0V to -0.7V at 10 mV·s-1 [95,96] for 90 seconds to 6 

minutes, from nickel nitrate dissolved in mineralized water that may contain up to 50% 

ethanol since Weider et al. found that it may lead to better results [82,90,97].  

Moreover, nickel oxide can again be obtained by annealing at 300oC for 2h  [78]. Thus, 

it is generally first electrodeposited and then thermally treated to oxidize it [97]: 

Ni(OH)2 → NiO + H2O             (eq. 2.33) 

NiOOH ·H2O + e- → Ni(OH)2 + OH-, Ni(OH)2 → NiO + H2O             (eq. 2.34) 

 

Cobalt hydroxide 

Most of the publications concerning the electrodeposition of cobalt hydroxide involve 

cathodic electrodeposition. As in the case of nickel hydroxide electrodeposition, two 

polymorphs, α and β, can be obtained and nitrate salts are often used. Using other cobalt 

sources leads to other products because of the unique reaction mechanism to form cobalt 

hydroxide [78]. For example, in the presence of chloride anions, hydrogen peroxide is 

formed and stabilizes Co(III) [98]. Nonetheless, some groups have achieved 

electrodeposition from acetate precursors [99] or anodic deposition from sulphate 

precursors [100]. 

The overall reaction also depends on the nitrate reduction and cobalt precipitation in alkali 

media, as exemplified in eq. 2.35 [101–103]: 

Co2+ + 2OH- → Co(OH)2      (eq. 2.35) 

This reaction can be done on top of numerous conductive substrates. Besides, cobalt metal 

cannot be deposited due to the much more negative potential of the Co(II)/Co(0) reduction 

potential when compared to the NO3
-/NO2

- potential [104]. Electrodeposited cobalt 

hydroxide exhibits a nanosheet-like structure that forms a percolation network [78].  

Cobalt responds in a similar way to nickel to variation in temperature, cobalt 

concentration and nitrates concentration [89]. Similar morphologies are obtained for 

increasing current densities from -0.5 mA·cm-2 to -1.5 mA·cm-2. However, at more 

positive currents, the material presents increased porosity [104]. 

Lokhande et al. [105] studied different modes to electrodeposit cobalt hydroxide, namely, 

galvanostatic deposition at -3 mA·cm-2 for 5 minutes, potentiostatic deposition at -0.9V 

vs. SCE for 5 minutes and cyclic voltammetry at 50 mV·s-1 in the 0.0V to -1.2V vs. SCE 

for 30 cycles. They concluded that different modes induce different porosity, 

morphology, density and microstructure, as depicted in Fig. 2.19. Consequently, the 
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materials have different electrode-electrolyte interaction, which is reflected in the final 

electrochemical properties of the material [105]. 

 

Fig. 2.19. Morphological variations caused by different electrodeposition modes for 

cobalt hydroxide. Extracted from [105] with copyright permission. 

Porosity can be tailored by controlling the deposition parameters, such as cobalt 

concentration. Nanoflake size is reduced for lower concentrations (0.025M), leading to a 

more porous material. When higher concentrations are used (0.1M), less porous structures 

are obtained, leading to worse electrochemical response for energy storage applications. 

Less negative applied current (-100 mA·g-1 as compared to -200 mA·g-1  or -400 mA·g-

1) also lead to thinner films that are more accessible by the electrolyte [101]. Higher 

temperature or pH seem to increase the amount of deposited material, although tests were 

done in glycine-containing electrolyte and further studies are required [106].  

Kamath et al. [107,108] studied the effect of the applied current density in the resulting 

phase of cobalt hydroxide. At higher current densities (-0.15 mA·g-1), the formation of α 

phase is favoured due to the simultaneous chemical corrosion of the substrate with 

electrodeposition. Chemical corrosion leads to the formation of basic salts, isostructural 

to α-nickel hydroxide, that are related to the formation of α phase, since they promote its 

nucleation and growth. When these basic salts are formed, the anions in the basic salts 

are loosely bonded to nickel hydroxide sheets. This loose intercalation causes the 

disordering of the sheets leading to a turbostratic structure. When intermediate currents 

are applied (-0.3 mA·g-1) a mixed α/β phase is obtained. Higher currents supress chemical 

corrosion (hydrogen evolution acts as a protective coverture of the electrode, impeding 

the formation of basic salts), favouring β phase due to the ordered stacking of the 

hydroxide nanosheets in nitrate media. Hun-Lin et al. [109] also evaluated the effect of 

potential in potentiostatic electrodeposition and concluded that the best potential was -

0.75V vs. SCE, value at which diffusion and kinetic controlled. At more positive 

potentials, the process was kinetically controlled while it was diffusion-controlled at more 

negative values of potential. Moreover, they evaluated the morphology of the material 

and determined that at potentials <-0.85V vs. SCE, the surface is rough and cracked. 

When potential is increased from -0.85V to -0.65V vs. SCE, the size of the nanosheets 

increases, as shown in Fig. 2.20. It was concluded that at -0.85V vs. SCE a mass-

transport-controlled dense material was formed while at -0.65V vs. SCE surface 
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smoothness reduced pore size and therefore electrolyte penetration. Finally, they studied 

the effect of temperature and reported that at lower temperatures (28oC and 40oC) the 

material is very dense with narrow area of nanosheets. When temperature is increased to 

50oC, the surface becomes smoother, however, at higher temperatures it becomes 

irregular and coarse. It is worth mentioning that electrodeposition in this study was, 

nonetheless, in presence of Brij 56 surfactant as 50% of solvent on top of titanium 

working electrode that acts as a hexagonal liquid crystalline template and may affect 

ultimate results.  

 

Fig. 2.20. Morphology of cobalt hydroxide electrodeposited at (A), (B) -0.65V, (C),(D) 

-0.75V and (E), (F) -0.85V at 50oC from cobalt nitrates in aqueous electrolyte 

containing 50% in weight of surfactant Brij 56. Reprinted with copyright permission of 

[109]. 

The effect of different nitrate and nitrite concentration was also considered. By reducing 

the concentration of these anions (<0.1M), the material is prone to generate 
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nanostructures, while bulk microstructures are produced at higher concentrations. 

Moreover, α phases were formed at 60oC, while β phases were obtained when 

electrodeposition was carried out at 90oC [98,110]   

Moreover, the nitrate mechanism is expected to be analogous to the one explained for 

nickel hydroxide [101,110–112]. However, there are few studies investigating the effect 

of different parameters in this synthetic procedure. Given that the electrodeposition 

parameters are not as well-defined as in the case of nickel hydroxide, Table 2.3 includes 

some of the main references regarding cobalt hydroxide electrodeposition.  

As a final note, as it is the case for nickel oxide, cobalt oxide is obtained by thermal 

annealing at 300oC for 2h of the hydroxide parent [100,104,112,114–116].  
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Table 2.3. 

Summary of some of the main work concerning electrodeposition of cobalt hydroxide. 

Cobalt precursor 
Concentration 

(mol·L-1) 

Applied current 

/potential 
Dep. time (min) T (oC) Substrate Phase Ref. 

Co(NO3)2 0.025 to 0.1 1.0 mA·cm-2 - - Ni sheets β [101] 

Co(NO3)2 0.01 
-1V vs. 

Ag/AgCl 
- - SS 304 β [102] 

GO 

PEG 

Co(NO3)2 

NaNO3 

0.3g 

0.1g 

0.05M 

0.075M 

-1.0V vs. 

Ag/AgCl 
5 RT SS - [103] 

Co(NO3)2 0.025 1.0 mA·cm-2 3, 10, 20 - SS - [113] 

Co(NO3)2 0.1 1.0 mA·cm-2 15 RT SS304 α [111] 

Co(NO3)2 0.05 -1.0V vs. SCE 20 RT Ni Foam α [114] 

Co(NO3)2 0.1 
-1.0V vs. 

Ag/AgCl 
4 - Ti foil α [112] 

Co(NO3)2 

NaNO3 

0.9 

0.075 
1.0 mA·cm-2 10 - Ni foam α [100] 

CoSO4 

Na2SO4 

Na(CH3COO) 

0.25 

0.25 

0.2 

Anodic current 

0.25 mA·cm-2 
60 - Ni foam γ [100] 

Co(NO3)2 

NaNO3 

1.0 

0.1 
0.5 mA·cm-2 6.6 20oC 

Ni foil with PS 

template 
- [115] 

Co(NO3)2 

NaNO3 

EtOH/H2O solv. 

0.175 

0.075 
1.0 mA·cm-2 8 RT Au - [116] 

Co(CH3COO)2 0.1M -0.75V vs. SCE 
Up to 50mC·cm-2 total 

charge 
RT Ni foil - [99] 
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2.2 Chemical exfoliation 

Chemical exfoliation routes are not as well studied and well-established as 

electrodeposition techniques for nickel and cobalt hydroxides and oxides. In fact, it has 

only been recently, after the synthesis of graphene in 2004 by Novoselov et al. [117], that 

the synthesis of 2D materials has been extensively studied.  

The unexpected properties of graphene provoked an increasing interest in the production 

of 2D nanomaterials and the exciting potential properties that they could have. 2D 

structured materials are nanostructured in nature, and therefore differ from their 

analogous bulk materials: they present unprecedented properties that are related to their 

size domains and the electronic confinement and quantum properties thereof [118].  

The exfoliation of many different layered materials is being studied and have been 

classified in eleven major groups, as shown in figure 2.21 [119]: hexagonal-boron nitride 

(h-BN), transition metal dichalcogenides (TMDs; MoS2, TiS2, TaS2, etc.), grafitic carbon 

nitride (g-C3N4), layered metal oxides, layered metal hydroxides (LDHs), metal-organic 

frameworks (MOFs), covalent-organic frameworks (COFs), polymers, metals, black 

phosphorus (BP), and MXenes (including silecenes).  

Similar to the case of graphene, two-dimensional structures have been achieved by many 

different routes, such as mechanical cleavage, liquid exfoliation, ion intercalation, anion 

exchange, chemical vapour deposition, etc. [119]. These techniques are always subjected 

to the strength of the interlayer interaction, for that reason, most of the techniques rely on 

the weakening of those interactions as a prior step to a successful exfoliation [118]. 

Besides electronic confinement, their atomic thickness offers, in general, excellent 

mechanical properties and optical transparency. Their properties are tuneable by means 

of external stimulus, such as chemical bonding or mechanical deformations and they have 

high active surface areas, related to the exposed surface of the atoms in these 

nanostructures. Given these properties, many different applications, from catalysis to 

opto-electronics can benefit from the 2-dimensional nature of single-layer materials 

[119].  

Given the wide range of 2D materials that have been studied and the different techniques 

that can be applied to exfoliate them, only those procedures related to the chemical 

exfoliation of LDHs and metal oxides, with special focus on nickel and cobalt oxides and 

hydroxides are considered in the present work.  
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Fig. 2.21. Illustration of the different groups of 2D nanomaterials whose delamination is 

currently under investigation. Reprinted with permission of [119]. 

2.2.1 Chemical exfoliation of nickel-cobalt LDHs 

Layered double hydroxide nanosheets (LDHs) materials are a class of ionic lamellar 

compounds made of brucite-like layers with positive charge and an inter-lamellar space 

containing charge compensating anions and solvating molecules. In these, metal cations 

occupy the centre of edge-sharing octahedra that have hydroxide ions in the vertex, 

forming infinite 2D sheets. They have a generic formula [M2+
1-xM

3+
x(OH)2][A

n-]x/n·zH2O 

where M2+ can as an example either be Mg2+, Zn2+ or Ni2+ and M3+ may be Ga3+, Fe3+, 

Mn3+, Al3+or Co3+. The high energy density and ion content in the interlayer space result 

in strong interactions with hydrophilic properties. For that reason, it is quite challenging 

to achieve exfoliation of two-dimensional layers in water. As a result, many research 

groups have been focused on the delamination in organic solvents such as formamide 

[120].  

Generally speaking, there are two main approaches in the synthesis of LDHs nanosheets, 

namely, top-down and bottom-up. While top-down strategies are based on the 

modification of the inter-lamellar space that enables subsequent delamination in the right 

solvent; in the bottom-up approach reverse micelles are formed by introducing traditional 

co-precipitation into an oil phase.  

Bottom-up exfoliation  

The first time bottom-up exfoliation was used, it was performed by Hu et al., who used a 

reversed micro-emulsion method. They used co-precipitation of magnesium nitrates with 

aluminium nitrates at pH>10 and introduced it into an oil phase of isooctane with DDS 

and 1-butanol as surfactants [121]. In that manner, the aqueous phase, in which the co-

precipitation reaction is undertaken, is dispersed in the oil phase in the form of droplets 

that are surrounded by DDS. The size-limited micro-droplets, formed by Na-DDS and 1-

Butanol encapsulating water, control the size of the particulate created. Thus, by choosing 

the right ratio of solvents, tailored-size particles are achieved to the extent of producing 
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single layer LDH nanosheets. This system has been recently expanded to other LDH 

materials such as Ni-Al [122] and Co-Al [121] LDHs, but this field is still much less 

developed than its top-down counterpart.  This route, however, was not yet considered in 

the exfoliation of Ni-Co LDH materials.  

Top-down exfoliation approaches 

Generally, LDH materials are intercalated with surfactant molecules, such as 

dimethyldicholorosilane (DDS), intercalated prior to exfoliation. The aliphatic tail of 

DDS, which is negatively charged, exhibit high degree of interdigitation. If the solvent 

molecules can solvate the hydrophobic tails of the intercalated anion, delamination 

becomes possible. Exfoliation has been achieved in different solvents, namely; butanol, 

acrylates, chloroform, toluene, formamide, N, N-dimethylformamide and, finally, water. 

An overview for the exfoliation process and materials affected for each solvent is here 

introduced. 

The first reported delamination was achieved by Adachi-Pagano et al in 1999, when they 

delaminated Zn-Al-NO3 using DDS as surfactant and butanol as solvent [120,123], 

although more solvents were considered. Similar results have been achieved with higher 

alcohols such as pentanol and hexanol, but the exfoliation in water, hexane, ethanol or 

propanol was unsuccessful. Methanol was only partially successful.  

One key parameter during this exfoliation was the hydration state of the LDH material 

since delamination was only achieved when pre-drying treatment was undertaken. 

However, not all LDH materials can be achieved in butanol, such as Li-Al LDHs. Thus, 

dependence on the surfactant in terms of length and headgroup, the hydration state of the 

material among other parameters shall be considered [124]. 

O’Leary et al. studied exfoliation routes in polar acrylate monomers (HEMA, ethyl-

methacrylate, methyl methacrylate, ethyl-acrylate and methyl acrylate) for Mg-Al-DDS. 

After thermal treatment at 70oC and subjecting the mixtures to high shear, delamination 

was achieved [125].  

Mg-Al-DDS was delaminated in CCl4 by Jobbágy and Regazzoni. CCl4 and toluene 

expanded the hydrophobic interlayer space. However, in the presence of CCl4, the 

inorganic sheets lose their correlation, being successfully delaminated [126]. However, 

posterior evidence of exfoliation of Mg-Al, Co-Al, Ni-Al and Zn-Al LDHs materials has 

been obtained in toluene by means of stirring and sonication in toluene suspended LDHs. 

Mg-Al-CO3 LDH was also exfoliated in N,N-dimethylformamide mixed with ethanol by 

induced de-carbonization [127]. 

The first delamination in formamide was conducted by Hibino and Jones [128], who used 

Mg-Al-glycine and the strong hydrogen bonding between intercalated anions and the 

polar solvent to create a colloidal exfoliated dispersion. Later, they applied an analogous 

procedure to delaminate Ni-Al, Co-Al and Zn-Al LDHs materials [129]. Some other 

amino acids were also used with successful results when the amino-acid content did not 

exceed a 15-20% of the charge occupation rate.  Later, Mg-Al-NO3 was exfoliated in 

formamide with mechanical shaking by Sasaki et al. [130] and ultrasonic treatment by 

Wu et al. [131]. Hibino et al. tested different polar solvents and observed that formamide 

was the only solvent capable of penetrating the interlayer space of the LDH materials and 

suggested hydrogen bonding as the driving force of this interaction [129].It is assumed 

that formamide, being highly polar, would have a strong interaction with the hydrogen 

bonds presents in the hydroxyl layers, expelling the water molecules present in the 

interslab space. There is a replacement that weakens the interaction between the LDH 
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layers, due to the weaker bonding nature of the NH2 bonds at the end of the formamide 

chain.  Again, this procedure has been expanded to Co-Al, that was studied with a 

different range of intercalated anions [132], Zn-Al, Zn-Co-Al, Ni-Fe and Ni-Al [133,134].  

Although not strictly LDH material, due to their structural similitudes, studies on the 

exfoliation of Ni(OH)2 and Co(OH)2 were also undertaken. The first time the exfoliation 

of nickel hydroxide was reported, it was done by Matsumoto et al. who first intercalated 

SDS surfactant ions in the inter-lamellar space that enabled their exfoliation in formamide 

[135]. Other intercalated molecules, such as urea[136], have also been used for the same 

purpose. An alternative route was employed by Cui et al, in which β-Ni(OH)2 was 

synthesized by means of a sol-gel route including nickel chloride in benzyl alcohol, 

glycidol and carbon tetrachloride [137].  

On the other hand, Sasaki et al. produced cobalt hydroxide exfoliated nanosheets and 

tuned their morphology, forming SDS-intercalated cobalt hydroxide in nano-cone shape 

by means of a microwave assisted exfoliation[138]. α-Co(OH)2 was also exfoliated by 

precipitating cobalt aqueous complexes with propylene oxide to produce α-Co(OH)2 that 
exfoliates in formamide [139]. 

Sasaki et al. also reported the topochemical synthesis and exfoliation of LDHs materials 

by means of homogeneous precipitation of an aqueous solution of divalent cobalt and iron 

through HMT hydrolysis under nitrogen gas atmosphere. Then, iodine in chloroform was 

used in an oxidative intercalation, followed by ion-exchange and ultrasonication that 

would exfoliate the material into unilamellar nanosheets [140]. Later, they applied a 

similar synthesis route for nickel-cobalt hydroxide materials. They co-precipitated nickel-

cobalt LDH from chloride solutions in reflux, treated the resulting material in 

acetonitrile/bromine solution and posterior anion exchange and, finally, exfoliated the 

material in formamide[141].   

This route was considered for nickel-cobalt LDH materials. Co2+-Co3+ and Co-Ni LDHs 

were, therefore, successfully exfoliated in formamide[141,142]. For the first time, Ni-Co 

LDHs were delaminated into single nanosheets. However, these suffer re-stacking upon 

washing with water, drying and ageing [130,143]. 

An alternative method was used by Hu and Song for OER studies. In their study, Co-Co 

and Ni-Co LDHs were delaminated by means of a topochemical approach with Br- ions 

by oxidizing the corresponding hydroxides in a Br2/acetonitrile solution, followed by 

anion exchange in ethanol/water sodium nitrate solution and delamination in formamide 

[144]. 
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Fig. 2.22. Schematic representation the exfoliation process undergone and the 

corresponding materials’ structures. (a) Representation of a hydroxide material with d1 

as interlayer distance.  (b) LDHs structure with inter-slab anions and water molecules. 

(c) Exfoliated LDH monolayers in colloidal suspension. Each layer corresponds to 

edge-sharing octahedral MO6 unities where M denotes a metal element. (d) 

Transmission electron microscopy image of bulk LDH Ni-Co material. (e) Transmission 

electron microscopy image of single-layer exfoliated Ni-Co LDH.  Reprinted with 

permission of [144]. 

To prevent re-stacking, Kang et al. added carboxymethyl cellulose (CMC) to their 

topochemical approach. The introduction of CMC enables the nanosheet to be attached 

to it without destroying its colloidal state[143].  

Jin et al. further developed topochemical routes by controlling the precursor morphology. 

For that purpose, they developed a hydrothermal continuous flow reaction in which 

synthesis conditions could be manipulated to control the morphology and size of the LDH 

platelets. Then, they proceeded with exfoliation of said materials in formamide while 

avoiding the oxidation step by introducing oxygen in the precursor formation solution 

and directly oxidize the material. Their work brought light to the effect of precursor 

morphology in the exfoliation process and avoided one of the intermediate steps required 

in the topological standard synthesis [145].  

Nonetheless, the use of organic solvents is being substituted by water as solvent due to 

its lower cost and environmental impact. The first delamination reported in water was 

achieved by Gardner et al.[146], who hydrolysed Mg-Al-methoxide in water at room 

temperature. However, to achieve this delamination process, the parent alkoxide-LDHs 

must be synthesized in non-aqueous media.  

To avoid using a non-aqueous solvent in the synthesis process, Hibino et al. used Mg-Al-

lactate that, once rinsed or stored and matured in water, delaminate without the need of 
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thermal treatment. This was considered to be a consequence of the interaction of lactates, 

which were in a large stoichiometric excess, with water. In a similar fashion, Zn-Al-

lactate [147], was exfoliated. Moreover, upon drying, all samples restacked giving a better 

ordered layer stacking arrangement.  

Nethravathi et al were one of the first groups to claim exfoliation of nickel-cobalt 

hydroxides in water [148]. Although they had previously reported the exfoliation of said 

material in organic solvents such as butanol [149], in their attempt to exfoliate the material 

in aqueous solution, they intercalated p-Aminobenzoate ions in the interlamellar space of 

the LDH material by means of precipitation in ammonia. In the washing process, once 

the supernatant solution reached a pH of 7, a colloidal suspension of nanosheets was 

produced [148]. They later exfoliated α phases of nickel and cobalt by means of p-

aminobenzoate intercalation and subsequent exfoliation in water. Then, they mixed the 

colloidal dispersions and co-stacked them by adding nitrate ions and studied their 

electrochemical properties for supercapacitor applications [150].  

Ma et al. produced free-standing α-Co(OH)2/GO thin films by means of acetate-

intercalated cobalt hydroxide delamination. Although they could ultimately delaminate 

the nanosheets in water, the process required DMF to allow the exfoliation process. Once 

exfoliated, it was mixed with a GO suspension. Given the different surface charge in both, 

a flocculation driven electrostatic process occurred [151].  

The chemical delamination of nickel hydroxide, cobalt hydroxide and nickel-cobalt 

hydroxide in water was thoroughly investigated by Schneiderová [152–154] in a similar 

process to that of Hibino et al. [155] for Mg-Al LDHs. They exfoliated the three 

hydroxides following analogous procedures. Thus, they first synthesized dodecyl 

sulphate (DS-) intercalated hydroxide materials by hydrothermal precipitation in presence 

of HMT. Then, they proceeded to the anion exchange of DS- by lactate molecules in a 

H2O/CHCl3 mixture in the presence of CTAB. During the anion exchange reaction, the 

lactate intercalated hydroxide materials would become exfoliated when interacting with 

water. Furthermore, they investigated the electrochemical properties of the nanosheets 

after spin-coating and drop-casting on top of HOPG in KOH 1M. However, these 

materials were not extensively studied for energy storage purposes [152,153,156].   

2.2.2 Chemical exfoliation of nickel-cobalt oxides 

The delamination of nickel and cobalt oxides is less studied than the exfoliation of nickel 

and cobalt LDH materials. Nickel is usually exfoliated by means of alpha-nickel 

hydroxide and no report has been found regarding its delamination despite its layered 

structure. As seen in Fig. 2.23, Sasaki et al. reported the formation of a highly swollen 

nickel oxide phase by means of bromine oxidation and acid treatment. However, 

exfoliation was not reported[157]. 
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Fig. 2.23. Interlamellar expansion process for nickel oxide. Reprinted with copyright 

permission of [157]. 

On the other hand, the delamination of cobalt oxides was first reported by Kim et al. An 

initial attempt undergone by Masuda et al. to exfoliate Na0.7Co3.3+O2 through the 

intercalation of ethylamine only resulted in the formation of rocksalt-structured Co2+O 

nanocrystallites due to the instability of Co4+O2[158,159]. The first successful attempt 

consisted on the exfoliation of LiCoO2 in tetramethylamine hydroxide (TMA-OH). After 

LiCoO2 preparation, it was subjected to proton exchange in HCl 1M followed by its 

reaction with tetramethylammonium hydroxide in a TMA+/H+ ratio of 0.15-75 and 

centrifugation at 6000 rpm for 10 minutes. Then, they proceeded to their stacking by 

means of layer-by-layer self-assembly or electrophoretic process[158].  

An alternative method developed by the same group involved synthesis of Na0.7CoO2 that 

was subsequently oxidized to cobalt oxide mono- or bi-hydrate (Na0.35CoO2·0.6H2O/ 

Na0.35CoO2·1.3H2O) by means of Na2S2O8. Finally, the material  was exfoliated into 

NaxCoO2 nanolayers by reaction with organic amine or ammonium compounds[160,161]. 

The work reported the enhanced thermoelectric properties of 2D-nanostructured cobalt 

oxide after exfoliation of Na0.7CoO2 and restacking with CaCl2.  
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Fig. 2.24. Exfoliation and restacking procedure followed by Kim et al. Reprinted with 

copyright permission of [160]. 

Owen et al.[162] synthesized HCoO2 as precursor material in which TBA+ was 

intercalated. The intercalation of the sterically large cation in the interslab distance 

promoted the delamination of HCoO2 when ultrasonicated, producing [CoO2]
- nanosheets 

while the excess of H+ is neutralized with excess of hydroxide material. Different 

combination of reactants such as LiCoO2/TBA-OH, LiCoO2/LiOH and HCoO2/TBA-Br 

were unsuccessfully tested. For that reason, the formation of water by means of the 

HCoO2/TBA-OH reactant pair has been pin-pointed as a critical step in the delamination 

of this material. Once delaminated, they employed vacuum-assisted self-assembly 

(VASA method) to re-stack the material and use it as cathode material in reversible 

lithium ion batteries after cycling activation.  
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Fig. 2.25. (a) AFM image of [CoO2]
- nanosheets dropcasted from the exfoliated 

suspension onto mica substrate with the correspondent height profile revealing the 

presence of individual sheets with 0.35 nm thickness and (b) a bright-field HRTEM 

image of the cobalt oxide nanosheets revealing hexagonal closed-packed arrangement of 

cobalt atoms. Reprinted with permission of [162]. 

It is worth mentioning that the intermediate proton-exchange step is required, resulting in 

the formation of HCoO2, since the direct exfoliation of LiCoO2 has been reported to be 

unsuccessful. However, the irreversible binding of proton ions or the formation of 

hydrated phases can lead to detrimental effects on the electrochemical properties of the 

material for lithium storage applications, since less amount of lithium ions can be 

intercalated and de-intercalated, resulting in lower capacity. To avoid such intermediate 

step, an alternative method was developed by Chan et al. in which electrochemical 

oxidation was used to avoid the proton exchange step. After this treatment, it could be 

successfully delaminated by means of tetraethylammonium intercalation. The nanosheets 

were purified by dialysis and reassembled by either dialysis or electrophoresis and applied 

the resulting material for Li-ion battery applications. The restacked material showed an 

slightly lower capacity than bulk material[163].  

Tang et al. [164] recently reported the delamination of few-layer cobalt oxide by co-

precipitation, acidification and TBAOH intercalation, resulting in 1-4 nm slabs. Then, 

they re-stacked the nanosheets with exfoliated manganese oxide. The evaluation of the 

electrochemical performance of exfoliated cobalt oxide in 0.5M K2SO4 was done, which 

displayed a maximum of approximately 35 F·g-1, more than double than the non-

exfoliated precursor (~ 15 F·g-1) at 0.5 mV·s-1. When they co-stacked exfoliated birnessite 

manganese oxide and cobalt oxide, the material with a 3:1 Mn:Co ratio displayed a 

maximum capacitance of 97 F·g-1 at 0.5mV·s-1. Co-stacking after delamination was 

compared to simply mechanically grinding and mixing the precursor materials. The 

composite exhibited enhanced active surface area and intimate contact between the 

integrating materials that greatly improved the electrochemical performance. Moreover, 

better rate capability performance was observed at higher applied scan rates when 

compared to pristine manganese oxide as a result of the inclusion of conductive cobalt 

oxide phases [165]. 

At the present time, the author is not aware of publications on the exfoliation of nickel-

cobalt oxide into individual monolayers, which is the focus of one of the chapters 

presented in this manuscript. 
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2.2.3 Beyond exfoliation: re-stacking Ni-Co nanosheets for energy storage 

applications. 

The main objective behind the exfoliation of layered materials is its usage in composites 

and/or final applications. It is out of the scope of the present work to make an exhaustive 

description of re-stacked materials and techniques. Once exfoliated, the materials shall be 

re-stacked. The way in which they recover their 3-dimensional structure can be 

engineered to further exploit their properties. For that, they can be stacked either as a 

single material or as part of a composite material. The former intends to increase the 

active surface which, ultimately, increases the number of active sites. In energy storage, 

this potentially leads to increased capacity response. The latter, exemplified in Fig. 2.26, 

benefits from the synergistic effect induced by mixing two materials with different 

properties.  

Many macro-scale assembling techniques have been developed to use nanosheets as 2D 

functional blocks for composite materials, such as freeze-drying, spin-coating, dip-

coating, electrophoretic deposition, drop-coating or dialysis. Nonetheless, the 

development of more controlled techniques, in which the orientation and composition of 

the resulting material can be controlled have been developed. These are: flocculation, 

electrostatic sequential adsorption and Langmuir-Blodgett deposition. An overview of 

these techniques can be found in the extensive review on oxide and hydroxide nanosheets 

prepared by Ma and Sasaki [166].  

As aforementioned, the unique properties of 2D structured materials result in a vast 

number of potential applications. Layered materials have been applied in photovoltaic 

devices, water splitting and CO2 reduction or piezoelectric energy harvesting. They are 

of special interest in the field of energy storage, in particular, for supercapacitor and 

battery applications [167].  

The investigation of the electrochemical properties of Ni(OH)2 was promising due to the 

regular shape and size of the crystals formed. However, they degraded after 250 cycles 

due to the breakage of the nanoplatelets in smaller domains. However, tuneable porosity 

in the formation of 3D-materials from 2D precursors has been pin-pointed as a potential 

route to enhance the properties of this material [135,167].  Cui et al. also studied the 

energy storage properties of the nickel hydroxide nanosheets that they synthesized by a 

sol-gel route. However, they reported 933F·g-1 at 50mV·s-1 despite their battery like 

behaviour and no evaluation of their discharge response was done [137].  

The performance of exfoliated cobalt hydroxide has also been studied. α-Co(OH)2 

exfoliated in formamide was re-stacked and electrodes with 80:15:5 of active 

material:carbon black:PTFE were prepared. Pseudocapacitive performance was 

observed, with a maximum of 952 F·g-1 at 5mA·cm-2 for 10mg of active material in 6M 

KOH on top of nickel foam, slightly higher than the un-exfoliated material. Also better 

rate capability and cycling stability properties were presented [168]. A recent study 

performed by Rovetta et al. reported the liquid phase exfoliation of layered Co(OH)2 by 

means of a cascade process. First, the non-exfoliated precursor was washed with 

sonication and de-ionized water. Then, it was placed in a 9 mg·mL-1 sodium 

chlorate/isopropyl alcohol solution and exfoliated by means of 4-hour ultrasonication. 

The material was centrifuged for 2 hours at 1500 rpm. The sediment underwent the first 

ultrasonication. The supernatant was centrifuged at higher speed to isolate the nanosheets. 

After repeating this procedure several times, any non-exfoliated material was discarded. 

Then, their electrochemical performance was studied by spraying the material on top of 
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glassy carbon or Ni foam. A maximum capacity of 1480 F·g-1 at 40 mV·s-1 for a 0.89 mg 

mass loading of active material in 1M NaOH [169]. 

Rajamathi et al., as previously explained, exfoliated α phases of nickel and cobalt by 

means of p-aminobenzoate and co-stacked them by adding nitrate ions. They obtained a 

maximum of 990 F·g-1  at 1A·g-1 for a [Ni]/[Co] ratio of 4 in 2M KOH (no amount of 

active material used was reported) [150].  

Composite materials with interesting properties have already been produced. Exfoliated 

graphene is usually used for this purpose since it is the most studied 2D material with 

more standardized procedures to obtain and it presents excellent properties. For instance, 

in the particular case of exfoliated nickel hydroxide, the synthesis of reduced graphene 

oxide – nickel oxide composite was conducted by means of metathesis synthesis of 

graphene oxide intercalated α-Ni(OH)2 and posterior thermal treatment [170]. Further 

studies in the field of energy storage shall be done for this material. 

Wang et al. studied the electrochemical properties of exfoliated nickel hydroxide in 

combination with r-GO. They delaminated nickel hydroxide by intercalating SDS and 

delaminating in formamide and then mixed it with a GO suspension with the consequent 

flocculation. To obtain the reduced form of the composite, it was treated with hydrazine. 

They used an 85:10:5 mixture to proceed to the electrochemical characterization, which 

resulted in 1184.6 F·g-1 at 2A·g-1 as compared to the 945.8 F·g-1 for the electrode without 

r-GO (despite the battery-like behaviour observed) and a 96.4% retention after 400 cycles 

[171].   

A similar route was used for cobalt oxide, which was also combined with reduced 

graphene oxide by means of surface-modification assembly in which isocharged 

nanosheets of cobalt oxide were used. In their work, Hwang et al. modified reduced 

graphene oxide layers by means of surfactants and mixed them with anionic cobalt oxide 

and applied the resulting material as electrode material for lithium-ion batteries were 

promising results were obtained [172]. Similar studies have been done for energy storage. 

For instance, the composite material was studied for energy storage applications as 

electrode material, resulting in a reported value of 567.1 F·g-1 at 1A· g-1 in 1M KOH with 

increased rate capability and cycling stability. In general, r-GO tends to improve the 

electrochemical response of cobalt hydroxide by improving the hydroxide conductivity 

[173]. 

Zhang et al. reported the delamination of cobalt hydroxide by means of acetate 

intercalation and delamination in water by sonication, despite using DMF in their 

experimental procedure. After flocculation, the re-stacked material was used as Li-ion 

electrode material with a capacity of 120 mA·g-1 which was kept after 200 cycles [151].  

Liu et al. went a step further and, after delamination of α-Co(OH)2 in formamide and 

flocculation with GO, the resulting product was calcinated at 300-450 oC for 2 hours and 

thermal annealing at 500-700 oC for 90 minutes in Ar atmosphere. This resulted in 

Co3O4/r-GO, whose electrochemical properties were studied. Whereas r-GO showed 

pseudocapacitive behaviour, once the two materials were combined, two redox peaks 

were clearly visible. Nevertheless, they reported a maximum specific capacitance of 331 

F·g-1 at 5 A·g-1 while 130 F·g-1 and 260 F·g-1 were obtained for r-GO and Co3O4 

respectively. The material also exhibited a 122% capacity after 5000 cycles. This was 

explained by electrolyte penetration and material activation [174]. 
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Fig. 2.26. Schematic illustration of the resulting structures after exfoliation, 

combination and re-stacking. 

A similar approach was used by Yang et al. They delaminated Ni-Co hydroxide layer by 

means of p-aminobenzoate ions and graphite oxide into graphene oxide. Then, they mixed 

both solutions, which assembled oppositely charged nanosheets and formed the 

heterostructured materials. Finally, they did a thermal treatment at 200 oC for 6 hours to 

transform the material into NiCo2O4/r-GO. They studied the energy storage properties of 

the resulting composite, with a reported value of 835 F·g-1 at 1A·g-1 in KOH 1M after the 

1st cycle and 908 F·g-1 after the 4000th [175]. 

Anionic r-GO colloids interact favourably with cationic LDH via coulombic interaction. 

Sasaki et al. conducted direct hetero-stacking studies of Co-Ni and Co-Al LDHs 

exfoliated in formamide with graphene oxide by z-potential evaluation. Positively 

charged LDHs nanosheets (+50±4 mV) were combined with negatively charged Er-GO 

aqueous suspensions (-36.5±8 mV, after reduction with hydrazine). Reduced graphene 

oxide improved the charge transfer efficiency for energy storage applications of the 

composite materials. They reported values of 500-800 F·g-1 for LDHs and reduced 

graphene oxide composites at 1-10 A·g-1 with 97% retention after 2000 cycles [176]. 
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2.3. Concluding remarks 

An overview of electrodeposition and chemical exfoliation has been done as synthesis 

strategies to obtain nanostructured nickel and cobalt oxides and hydroxides from an 

energy storage point of view.  

One of the main goals in current research is to obtain high-power density, high energy-

density materials (HPEM), without compromising one for another. Obviously, the 

selection of material with adequate properties will greatly depend upon final application. 

Nonetheless, several strategies have been reported in literature and summarized in these 

introductory chapters to address certain challenges for the next-generation of energy 

storage materials; from different morphologies (to increase active surface area) to 

strategies to expand the voltage range in which a material is active.  

If the main goal is to increase energy density and power density, two overall approaches 

can be undertaken. On the one hand, increasing energy density of capacitive (high-power) 

materials. For that reason, different composite materials, doping strategies and device 

configurations have been developed. Another line of work is to increase power 

capabilities of high energy density materials. This would consist on using traditionally 

battery-like materials and try to increase their rate capabilities by means of 

nanostructuring and composite engineering. Among all possible materials to study, nickel 

and cobalt oxides and hydroxides are of special interest.  

Nickel and cobalt-based materials have been extensively used for energy storage 

applications. In fact, nickel hydroxide has been widely used as positive electrode material 

in alkaline batteries, among them nickel hydride and nickel cadmium batteries are the 

best known. This is because of its excellent charge storage properties and theoretical 

capacity. Consequently, it is interesting to study if these materials and their combination 

thereof can be tuned to exhibit high rate capabilities.  

With that in mind, two different strategies have been undertaken in the present 

manuscript, based on two contrary approaches. On the one hand, electrodeposition works 

as a bottom-up approach in which, during electrodeposition, nucleation starts and leads 

to crystallization from small nanoparticles to thin-films. By controlling certain 

parameters, such as potential, applied charge and time, different morphologies, film 

thicknesses, specific capacities and rate capabilities can be obtained.  

On the other hand, exfoliation starts from bulk material and, by means of a chemical 

approach, reduces interslab interactions in layered materials until, ideally, individual 

nanosheets are obtained. This is, essentially, a bottom-down approach. It is worth 

mentioning that nickel and cobalt hydroxide exfoliation in aqueous media have been 

recently reported while no report for nickel-cobalt oxides has been done so far. Regarding 

the former, no extensive electrochemical evaluation had been done for energy storage 

materials. Thus, this is an opportunity for further investigation on the exfoliation of these 

materials and their potential application as energy storage materials. It is worth 

mentioning that, for scaling-up, environmental and ease-to-manipulate purposes, research 

is focused on aqueous media since exfoliation in other solvents has been already reported.  

Furthermore, nickel and cobalt-based materials present certain disadvantages. To address 

them, a common strategy is to combine the material with carbon-based materials to 

improve their conductivity and reduce agglomeration. As reported, many different 

materials have been tested. Nonetheless, given its layered nanostructure, graphene has 

intrinsic potential to exhibit synergistic effects with nickel and cobalt oxides and 

hydroxides. Therefore, when considering synthesis of nickel and cobalt (hydr)oxides, 
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their possible combination with composite materials must be born in mind to maximize 

the synergy. In that regard, mixing graphene derivatives with nickel and cobalt 

(hydr)oxides had already been reported, but synthesis techniques usually require 

multiple-step and complex procedures. The co-electrodeposition of nickel-cobalt 

hydroxide and oxide with reduced graphene oxide had not yet been done and has two 

main advantages, namely, it is a single step process and no binders are required. For that 

reason, it has been in-depth studied and presented in this manuscript. Unfortunately, the 

combination of exfoliated nickel-cobalt hydr(oxide) nanoslabs has not been achieved, for 

timing reasons, in the present work. Nonetheless, once exfoliated, different strategies for 

the combination of nickel-cobalt (hydr)oxide with exfoliated graphene layers may be 

applied and, for that reason, the exfoliation here presented serves as an excellent route to 

produce a reduced graphene oxide/metal (hydr)oxide composite with intimate contact in 

which a synergistic effect may be possible. Thus, although the work presented in this 

manuscript addresses some challenges currently present in literature, expanding and 

complementing the work reported in literature, it also serves as a starting point for future 

research work.  
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Abstract 

Nickel-Cobalt double hydroxide materials are combined with Electrochemically Reduced 

Graphene Oxide (Er-GO) on top of Stainless Steel collectors by means of a one-step 

pulsed electrodeposition technique. Results show that, when Er-GO is integrated into the 

Nickel-Cobalt hydroxide matrix, there is an improvement of the electrochemical 

performance of the material, which shows increased capacity, stability and rate capability. 

As seen by Scanning Electron Microscopy (SEM), X-Ray Photoelectron Spectroscopy 

(XPS), Grazing-Incidence X-Ray Diffraction (GIXD) and Raman Spectroscopy, there is 

an excellent integration between the materials that leads to the enhanced electrochemical 

response. Capacity values up to 96 mA·h/g and a 62% capacity retention after 5000 cycles 

were achieved. Moreover, scan rates up to 2000 mV/s without loss in electrochemical 

response were possible proving its good rate capabilities. A detailed study of the cycling 

degradation phenomena was also done by means of electrochemical impedance 

spectroscopy (EIS). Thus, this novel electrodeposited material serves as an excellent 

material for energy storage applications. 
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3.1.1. Introduction 

Achieving a sustainable development requires society to migrate from fossil fuels and 

traditional energy usage systems to greener energetic arrangements, from production to 

usage and storage [1,2]. This ever-growing society relies more and more on off-grid 

technologies, requiring an optimisation on the cost-effectiveness, eco-friendliness and 

performance of energy storage devices. However, some challenges are currently being 

faced in order to keep up with this increasing demand of efficient energy.  

On one hand, Lithium-based batteries have been traditionally used and considered best 

candidates due to their high energy density, light weight and relatively long lifetime. 

However, they are potentially unsafe, their cost-effectiveness is not optimal and have 

issues regarding their eco-friendliness. Besides, the redox reactions associated to the 

lithium intercalation and de-intercalation entail two major problems: the degradation of 

electrode and electrolyte materials during cycling and hence limited lifetime and large 

activation barriers that prolong the charging process [3].  

On the other hand, Capacitors and Electric Double Layer Capacitors or Supercapacitors 

can efficiently store and supply energy in a very fast way during millions of cycles. This 

high-power density is a consequence of the absence of Faradaic reactions. Nonetheless, 

their energy density, especially compared to batteries, is extremely low, leaving room for 

research to exploit. 

During the last decade researchers have been extensively working to bridge the gap 

between supercapacitors and batteries. The goal is to achieve high power, high energy 

density and long lifetime within the same material. That led to the development of three 

different intermediate systems, namely; Pseudocapacitors, Faradaic-like Capacitors, also 

called Redox Pseudocapacitors and High-Power High-Lifetime Batteries or 

Pseudocabatteries. They are differentiated based on their electrochemical responses, and 

therefore, their constituent materials [4–6]. The first group is based on surface redox 

reactions that emulate supercapacitor behaviour, i.e. they do not have pronounced redox 

peaks in their voltammetric response and present linear dependence of the charge stored 

throughout the whole potential window. The most well-known group of pseudocapacitive 

materials are MnO2 and RuO2. On the other hand, Redox Pseudocapacitors have different 

redox and charge mechanisms, presenting redox peaks in the voltammogram and pseudo-

linearity in their charge-discharge which is a consequence of their nanostructured nature. 

This is, for example, the case of LiCoO2 [7–9].  

The scope of this paper is based on the third group of energy storage devices; high-power, 

high-rate batteries or, as Chae and Brousse et al. and others have defined, the development 

of an electrode material that can be used in pseudocabatteries. These devices display 

redox peaks in their voltammogram and a voltage-dependent response in the charge-

discharge curve, leading to higher energy and power densities and improved cycle 

lifetime.  

For the material to be optimal for this purpose, it not only has to have good capacity and 

a wide operational voltage window, but it must have, among others, good chemical 

stability, high surface area and good ionic and electronic conductivity. Finally, low cost 

and environmentally friendliness should also be considered. Bearing all these properties 

in mind, transition metal hydroxides (TMH) of Cobalt and Nickel in combination with 

graphene species have been studied as potentially good candidates for energy-storage 

electrode materials [6,10]. 
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Nickel and cobalt composites have been extensively used for energy storage. On one 

hand, Nickel compounds are usually selected for its relatively low cost, good capacity 

and electrochemical activity (theoretical value for the α/β couple of 490 mA·h/g) [11–

13]. On the other hand, Co(OH)2-based composites stand out for their high capacity 

values, reliable redox activity and large surface area, consequence of its layered structure 

[14,15]. Nonetheless, it is the combination of both hydroxides what has been proven to 

have the best performance [16] and often synergistic effects have been pin pointed [17]. 

In the recent past, binary metal oxides and hydroxides have become an interesting field 

for researchers to exploit due to their low cost, larger electrical conductivity and higher 

electrochemical activity than the individual components. For example, NiCo2O4 presents 

better electrochemical activity and electrical conductivity, which is at least two orders of 

magnitude higher than the single metal oxides. Several groups, such as Wang and Song 

or Gupta et al. have already developed Ni-Co hydroxide nanosheets that have high 

capacity, increased rate capability and better cycling stability than nickel and cobalt 

hydroxides individually due to a synergistic effect [16,18]. 

However, Nickel and Cobalt Hydroxides and combinations thereof present some 

drawbacks that include increased series resistance and decreased chemical stability during 

cycling. These effects decrease efficiency over time. Formation of aggregates may also 

occur, reducing the total active surface area and porosity, so limiting the electrolyte 

penetration and ionic conductivity [19,20]. Contrarily to these metal hydroxides, carbon 

materials, often used in Supercapacitors, have very good electrical conductivity, chemical 

stability and large active surface area [21]. Notwithstanding, their capacity values are, 

comparatively, extremely low. Thus, the incorporation of carbon-based materials with 

metallic species is becoming a field with great potential. 

Recently, there has been extensive research in the field of graphene and its derivatives, 

since its discovery by Novoselov et al. [22]. Graphene-based materials properties include 

excellent electrical conductivity associated with fast electron transfer, a high theoretical 

specific surface area (2630 m2/g which is lower in the case of graphene oxide derivatives 

but the oxygen groups can be used as anchoring points for metal hydroxide particles) and 

chemical stability [22]. Graphene derivatives also tend to aggregate but, due to its 

monolayer nature, they can be potentially combined with metal hydroxides to achieve a 

synergistic effect where both the single metal and single graphene derivatives reduce their 

tendency to agglomerate/aggregate and thus maximizing the electrochemical properties 

[23–25]. 

Reduced graphene oxide has already been combined with metal hydroxides and mixed 

double hydroxides in the past for energy storage purposes. Several methods have been 

used to produce such composite materials, such as chemical precipitation [26,27], 

hydrothermal [28], sol-gel [29], microwave assisted [30], electrophoretic deposition [31–

33] or potentiostatic and potentiodynamic electrodeposition [34].  

Despite the very promising results achieved, there is little understanding concerning the 

long-term behaviour, ageing and degradation processes of the metal/reduced graphene 

oxide composites. Thus, the present work focuses not only on the capacity performance 

of electrodeposited double Cobalt-Nickel hydroxides combined with Electrochemically 

Reduced Graphene Oxide (Er-GO) but also in its long-term degradation mechanisms by 

means of SEM and a detailed study of ageing by impedance spectra. Results show that 

graphene has two main contributions. On one hand, Er-GO stabilizes the metal hydroxide 

structures, accommodating strain in the charge discharge process. On the other hand, it 

provides a conductive matrix that reduces the total equivalent series resistance. Besides, 
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this improved conductivity may be related to the outstanding scan rate capabilities of the 

composites, whose values are above what is commonly reported in literature. 

3.1.2. Experimental 

3.1.2.1. Materials 

A commercial Graphene Oxide (GO) aqueous solution 4 g L-1 obtained from Graphenea 

Tech. Co. was used to prepare the composite electrode material. Ni(NO3)2·6H2O, 

Co(NO3)2·6H2O and NaNO3 (pro-analysis grade) were obtained from Sigma-Aldrich and 

used in the preparation of electrode materials as received. AISI 304 (Goodfellow) 

0.914mm thick stainless-steel plates were used as current collector and substrate for the 

electrodeposition, and previously polished with emery paper to a rough finish and double-

rinsed with water and acetone to eliminate abrasive particles and, finally, air-dried. 

Potassium hydroxide was used as received from Sigma-Aldrich and used to prepare a 1M 

KOH electrolyte solution. 

3.1.2.2. Synthesis of electrodeposited Electrochemically Reduced Graphene Oxide (Er-

GO), NixCo1-x(OH)2 and NixCo1-x(OH)2/Er-GO composites on Stainless Steel. 

Electrodeposition was carried out in a three-electrode electrochemical cell by means of 

an Interface IFC1000-07087 Potentiostat (Gamry Instruments) in a limited circular area 

of 1cm2. The as-prepared commercial solution of GO was diluted to a concentration of 

1g L-1 and mixed with Ni(NO3)2·6H2O and Co(NO3)2·6H2O with 6mM:3mM and 

3mM:6mM Ni:Co molar ratios. Different molarities and Nickel-Cobalt ratios were tested, 

however, only results for these molarities are presented in this work since they presented 

the best electrochemical response. To simplify, they will be designated as Ni-Co(OH)2 

(2:1) and Ni-Co(OH)2 (1:2) throughout this paper. A mixed solution of the metal nitrates 

with graphene oxide was obtained. Before electrodeposition, the aqueous solution of GO 

and its mixture with metal nitrates were ultrasonicated for 30 minutes to create a stabilised 

dispersion of the aforementioned components. 

To evaluate the response of electrochemically reduced graphene oxide deposited 

individually, a 1g·L-1 solution of GO solution was mixed with the appropriate quantity of 

NaNO3 to obtain the same electrolyte conditions. Nickel and Cobalt hydroxides were also 

electrodeposited individually under the same conditions. 

The electrodeposition process (ED) was performed using a platinum foil of 2.5x2.5 cm2 

as counter electrode and SCE electrode as reference. Pulsed Potentiostatic ED method 

was carried out with two cathodic potentials in a 10 second pulse for 30 cycles. The 

potential range studied for the pulsed potentiostatic depositions was from -0.8V to -1.2V. 

The results presented in this work correspond to a pulsed deposition between the voltages 

-0.9V and -1.2V since they presented the best electrochemical response for the deposited 

materials. The electrodes were washed with distilled water and dried for 24-48h before 

electrochemical measurements.  

The mass of the samples was determined by means of a micro-balance Sartorius MC5-

0CE with an accuracy of 0.01mg. The deposited mass of the composites was always 

comprised between 0.1 and 0.2 mg. 

3.1.2.3. Electrochemical Study of NixCo1-x(OH)2 and NixCo-1x(OH)2/Er-GO composites. 

All electrochemical characterization was performed using the aforementioned equipment 

and a three-electrode electrochemical cell with KOH 1M as electrolyte. Cyclic 

Voltammetry was carried out at the different scan rates (20-2000) mV·s-1 in a potential 



 3. Experimental results | 

171 

 

window ranging from -0.2V to 0.5V vs SCE electrode. Galvanostatic Charge/Discharge 

was also carried out at different current values (1 to 10 A·g-1) in the same voltage range. 

Lifetime cycling test was performed during 5000 charge-discharge cycles at 10 A/g. 

Finally, Electrochemical Impedance Spectroscopy (EIS) of the electrode material was 

measured. Prior to the measurement, a conditioning at the desired measuring voltage for 

1000 seconds was done. EIS measurements were carried out at different applied potentials 

(corresponding to charged and discharged conditions) by applying a sinusoidal 

perturbation with 10 mV of amplitude (RMS) in the frequency range of 0.01 to 105 Hz. 

3.1.2.4. Characterization 

Surface morphology and chemical composition of the as-prepared and cycled samples 

were studied by means of a Scanning Electron Microscopy (SEM) direct imagining and 

Energy-Dispersive X-ray Spectroscopy (FEG-SEM JEOL JSM 7800F Prime coupled 

with an EDS SDD X-Max 80mm2 Oxford Instruments AZtecEnergy detector), which is 

located at the centre of micro-characterization Raimond Castaing, Toulouse.  To obtain 

additional chemical information, Raman spectroscopy, Grazing-incidence X-Ray 

Diffraction (GIXD) and X-ray Photoelectron Spectroscopy (XPS) were used.  

High Resolution Transmission Electron Microscopy (TEM) images and Energy 

Dispersive X-ray Spectroscopy, located at the Platform of Materials Characterization of 

Aquitaine (PLACAMAT), were obtained by means of a TEM JEOL 2200FS + EDX 

JEOL Si-Li working at 200kV with an image resolution of 0.19 nm and an EDS point 

resolution of 1.5nm. The images were obtained by scratching a portion of the 

electrodeposited layer and dispersing it in ethanol on top of a carbon grid.   

Raman Spectra were acquired using a LabRAM HR Evolution Raman spectrometer 

(HORIBA, Jobin Yvon, Edison, NJ) with integrated BX41 microscope (Olympus) with 

an operating laser at 532 nm focused with a 50x objective lens. The spectra were obtained 

with an acquisition time of 10s and 10 accumulations. A spectrograph with a 600 

lines/mm grating was used to provide a spectral resolution of 2 cm−1, and the confocal 

hole size was set at 100 mm. The Raman spectra of each sample were truncated (100 and 

3500 cm-1).  

Regarding XPS surface analysis, a ThermoFisher Scientific K-ALPHA spectrometer was 

used with a monochromatized Al Kα source (hν = 1486.6 eV) and a 200 microns spot 

size. A pressure of 3·10-7 mbar was reached in the load lock chamber before the insertion 

of the samples in the analysis chamber and a pressure lower than 10-8 mbar inside the 

analysis chamber was attained for all the measurements. The spectra were acquired from 

0 to 1100 eV at a constant pass energy of 200 eV and the high-resolution spectra for the 

elements (C1s, O1s, N1s, Ni2p, Ni3p, Co2p, Co3p, Fe2p, Fe3p, Cr2p and Si 2p) were 

obtained at a constant pass energy of 40 eV. Charge neutralization was applied during 

analysis. High resolution spectra were fitted and quantified using the AVANTAGE® 

software provided by ThermoFisher Scientific.  

Finally, GIXD analysis were carried out by means of a BRUKER D8 Advance with Cu 

radiation (λCu = 1.54056Å) operating at 40kV and 40 mA with a moving detector. The 

incidence angle was fixed around 1-1.5o according to the sample measured.  
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3.1.3. Results and Discussion 

3.1.3.1. Physico-Chemical Characterization 

Results in Fig. 3.1.1 reveal the morphology of the NixCo1-x(OH)2 and NixCo1-x(OH)2/Er-

GO composite electrode materials synthesized by pulsed potentiostatic electrodeposition 

at room temperature. In combination with Energy Dispersive X-Ray Spectroscopy (EDS), 

whose results are shown in Table 3.1.1, the results evidence that there is no presence of 

iron and therefore full coverage of the current collector. Results suggest that the 

electrodeposited material seems to grow thanks to stacking of nickel and cobalt hydroxide 

platelets in a randomly oriented but densely packed manner, which results in a surface 

film. As opposed to previously reported Ni-Co hydroxide materials, which usually show 

a more porous spike-like or flower-like structure that consist of individual platelets [35–

38], the electrodeposited NixCo1-x(OH)2
 materials seem to be more compact, with platelets 

mostly oriented on a parallel level to the substrate instead of being aligned 

perpendicularly to the substrate. Nonetheless, spike-like features can still be observed on 

the external surface of the material, showing the expected structure previously reported 

for these materials. This produces some roughness in the surface morphology that is 

clearly visible by SEM and that would correspond to superficial electrodeposited 

platelets.  

On the other hand, NixCo1-x(OH)/Er-GO materials present, as expected, additional 

features in the film, corresponding to Electrochemically Reduced Graphene Oxide (Er-

GO) whose flexible two-dimensional sheets present wrinkles and folded regions. On top 

of the Er-GO surface, the same spike-like structure appears due to the presence of the 

electrodeposited transition metal hydroxides. However, a less compact structure is 

observable compared to the individual double hydroxides. Thus, it can be concluded that 

Er-GO acts as a platform that embeds the metal hydroxide spike-like nanostructure and 

avoids its stacking to a certain extent. 

It can be seen that there is an excellent interaction and integration in terms of morphology 

between these two materials. This is in accordance to the previously reported Er-

GO/electrodeposited metal materials [34,39–43]. Presence of spike-like structures at 

different regions and depths of the composite can be observed. From that, it can be 

assumed that the electrodeposition of the metal hydroxides and Er-GO is simultaneous 

and that, once an Er-GO layer is electrodeposited, it is immediately covered by the 

hydroxides. Then, it successively deposits another Er-GO layer continuing the growth 

process. Thus, by combining these two materials it seems that Er-GO agglomeration is 

also avoided up to an extent, creating surface hydroxide layers on top of Er-GO that 

reduce stacking and agglomeration of the two integrating materials. This may contribute 

to a better electron/ion transfer in the material improving the electrochemical response by 

a synergistic effect. This is corroborated by an enhanced electrochemical response due to 

increased exposed active surface area as discussed below.  

Analogous results are obtained by means of TEM and are presented in Fig. 3.1.2. Fine 

structure of the composite materials is presented showing the poor crystallization and 

turbostratic nature of the materials where only in the thinnest regions it is possible to 

observe the plane structures. Moreover, when Er-GO is introduced the samples are even 

less crystalline as in agreement with GIXD, presented later in this section. Energy 

Dispersive X-Ray Spectroscopy results are presented in Fig. 3.1.3 and 3.1.4. Both 

chemical composition; showing the good integration between Nickel hydroxide, Cobalt 

hydroxide and Er-Go; and mass percentage semi-quantification are presented. It is worth 
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mentioning that the resolution of EDS spot point is smaller than that of the Nickel-Cobalt 

atoms distance and, therefore, superposing points are obtained. 

 

Fig. 3.1.1. SEM images of (a)Ni-Co(OH)2 (2:1) (b) Ni-Co(OH)2 (2:1) /Er-GO (c) Ni-

Co(OH)2 (1:2) and (d) Ni-Co(OH)2 (1:2)/Er-GO electrode materials electrodeposited 

over Stainless Steel. 
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Fig. 3.1.2. High-Resolution and fine structure Transmission Electron Microscopy (HR-

TEM) images of (a) Ni-Co(OH)2 (2:1), (b) Ni-Co(OH)2 (1:2), (c) Ni-Co(OH)2/Er-GO 

(2:1) and (d) Ni-Co(OH)2/Er-GO (1:2). 
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Fig. 3.1.3. Elemental mapping of Carbon, Oxygen, Cobalt and Nickel detected by EDS 

analysis for (a) Ni-Co(OH)2 (2:1) and (b) Ni-Co(OH)2/Er-GO (2:1).  

 

 

 

(a) 

(b) 
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Fig. 3.1.4. Elemental mapping of Carbon, Oxygen, Cobalt and Nickel detected by EDS 

analysis for (a) Ni-Co(OH)2 (1:2) and (b) Ni-Co(OH)2/Er-GO (1:2). 

EDS can serve as a semi-quantitative technique of chemical analysis for the composite 

materials as shown in table 3.1.1. If the ratios between Nickel and Cobalt are taken into 

account, the empiric formula calculated for them would approximately be 

Ni0.33Co0.66(OH)2, Ni0.33Co0.66(OH)2/Er-GO,  Ni0.66Co0.33(OH)2, Ni0.66Co0.33(OH)2/Er-

GO; which is in accordance to the molar ratios used in the electrodeposition procedure. 

Similar results can be obtained by studying semi-quantitatively the atomic percentage by 

means of X-Ray Photoelectron Spectroscopy (XPS).  

 

 

 

 

(b) 

(a) 
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Table 3.1.1 

Semi-quantitative mass percentage results obtained by means of Energy Dispersive X-

Ray Spectroscopy (EDS) for the electrodeposited samples.  

 
Ni-Co(OH)2 (1:2) 

Ni-Co(OH)2 (1:2) 

/Er-GO 
Ni-Co(OH)2 (2:1) 

Ni-Co(OH)2 (2:1) 

/Er-GO 

Cobalt 46.1±0.7 40.2±2.5 23.7±0.5 21.1±0.9 

Nickel 26.2±0.7 25.1±1.4 43.6±0.4 42.3±1.1 

Oxygen 25.6±0.6 29.2±1.7 29.5±0.7 29.1±1.8 

Carbon 1.1±0.2 5.3±1.2 1.7±0.3 7.2±1.3 

Nitrogen 1.0±0.3 0.2±0.2 1.5±0.1 0.3±0.3 

XPS confirms the presence of Nickel-Cobalt hydroxides and that Er-GO does not alter 

the chemical composition of the metal hydroxide by having a similar ionization response. 

A semi-quantitative XPS analysis of the atomic percentages of the samples was also done. 

To obtain the presented results, the area beneath each peak was evaluated at five different 

points of the sample and used to calculate the atomic percentage of each element in each 

sample. A similar procedure for area calculation is used for all the samples. Since peak 

shape and position are also identical for the different samples, they are not shown. 

Average atomic percentage results are shown at table 3.1.2. Shake-up satellite peaks for 

both Cobalt and Nickel were not considered in this calculation, only the main peak at the 

Ni2p3/2 and Co2p3/2 were considered as seen in Fig. 3.1.5. On the other hand, the whole 

area was used to evaluate the quantity of the rest of components, namely, oxygen, nitrogen 

and carbon. Fe, Cr, N and Si were also investigated to study the possible presence of 

substrate signal. Fe, Cr and Si material species were not detected, while traces of N could 

be sometimes observed. This may be result of intercalated ions from the nitrates present 

in the electrodeposition electrolyte, intercalation commonly observed in Nickel-Cobalt α 

phases, as explained later in this work. 

Table 3.1.2 

Semi-quantitative atomic percentages with their corresponding errors obtained by means 

of X-Ray Photoelectron Spectroscopy for the samples Ni-Co(OH)2(2:1), Ni-

Co(OH)2(2:1)/Er-GO, Ni-Co(OH)2(1:2) and Ni-Co(OH)2(1:2)/Er-GO. 

 
Ni-Co(OH)2 (1:2) 

Ni-Co(OH)2 (1:2) 

/Er-GO 
Ni-Co(OH)2 (2:1) 

Ni-Co(OH)2 (2:1) 

/Er-GO 

Cobalt 8±1 5.0±0.6 3.1±0.7 3.3±0.8 

Nickel 3.2±0.7 2.6±0.1 7.0±0.2 5.8±0.5 

Oxygen 50±1 39±2 49.3±0.8 44±4 

Carbon 37±2 52±3 38±1 47±5 

Nitrogen 1.8±0.6 1.3±0.2 1.6±0.3 0 

A significant increase in Carbon atomic percentage is obtained when Er-GO is included 

as expected. If Nickel/Cobalt ratios are studied, the following values are obtained: 

0.32/0.68; 0.37/0.63; 0.67/0.33 and 0.65/0.35. Although these values, as in EDS, are 

semi-quantitative, they can give an idea of the chemical composition of the composite 

materials and show their accordance to the molar ratios used during the electrodeposition 

process. 
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The ratio is preserved throughout the different Ni-Co(OH)2 layers and is in accordance 

with EDS. As expected from the molar concentration present in the electrolyte, results 

give an empiric formula of Ni0.33Co0.66(OH)2 and Ni0.66Co0.33(OH)2 and their respective 

Er-GO based equivalent composites. 

 

Fig. 3.1.5. Example of the area considered for semi-quantitative analysis calculation by 

means of XPS for Ni2p3 and Co2p3 for Ni-Co(OH)2(2:1). Analogous fittings and 

calculations were performed for Ni-Co(OH)2(2:1) /Er-GO, Ni-Co(OH)2(1:2) and Ni-

Co(OH)2(1:2) /Er-GO. 
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Fig. 3.1.6 shows the Grazing-Incidence X-Ray Diffraction (GIXD) patterns for the 

NixCo1-x(OH)2 compounds. Results show that the GIXD patterns for the composites 

without introducing electrochemically reduced graphene oxide (Er-GO) have two main 

peaks. The values correspond to an α phase of Ni-Co(OH)2 with an interlayer distance 

and diffraction peaks in accordance to previously reported literature [18,44–48]. 

The values are analogous to those obtained for well-crystalized references of the metal 

hydroxides, where they are indexed as the {00l} family of plane reflections, in particular 

{003} and {006} [49,50]. As reported by Delmas [51] and co-workers and Bing et al. 

[52], one of the most important differences when distinguishing between the two main 

phases of Nickel and Cobalt hydroxides, α and β, is the stacking of layers along the c-

axis. While β phases present an interlamellar distance of 4.8 Å without any intercalated 

species, α phases show a much larger distance of ranging from 7.5 to 8.5 Å depending on 

the intercalated anion and a random orientation of the layers with water intercalated 

between the hydroxyl groups. Since the samples show values close to 8 Å for the first 

family plane, it can be unequivocally identified as an α phase [44,51–53]. The expanded 

interlayer space of α phases has been extensively studied and is a consequence of anionic 

species and water intercalation in the interslab space. Several anionic species have been 

reported to be intercalated, such as CO3
-2, SO4

2- or NO3
-[51]. In this case, it is likely that 

some of the intercalated anions to form the α phase are NO3
- since they are present in the 

initial electrodeposition electrolyte and the presence of nitrogen is confirmed by XPS.  

Additionally, the composites in which Er-GO is introduced have poorer peak resolution. 

As observed by SEM, the crystal structure for the electrodeposited metal hydroxides is 

much smaller when incorporated onto the Er-GO matrix. These thinner crystals create 

smaller coherence domains that lead to a widening of the spectra lines. That reduction of 

the coherence domain leads to a response that virtually has the same peaks as their 

parental hydroxide, with approximately the same peak positions but much broadened and 

less defined. Thus, broad peaks are associated to smaller particle size. 

Deposited samples are nanostructured in nature and present apparent low thickness. As a 

consequence, this has made impossible to measure the XRD signal of Er-GO and has led 

to low signal/noise ratio results for the composite materials. A low-ordered and high 

interlamellar distance material is in accordance with the resolution of the XRD peaks 

obtained. Therefore, this can be correlated to a higher active surface area and, hence, a 

better electrochemical response is expected. In conclusion, GIXD results are associated 

to an α-phase of nickel and cobalt hydroxide and Ni-Co(OH)2 embedded into the surface 

of Er-GO layers, as observed by SEM. 
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Fig. 3.1.6. Comparative GIXD results for the samples (a) Ni-Co(OH)2(1:2)2 and Ni-

Co(OH)2(1:2)/Er-GO (b) Ni-Co(OH)2(2:1) and Ni-Co(OH)2(2:1)/Er-GO. 

Raman spectroscopy was used to further characterize the composite. Raman spectroscopy 

has been proven to be an excellent tool to characterize carbon derivatives and, in 

particular, graphene derivatives. Fig. 3.1.7 shows the Raman spectra obtained for the 

different composites (Raman spectra for dropcasted non-reduced graphene oxide in 

comparison to Er-GO is presented in Fig. 3.1.7). All the peaks shown in the lower region 

of the spectrum are associated to Nickel and Cobalt hydroxide whereas the peaks from 

1000 cm-1 upwards are related to graphene derivatives.   
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Fig. 3.1.7. Raman Spectra for (a) Ni-Co(OH)2(1:2) and Ni-Co(OH)2(1:2)/Er-GO and (b) 

Ni-Co(OH)2(2:1) and Ni-Co(OH)2(2:1)/Er-GO Electrodeposited on Stainless Steel. 

For all the samples shown, the D band assigned to Er-GO or GO is located at around 1340 

cm-1 and the G band at approximately 1590 cm-1, which is characteristic of this group of 

materials. On the one hand, the D band is ascribed to the breathing modes of the sp2 

configuration of the aromatic carbon rings, this is defects and disorder. On the other hand, 

the G peak at around 1590 cm-1 is related to first-order scattering of the E2g phonon of sp2 

carbon atoms, i. e. in-plane-bond-stretching motion of the pairs of Csp2. Finally, they also 
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present 2D bands at around 2700 cm-1 associated to stacked graphene oxide or reduced 

graphene oxide layers, indicating a higher number of agglomerated material[54,55].  

It is worth noticing that two extra peaks are observed in the case of drop-casted graphene 

oxide at 1143 cm-1 and 1754 cm-1 which, according to some authors [56,57], are exclusive 

from non-reduced forms of graphene derivatives. This is in accordance with our results, 

since they disappear in the reduction process of electrodeposition. However, the most 

significant characteristic is the attenuation of the G band for Er-GO in relation to the D 

band. As previously reported in literature [56], the G band is associated to sp2 carbons, 

suggesting a decrease in the size of the hybridized domains, related to the removal of 

oxygen groups in the restoration of the graphene-like network. Similar results were 

obtained for the composites with nickel and cobalt hydroxide, indicating a good reduction 

process for graphene oxide when transition metals are present in the system. Moreover, 

if the intensity ratios obtained for ID/IG are compared, the values obtained are 1, 1.17, 1.38 

and 1.36 for dropcasted GO, Er-GO, Ni-Co(OH)2(1:2)/Er-GO and Ni-Co(OH)2(2:1)/Er-

GO respectively, which can be correlated to a better reduction process of the carbon 

monolayers by integrating metal hydroxide particles [34,56,57].  

As opposed to XPS, where nickel and cobalt compounds could be easily characterized, 

due to the nanostructured nature of the metal hydroxides it is extremely difficult to 

accurately assign a response for such materials, being Raman mainly used to characterize 

the carbon form than the metal hydroxides. Despite that, some metal hydroxide bands can 

still be assigned according to literature. For Ni-Co(OH)2(1:2) four main peaks are present, 

at approximately 185.5 cm-1, 473.6 cm-1, an intense band at 519.2 cm-1, 661.3 cm-1. These 

values are close to previously reported literature and may be associated to Eg mode, O-

M-O bending, M-O Ag vibrations, and Ag modes respectively. Also, a broad band at 1066 

cm-1 is associated to the presence of residual nitrates or hydroxyl deformation modes. The 

fact that the two main peaks are located at 473 and 519cm-1 would suggest a majority of 

α phases in the composite, as previously reported in literature for both nickel and cobalt. 

Nonetheless, although they can be somehow correlated, there is a displacement of the 

peaks when Er-GO is incorporated. It is well known that the position of Co(OH)2 bands 

are greatly dependent upon the substrate and the coating process. When incorporating Er-

GO, the electrodeposition of the metal hydroxide is switched from the stainless steel 

surface to the active surface area of Er-GO, which can explain the different response 

under Raman stimulus [34,58–60]. 

Ni-Co(OH)2(2:1) has three main peaks at 463cm-1, 524 cm-1 and 1039cm-1. This can be 

assigned to O-M-O bending, M-O Ag vibrations, and either –OH deformation modes or 

residual nitrates in the structure that would come from the electrodeposition process. In 

this case, more similar peaks are present in the Er-GO based composite. Once again, this 

is in accordance with XRD since it is related to an α structure according to literature for 

both Ni(OH) 2 and Co(OH)2 [58,61–63]. 
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Fig. 3.1.8. Raman Spectra comparison of dropcasted graphene oxide and 

electrochemically reduced graphene oxide. 

3.1.3.2. Electrochemical Characterization 

It is well known that the electrochemical response of energy storage materials is closely 

related to their active surface area, their capacity and their conductivity among others. If, 

as suggested by SEM, the binder-free integration between Er-GO and the double metal 

hydroxide material is good, the carbon material could provide a good conductive matrix 

with increased surface area that would support the highly capacitive hydroxides. Thus, an 

increase in the electrochemical performance of NixCo1-x(OH)2/Er-GO would be expected. 

Moreover, the interconnection between the nanosheets may prove useful to reinforce the 

electrode material to resist upon cycling. Materials were tested by means of cyclic 

voltammetry as shown in Fig. 3.1.9a. Cyclic voltammetry of NixCo1-x(OH)2 and NixCo1-

x(OH)2/Er-GO and, for comparison purposes, the individual metal hydroxide Ni(OH)2 

and Co(OH)2 are presented. The results, measured in KOH 1M, are shown in a potential 

range that varies within -0.2V to 0.5V (vs. SCE) for measurements performed at a scan 

rate of 50 mV/s. 

As expected from previously reported literature, all Ni-Co hydroxide-based materials 

present a couple of peaks corresponding to the cathodic and anodic waves. For Cobalt 

hydroxide the oxidation peak occurs at approximately 0.016 V (vs. SCE) while reduction 

happens at -0.028 V (vs. SCE). This is associated to one redox reversible reaction for the 

couple Co(II)/Co(III) for the redox reaction:  

Co(OH)2 + OH- ↔ CoOOH + H2O + e- (eq. 3.1.1) 

On the other hand, Nickel hydroxide also shows one reversible reaction which is 

associated to the well-established reaction: 

Ni(OH)2 + OH- ↔ NiOOH + H2O + e- (eq. 3.1.2) 
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with an oxidation peak at 0.39 V (vs. SCE) and a reduction peak at around 0.29V (vs. 

SCE).  It is worth noting that both reactions are associated to hydroxyl transfer and, 

therefore, the KOH electrolyte penetration is expected to play a key role in the rate 

capabilities of the process and in the overall electrochemical performance. Moreover, 

there is a phase transition from α-Ni-Co(OH)2 to γ-Ni-Co(OOH) when the sample is 

charged which is reversed when discharged. Analogous reactions are expected for the 

double hydroxide material, with intercalation/de-intercalation of hydroxyl anions. 

  
Fig. 3.1.9. (a) Cyclic Voltammetry comparison at 50 mV/s  and (b) Galvanostatic 

Charge Discharge comparison at 1A/g. 
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When the double-hydroxide material, NixCo1-x(OH)2, is investigated by CV three main 

features can be observed. First, one pair of redox peaks, associated to the aforementioned 

reactions. It can be noticed that these peaks are broadened in comparison to those 

observed for single Nickel and Cobalt Hydroxides, indicating overlapped contributions 

from both Nickel and Cobalt. Secondly, a displacement of the peaks is also observed 

according to the quantity of nickel or cobalt introduced in the system. In fact, for Ni-

Co(OH)2(1:2) the redox peaks are displayed in a potential region that is closer to single 

cobalt hydroxide, namely, an oxidation peak at 0.23V and a reduction peak at 0V (vs. 

SCE); whereas for Ni-Co(OH)2(2:1) the voltammetric waves are closer to the single 

Ni(OH)2 peak region, this is, 0.38V and 0.03V for the oxidation and reduction reactions 

respectively. It is also worth mentioning that the ratio between the oxidation and reduction 

peaks is closer to one in comparison to the individual metal hydroxides, showing a good 

reversibility of the redox reaction. In fact, while Ni(OH)2 and Co(OH)2 present a 

maximum current peak ratio (Imax, cathodic/ Imax, anodic) of 3.7 and 1.6 respectively, the 

composite materials have a value around 1.2 in any case, suggesting a good reversibility 

of the reaction.  

The area under the cyclic voltammograms of the double hydroxide materials is much 

larger compared to single nickel and cobalt hydroxide. This entails a growth in the 

capacity behaviour of the material. There is a synergistic addition to their response 

creating not only an intermediate behaviour but an increased response as a result of a 

cohesive electrochemical performance. This is in good accordance with previously 

reported literature [47,64,65].  

When Er-GO is integrated into the mixed Ni-Co hydroxides (Fig. 3.1.9a), the 

voltammetric profile is similar to their analogous carbon-free material showing the 

presence of a main anodic and cathodic waves. This is attributed to the strong faradaic 

process that, as expected, contribute more to the capacity than the double-layer 

charging/discharging of Er-GO. A synergistic effect can again be seen with enlarged 

capacity response for the composite material. Peaks are maintained although slightly 

displaced, reducing the anodic/cathodic peak distance to more intermediate values of 

Ni(OH)2 and Co(OH)2 peaks; 0.22V and 0.35V for the oxidation peaks and 0V and 0.13V 

for the reduction peaks of Ni-Co(OH)2(2:1)/Er-GO and Ni-Co(OH)2(1:2)/Er-GO 

respectively.  

Capacity values are calculated for these composites from discharge curves presented in 

Fig. 3.1.9b. As it can be observed, GCD curves present a plateau at around 0.1-0.2 V 

making the response voltage dependent.  While Ni-Co(OH)2(1:2) and Ni-Co(OH)2(2:1) 

present values of only 30 and 34 mA·h/g at 1A/g; Ni-Co(OH)2(1:2)/Er-GO and Ni-

Co(OH)2(2:1)/Er-GO present an increase of around a 250% in their capacity response, 

with values of 96 mA·h/g for the first and 74 mA·h/g for the latter. Nickel-Cobalt 

hydroxides have been previously reported in literature, also combined with graphene 

derivatives. Kulkarni et al. presented a similar result for the Ni-Co hydroxides by studying 

the potentiodynamic deposition of Co-Ni LDH on top of Stainless Steel. The results 

reported capacitance values of 1164 F/g at 100mV/s with 77% retention after 10000 

cycles in KOH 2M with similar discharge values to the ones obtained in the present report 

[66]. Other synthesis techniques have also been investigated, like the one used by Meng 

et al., a solvothermal synthesis to produce an analogous material with values up to 855.4 

C/g in 6M KOH in a 0.5V range and an 80% retention after 1000 cycles [67]. 

Several groups have focused in increasing the specific capacity by introducing another 

substrate. For instance, Zhang et al. published Ni-Co LDH on top of Nickel Foam on a  
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zeolitic imidazolate framework with a specific capacity of 894 C/g at 2A/g for a 0.45V 

potential range [68]. 

Araki et al. reported stabilized sol-gel alpha-NiCo(OH)2 at different molar ratios with 

specific capacity ranging from 355 to 714 C/g and a 700 cycle stability of the system [69]. 

The same group recently reported a mixture of Ni-Co alpha hydroxides mixed with 

reduced graphene oxide, achieving values analogous to the present work as high as 1348 

F/g and a 96% retention after 5000 cycles while Ni-Co hydroxides on their own delivered 

an specific capacitance of 1036 F/g with a similar capacitance retention [70].  

Other examples with graphene include the work of Bai et al. that describes a reduced 

graphene oxide skeleton on top of a nickel foam that was consecutively dip-coated with 

Ni-Co double hydroxide achieving a capacitance of 1054 F/g in a 0.5V potential range 

and 70% retention after 4000 cycles [41] or the one presented by Wang et al. that wrapped 

nanohexagons of the double hydroxide with reduced graphene oxide with a maximum 

capacitance of 1292.79 F/g and an 85.9% retention after 2500 cycles [71].  In any case, 

when graphene derivatives are introduced, aggregation is reduced and electron transport 

is increased.  

In this study, the individual response of the material, by selecting an electrochemically 

inert substrate, and the effect that electrochemically reduced graphene oxide produces in 

the double hydroxide and its electrochemical cycling degradation are investigated. The 

increased capacity when Er-GO is incorporated is associated to a synergistic effect that 

can be attributed to several reasons. First of all, the network of the composite material 

provides more anchor sites compared to double metal hydroxides deposited directly on 

top of stainless steel. This is a more extensive active surface area that will reduce 

aggregation and increase the total deposited active material.  

On second place, increased efficiency in both charge transport and ion mobility is 

achieved due to the intimate contact between the carbon conductive material and the metal 

hydroxide capacitive material. Graphene is known to be an excellent electronic 

conductor, thus, a sustained matrix for an enhanced electron transfer is created with this 

approach. An increased active surface area can be related to a major electrolyte/electrode 

interaction, leading to a better hydroxyl ion mobility, which is responsible for the faradaic 

reactions. Finally, the nanostructured nature of the flakes of graphene-derivative 

composite material lead to an increased porosity and active surface area as observed by 

SEM. This is opposed to the compact double hydroxides material and may also contribute 

to the accessibility of the electrolyte and ion mobility enhancing the electrochemical 

response [22].  

Fig. 3.1.10a, 3.1.10c, 3.1.11a and 3.1.11c show the evolution of the composite materials 

with different scan rates, ranging from 20 mV/s up to 2000 mV/s depending on the 

material. The two characteristic peaks are always present when increasing the scan rate 

up to 200 mV/s. As the scan rate increases, there is a shift of the anodic peak towards 

more positive potentials while cathodic peaks behave in the opposite manner. This is 

related to an increase in polarization effects and evidences the reversible nature of the 

redox process present in the system. The peak current density also increases with 

increasing scan rates, phenomenon associated to smaller diffusion layers [35,41]. 

For Ni-Co(OH)2(1:2) and Ni-Co(OH)2(2:1) the curve shape is lost when higher scan rates 

are used, while for Er-GO based composites higher scan rates can be achieved. The slower 

nature of redox reactions, so as the difficulties for the hydroxyl ion to mobilise and access 

the surface area reduce the reversibility of the process, which is translated in a 

deformation of the cyclic voltammogram shape at high scan rates. The increment in the 
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oxidation peak potential is associated with a diffusion controlled mechanism for the 

hydroxyl ions [72]. 

 
Fig. 3.1.10. Cyclic Voltammetry at different scan rates and Galvanostatic Charge-

Discharge Curves at different current densities for (a,b) Ni-Co(OH)2(2:1) and (c,d) Ni-

Co(OH)2(2:1)/Er-GO. 
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Fig. 3.1.11. Cyclic Voltammetry at different scan rates and Galvanostatic Charge-

Discharge Curves at different current densities for (a,b) Ni-Co(OH)2(1:2) and (c,d) Ni-

Co(OH)2(1:2)/Er-GO. 

When Er-GO is introduced, the system can reach scan rates as high as 1200 mV/s for Ni-

Co(OH)2(2:1)/Er-GO and 2000 mV/s for Ni-Co(OH)2(1:2)/Er-GO, without losing their 

well-defined electrochemical response. Such achievable high scan rates without distorting 

the CV response is associated to the high rate capabilities obtainable for these materials. 

To our knowledge, this is the first time that such high scan rates are being used for a 

Nickel-Cobalt composite material for energy storage purposes. The achievement of these 

high-rate capabilities is correlated to the inclusion of electrochemically reduced graphene 

oxide and its intrinsic properties. When the scan rate increases, reactions are subjected to 

much faster processes. This is associated with the hydroxyl flux, hence good electrolyte 

penetration and accessible active surface area so as good ionic and electron conductivity 

of the material. There is less aggregation, which entails more accessibility of the 

electrolyte and therefore more ion mobility.  

When the applied current is increased in galvanostatic charge-discharge measurements, a 

drop in current values is expected. These results are presented in Fig. 3.1.10b, 3.1.10d, 

3.1.11b and 3.1.10d and their capacity retentions are presented in Fig. 3.1.12. When 

higher current densities are applied, a larger number of hydroxyl atoms are required to 

conduct the faradaic reactions. For that reason, current densities values of 1, 2, 4 and 

10A/g were studied and the values of capacity are presented in table 3.1.3. A higher 

retention is expected when porosity, exposed active surface area and conductivity are 

augmented. Capacity retentions are 21, 45, 51 and 58% for Ni-Co(OH)2(2:1), Ni-

Co(OH)2(2:1)/Er-GO, Ni-Co(OH)2(1:2) and Ni-Co(OH)2(1:2)/Er-GO respectively. 
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Fig. 3.1.12. Capacity Retention for different Current Densities for the Ni-Co(OH)2 and 

Ni-Co(OH)2/Er-GO composite materials. 

Table 3.1.3 

Capacity values for different current densities for Ni-Co(OH)2/Er-GO composite 

materials. 

Current Density 

(A·g-1) 

CNi-Co(OH)2(1:2) 

(mA·h·g-1) 

CNi-Co(OH)2(1:2)/Er-GO) 

(mA·h·g-1) 

CNi-Co(OH)2(2:1) 

(mA·h·g-1) 

CNi-Co(OH)2(2:1)/Er-GO 

(mA·h·g-1) 

1 30 96 35 75 

2 26 58 18 57 

4 22 49 12 52 

10 15 43 7 44 
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3.1.3.3. Electrochemical Impedance Spectroscopy and Cycling Behaviour 

 

Fig. 3.1.13. Capacity Retention comparison at 10A/g for Ni(OH)2, Co(OH)2, Ni-

Co(OH)2 (1:2), Ni-Co(OH)2 (1:2)/Er-GO, Ni-Co(OH)2 (2:1) and Ni-Co(OH)2 (2:1)/Er-

GO. 

Cycle life is key in the performance and stability evaluation of an energy storage material. 

The stability of all the composite materials was evaluated by applying a 10A/g charge-

discharge current during 5000 cycles and their capacity retention was evaluated, as 

presented in Fig. 3.1.13. Capacity retentions of 48, 42, 60 and 62% were obtained for Ni-

Co(OH)2(1:2), Ni-Co(OH)2(2:1), Ni-Co(OH)2(1:2)/Er-GO and Ni-Co(OH)2(2:1)/Er-GO 

respectively. The decay in the capacity with cycling is attributed to irreversible reactions, 

blocking of active sites and formation of resistive diffusion paths and the mechanical 

degradation of the sample due to swelling during the charge-discharge process. There is 

an increase in the capacity retention directly related to the presence of Er-GO. This 

material increases the chemical stability in the charge-discharge process of the film. When 

the carbon material is present, the composite’s stability may be reinforced resisting 

collapse, surface detachment and degradation upon cycling. 

The improvement of electron transport may be another cause of electrochemical 

enhancement and is closely related to a better transportation from the active material to 

the current collector. This can only be confirmed if the equivalent series resistance is 

reduced. For that reason, and to obtain a better electrochemical characterization, 

electrochemical impedance spectroscopy was performed and evaluated for all samples. 

EIS for the different electrodeposited films is presented in Fig. 3.1.15 and 3.1.16 for the 

composite materials along with the cyclic voltammetry response effect for the samples 

when cycled, presented in Fig. 3.1.14. 
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Fig. 3.1.14. Cyclic Voltammetry response degradation with cycling for the samples (a) 

Ni-Co(OH)2 (2:1) and (b) Ni-Co(OH)2(2:1)/Er-GO composite materials. 
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Fig. 3.1.15. (a-b) Bode and (c-d) Nyquist Electrochemical Impedance Spectra of 

Co(OH)2 , Ni(OH)2, Ni-Co(OH)2(1:2), Ni-Co(OH)2(1:2)/Er-GO, Ni-Co(OH)2(2:1) and 

Ni-Co(OH)2(2:1)/Er-GO composite materials. 
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Fig. 3.1.16. (a-b) Bode and (c-d) Nyquist Electrochemical Impedance Spectra of the Ni-

Co(OH)2(1:2) and Ni-Co(OH)2(1:2)/Er-GO composite materials at 0, 750 and 5000 

cycles of Galvanostatic Charge Discharge at 10 A/g for both discharged (left) and 

charged (right) potentials of the sample. 
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Electrochemical Impedance Spectroscopy is proven to be a very powerful technique to 

understand electrochemical processes and mechanisms, providing useful information 

regarding Equivalent Series Resistance and how ideal and relevant a material’s capacitive 

behaviour is. Two different bias were studied for each sample corresponding to different 

state-of-charge: a cathodic potential corresponding to the discharged state (-0.2V for Ni-

Co(OH)2(2:1) composites and -0.1V for Ni-Co(OH)2(1:2) materials); and an anodic 

potential corresponding to the charged state (0.45V for  Ni-Co(OH)2(2:1) and Ni-

Co(OH)2(2:1)/Er-GO and 0.4V for Ni-Co(OH)2(1:2) and Ni-Co(OH)2(1:2)/Er-GO).  

To understand the EIS response of the materials and their degradation from a chemical 

view point, charge-discharge processes must be born in mind so as the potential 

degradation mechanisms that may affect the sample. As aforementioned, Nickel 

hydroxide can be obtained in two different well-known polymorphs, α and β. On one 

hand, β phases are based on brucite-type layers with good order along the c-axis and an 

inter-slab distance of 4.8Å. On the other hand, the α structure also has a brucite-type 

structure derived from the other but with water molecules and anionic species intercalated 

between the randomly stacked layers of nickel hydroxide resulting in a d-spacing of 7.5-

8.5 Å. When an α phase is charged, it transitions into a γ phase. Due to the instability of 

α/ γ phases, discussed later and summarized in Fig. 3.1.17a, the former β/β transition has 

traditionally been used in Nickel-Metal hydride batteries although studies show that the 

latter has a better capacity response since it can exchange a greater number of electrons 

per reaction. This is due to the higher valences achieved in their charged state for the γ 

structures (average oxidation degree of nickel ions is 3.5) producing a theoretical average 

electron exchange of 1.5 in the reduction to α phases compared to 1 from the β(III) to 

β(II) system [73].  

Bode et al. [74] first established that α-Ni(OH)2 transforms into γ-NiOOH whereas β-

Ni(OH)2 does to β-NiOOH. Also, α-Ni(OH)2 dehydrates into β -Ni(OH)2 in alkali media 

and β-NiOOH transforms into γ-NiOOH when overcharged as seen in Fig. 3.1.17.  

 

Fig. 3.1.17. (a) Reaction diagram first presented by Bode et al. for the Nickel hydroxide 

charge-discharge reaction. (b) Equivalent circuit used in the fitting of the charge-

discharge process [74]. 
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The charge and discharge process of Nickel hydroxide has been widely studied and a 

solid-state diffusion of protons (and associated hydroxyl ion diffusion in the alkali media 

of the electrolyte) has been proposed. During charge, the proton diffuses to the 

film/electrolyte interface to react with a hydroxyl ion to form water. Then, during 

discharge, a proton diffuses from the film/electrolyte interface into the active material and 

an electron enters the conducting substrate/film interface [75]. As suggested by Barnard, 

Randell and Tye [76], both α-Ni(OH)2 and β-Ni(OH)2 are relatively good proton 

conductors but, in pure state, p-type semiconductors. When Cobalt is added, conductivity 

is increased. Simplifying, when the charge process begins, localized homogeneous areas 

of an intermediate higher oxidation phase appears (NiII
xNiIII

1-x(OH)2) creating a phase 

boundary that grows continuously by charge transfer and diffusion. A second analogous 

NiII
1-xNiIII

x(OH)2 phase is produced until it is completely transformed to γ-NiOOH, which 

is electronically conducting [76]. Similar intermediate oxidation phases are expected for 

cobalt hydroxide composites (an intermediate phase with an oxidation degree of about 

20% is formed [77]). Nickel-Cobalt hydroxide layers behave analogously to Nickel 

hydroxide.   

Thus, the electrodeposited layer changes from a semiconductor to a relatively good 

conductor in the charging process. As defined by Armstrong and co-workers, this change 

in conductivity will affect the impedance spectra. Four sources of impedance would be 

present, namely: bulk electrolyte, KOH 1M; the electrodeposited (ED) film bulk 

impedance; the electrolyte/ED film interface and, finally, the ED film/Stainless Steel 

interface; as illustrated in Fig. 3.1.18 [78].  

 

Fig. 3.1.18. Representation of the reactions in a Ni-Co(OH)2 /Er-GO film in KOH 1M 

electrolyte as presented by Armstrong et al. [78]. 



| Chapter 3.1 

196 

 

When looking at the response obtained for the module of the resistance there is always a 

resistive plateau at high frequencies (HF) that is followed by a capacitive slope at low 

frequencies (LF). The HF resistive plateau is constant regardless the sample. This 

resistance is associated to the KOH electrolyte resistance of a three-electrode system, 

thus, it shall remain constant in every experiment. At high frequencies only large 

geometrical features can be considered for the impedance response since ion migration is 

out of them. Then, at lower frequencies, smaller features begin to contribute to interfacial 

capacitance. The capacity slope does depend on the applied bias and shows an incipient 

second resistive plateau that seems to be incomplete for discharged samples. This plateau 

is associated to an electrochemical process that requires high relaxation times. In 

accordance with the cyclic voltammetry response obtained, it is intrinsically related to 

hydroxyl ion diffusion processes in charge of the redox reactions of the system, being the 

process at the Ni(OH)2/KOH interface the determining step. This is a Warburg-type 

impedance with finite diffusion effects in the Ni-Co(OH)2 phases.  

Although similar capacity slopes are present for the discharged samples, with and without 

Er-GO, and a similar value for the phase-angle is obtained, when the sample is charged 

both the slope and phase angle modulus obtained for the Er-GO based composite have a 

higher absolute value, indicating a higher charge storage capacity. It is worth mentioning 

that the ideal value of -90o is never achieved as it usually occurs for faradaic reactions. 

For the Nyquist plots, a semicircle was expected due to a charge-transfer reaction in a 

completely charged sample where oxygen evolution potentials are nearly used for nickel 

samples. However, the inclusion of cobalt lowers the oxygen evolution reaction effect, 

giving a capacitive response again with the presence of Warburg diffusion-controlled 

processes since the mechanism is, again, controlled by proton diffusion. It is worth 

noticing that this is only present in the samples with higher content of Cobalt whereas the 

samples with more Nickel content behave similarly to Ni(OH)2. 

Accordingly, the resistance observable at the Nyquist plots is much lower for compounds 

with Er-GO integrated on them. This can be qualitatively evaluated by the smaller 

semicircle of the Nyquist plot, associated to a smaller inner resistance of the sample. This 

would explain a facilitated charge transfer and lowered series resistance, thus, higher 

electron transport. Similarly, it can be correlated to the previously reported improved 

electrochemical cycling stability, the smoother the charge transfer the less degradation of 

the sample in continuous measurements. Finally, the fact that Er-GO based samples have 

also a higher slope in any case than the individual Ni-Co hydroxide materials at low 

frequencies of the Nyquist plot also indicates a smaller charge-transfer and diffusion 

resistance, correlated to a higher capacity of the carbon-based samples.  

Higher capacitance values are obtained when the sample is fully charged in comparison 

to when discharged. Thus, only when the sample is completely oxidized it will show a 

capacitive response from the entire film/electrolyte interface allowing faster electron 

exchange with the substrate and a response less dominated by proton diffusion but from 

the capacitance response of the film material. Thus, in an equivalent circuit presented in 

this paper, shown in Fig. 3.1.17b, the two phenomena of diffusion and film capacity are 

separated. In the discharge state of the sample diffusion will take priority while in the 

charged condition the capacity response will be much higher. 

When more cobalt is incorporated into the sample, the conductivity improves, reducing 

the difference in capacity between the charged and discharged state of the sample and 

reducing the effect of diffusion processes as main determining step. This is observable by 

the higher slope in the modulus of impedance at low frequencies, closer values to -90o at 

the phase angle and a more capacity-type response in the Nyquist plot instead of the 
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expected semicircle. Moreover, when Er-GO is integrated, this difference becomes more 

apparent since the impedance response is closer to Co(OH)2, this is, where diffusion 

processes are less relevant, and less resistance is present in the samples.  

Summarizing, lower resistance is found for materials with reduced graphene oxide 

integrated and more cobalt is present, leading to higher capacities as shown by angles 

closer to -90o for charged samples that correlate to a more ideal behaviour and smaller 

semicircles at high frequencies.  

 
Fig. 3.1.19. Scanning Electron Microscopy images of the samples (a), (b) Ni-Co(OH)2 

(1:2) and (c), (d) Ni-Co(OH)2/Er-GO before and after cycling.   

Cycling of Ni(OH)2 was studied in-depth by McBreen, Zimmerman and others. As it can 

be worked out from the reaction diagram, in the cycling of α-Ni(OH)2, a parasitic reaction 

may appear. α-Ni(OH)2 may transform along the time into β -Ni(OH)2 since the presented 

media is basic. However, the experimental conditions (KOH 1M at room temperature) 

are mild, minimizing the aging effect. For instance, Tye et al. used 7M KOH at 22oC for 

over 16h and fully α to β conversion was not yet achieved [76]. Thus, it is expected that 

this conversion may be partially minimized but still a crucial effect in the degradation 
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process. In a similar fashion, α phases of Cobalt transform into β phases upon aging [77] 

although their polymorphs are not as well studied. Since the materials presented in this 

work are either based on a majority of Nickel or Cobalt hydroxide, mechanisms can be 

assumed to be identical. 

Nonetheless, there are more sources of potential degradation mechanisms of the sample. 

One being swelling and blistering of γ-NiOOH phases when converted from β -Ni(OH)2. 

This is one of the main limitations for commercial nickel-based batteries [79]. They 

reported that swelling and blistering are caused by the volumetric expansion of this 

material due to its 23% lower density compared to β-NiOOH. If, as expected during 

cycling, the conversion from α to β occurs, also the transformation from β to γ by 

overcharge may happen. As a consequence, this swelling would lead to substrate 

detachment of the material from the substrate since great mechanical stresses are 

produced.  

Although swelling may be partially mitigated by the inclusion of Cobalt phases within 

the nickel hydroxide structures it is still expected to happen in the double hydroxide films. 

This is confirmed by SEM. SEM images of Ni-Co(OH)2 (1:2) and Ni-Co(OH)2 (1:2)/Er-

GO after being cycled are presented in Fig. 3.1.19. Analogous results are obtained for Ni-

Co(OH)2 (2:1) and Ni-Co(OH)2 (2:1)/Er-GO.  

As observed, when Ni-Co(OH)2 (1:2) undergoes charge-discharge cycling, the superficial 

structure collapses due to poor strain accommodation, creating breaches that reveal an 

inner less dense structure. There is a degradation of the materials’ surface that leads to an 

early decay in capacity when cycling. Besides, the inner structure has a reduced density 

and greater porosity that may be correlated to an increase in equivalent series resistance, 

observed by impedance spectroscopy. Like all porous electrodes, electrolyte exhaustion 

within the pores eventually produces mass transport and ohmic overpotential losses and 

power reduction may also happen. On the other hand, when Er-GO is introduced, the 

carbon material accommodates the metal double hydroxide on top of its surface, reducing 

strain forces that inhibit the collapse of the structure and avoid surface modification, 

maintaining its porosity. This increased surface stability can be associated to the higher 

material capacity retention.   

Finally, cycle and temperature dependent parasitic processes affect the system, for 

instance, Oxygen evolution [80]. Oxygen evolution leads to oxygen bubbling that 

contributes to the degradation of the material by increasing the internal resistance. This 

is particularly interesting for Ni(OH)2 cycling reactions since their potential is quite 

similar to that of the oxygen evolution reaction. Nonetheless, by integrating cobalt into 

the system the α/γ redox voltage couple is lowered, reducing the probability of oxygen 

evolution to occur [75,81].  

Three main effects are hence considered the cause of degradation of the capacitive 

behaviour of the sample, α to β phase transformation and pore exhaustion leading to 

mechanical stress and structure degradation. This is corroborated by both electrochemical 

(EIS) and morphological (SEM) characterization. This is translated in a less ideal 

capacitive-like behaviour, increasing resistance and lowering the absolute value of the 

phase angle plotted against frequency when cycling. If these phenomena, along with the 

two main charge-discharge mechanisms, diffusion and layer capacitance, are considered, 

the equivalent circuit model may be applied. Results obtained from the fitting of 

experimental data and their variation with cycling are also presented in tables 3.1.4 and 

3.1.5. 
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Table 3.1.4 

Fitting results for the equivalent circuits shown in Fig. 3.1.17 for the impedance 

spectroscopy done in Ni-Co(OH)2 electrodeposited layers.  

 
Discharged Charged 

Cycle number 0 750 5000 0 750 5000 

R1(Ω·cm2) 10.46 10.64 10.92 8.76 9.24 9.95 

YoCPE1(Ssn· cm-2) 7.98E-05 1.05E-04 1.10E-04 2.74E-02 2.40E-02 1.68E-02 

NCPE1 0.52 0.57 0.57 0.45 0.43 0.42 

RWo1/R2(Ω·cm2) 1.61 0.88 0.69 7.36 46.1 128.1 

YWo1(Ssn· cm-2) 1.89E-05 1.30E-05 9.88E-06 
   

NWo1 0.46 0.5 0.51 
   

YoCPE2(Ssn· cm-2) 1.16E-04 1.25E-04 1.40E-04 9.09E-03 7.63E-03 7.27E-03 

NCPE2 0.78 0.74 0.72 0.82 0.8 0.8 

R3(Ω·cm2) 4674 7839 8063 414.8 636.4 745.3 

Chi-Squared 3.18E-04 3.45E-04 3.26E-04 4.61E-04 1.35E-04 9.82E-05 

Table 3.1.5 

Fitting results for the equivalent circuits shown in Fig. 3.1.17 for the impedance 

spectroscopy done in Ni-Co(OH)2/Er-GO electrodeposited layers. 

 
Discharged Charged 

Cycle number 0 750 5000 0 750 5000 

R1 (Ω·cm2) 10.1 10.66 11.22 10.35 11.34 11.31 

YoCPE1(Ssn· cm-2) 3.99E-04 4.18E-04 3.66E-04 5.22E-03 5.52E-03 5.56E-03 

NCPE1 0.43 0.45 0.42 0.88 0.86 0.85 

RWo1/R2 (Ω·cm2) 0.25 0.55 1.18 7129 7479 7751 

YWo1(Ssn· cm-2) 1.43E-05 5.68E-05 5.23E-05 
   

NWo1 0.57 0.54 0.48 
   

YoCPE2(Ssn· cm-2) 9.24E-05 5.90E-05 7.20E-05 7.53E-03 8.89E-03 9.50E-04 

NCPE2 0.76 0.79 0.79 0.84 0.77 0.58 

R3(Ω·cm2) 1422 3409 4066 0.29 0.43 3.28 

Chi-Squared 1.64E-04 2.41E-04 2.93E-04 6.33E-04 3.01E-04 2.33E-04 

There are several relevant features that can be obtained from the equivalent circuit and 

fitted data interpretation. First of all, the transition from a Warburg diffusion process 

when the sample is discharge to a double layer capacitance when charged. When the 

sample is discharged, the poorer conductivity of the Ni-Co hydroxide layer and its 

transition to a higher oxidation state is dominated by a diffusion-controlled process. As 

explained, this will dominate the entire charging process. Once the sample is completely 

charged and due to the increased conductivity of the material, the γ phase, the system is 

no longer governed by diffusion effects and a capacitive response is to be expected 
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Warburg lines become no longer relevant, thus, the observable semicircle at the Nyquist 

plot, not observable in some cases due to its big radius, is associated to charge transfer 

processes at the electrode surface [82].  

Then, capacitance increases remarkably for the charged samples for both the carbon-

based layers and the electrodeposited layers without carbon.  Also, diffusion processes 

disappear producing a highly resistive layer. As expected, while there is an increase in 

the diffusion process resistance, there is a drop in the resistance of the capacitive process, 

pointing out its greater relevance. Films in which electrochemically reduced graphene 

oxide are included present much lower values of resistance for similar capacitance values. 

The increase in resistance for the diffusion process reflects the independence of the 

system from it, especially when Er-GO is integrated since they present higher values for 

the resistance.  

Finally, if the degradation process is evaluated, resistance values always increase with 

cycling. The most relevant feature is the increase in resistance for the diffusion associated 

process. While Ni-Co(OH)2 films present a remarkable increase in the resistance values 

and decrease in the capacitance values with the increase of the cycle number, the same 

values remain more constant for the Er-GO integrated samples. This may be associated 

to a better proton diffusion process, this is, a more effective charge in which there is less 

degradation of the materials in the charge-discharge process. There is also a decrease in 

the capacitance values with cycling, as expected from the degradation of the material.  

If, as expected, the degradation mechanism is greatly influenced by the transformation 

from α to β phases, which are associated to a less capacitance process, when Er-GO is 

introduced, this phase transformation would be somehow inhibited and α phases 

stabilised. At the same time, if this process is inhibited, so is the β/γ charge process 

leading to swelling a detachment issues. The complete change in the morphology of the 

film by integrating Er-GO compared to the carbon-free material leads to a more 

accessible, hence, more stable surface that avoids collapse and degradation by strain 

accommodation, which is reflected in a bigger increase of the resistance values for the 

samples without the graphene derivative. This would also explain the decrease in the 

capacity signal obtained for the cyclic voltammetry with cycling, which is much more 

relevant for the samples without the carbon-based material. Nonetheless, the most 

influential effect explaining the degradation would be, apart from structural collapse, the 

exhaustion of pores with the electrolyte, which would lead to localized shortcuts and, as 

a consequence, an increase in the overall resistance. Since Er-GO creates a conductive 

and more accessible network, in which greater contact with the electrolyte is achieved, 

porosity exhaustion is minimized. The fact that the surface does not fracture and is more 

homogeneous (in comparison to the inner structure revealed in the Ni-Co(OH)2 

electrodeposited samples) leads to reduced pore exhaustion and morphological 

differences that ultimately affect capacity retention. 
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3.1.4. Conclusions 

In summary, α-Cobalt-Nickel hydroxides were electrodeposited with Electrochemically 

Reduced Graphene Oxide to study the influence of this carbon-based material in both 

morphology and the electrochemical response of the materials. The composite consists of 

metal flakes that embed the spike-like structure of nickel and cobalt hydroxide, 

optimizing the interaction between the two materials and creating a network that produces 

a synergistic effect to the electrochemical response measured.  

Two different Nickel-Cobalt ratios are used. Cobalt has traditionally been used to 

improve Nickel conductivity. By studying two different ratios along with the inclusion of 

electrochemically reduced graphene oxide (Er-GO) the great dependence of the 

electrochemical capacity from conductivity is evidenced. Creating a network with overall 

increased conductivity may play a role as relevant as, in this case, the improvement of the 

intrinsic capacity response of the material. In principle, a greater influence from the 

capacity was expected from the nickel inclusion, however, values with increased cobalt 

concentration were found to show a better electrochemical response. This would entail 

that charge-transfer resistance processes are fundamental in the electrochemical 

behaviour of a material for energy storage application and shall be evaluated and 

optimized. EIS spectra may be an excellent technique in this evaluation.  

The inclusion of electrochemically reduced graphene oxide into a double nickel-cobalt 

hydroxide system has greatly improved the electrochemical properties of the system; 

increasing their capacity in approximately a 250% and their capacity retention after 5000 

cycles at 10A/g by around a 20%.  This is achieved, among others, by increasing the 

active surface area and electrolyte accessibility while reducing graphene monolayers 

stacking and metal agglomeration. As a consequence, the graphene derivative material 

also provides a conductive network in which metal hydroxides can be anchored becoming 

more accessible for ion exchange, thus enhancing capacitive faradaic reactions, and 

improving the charge transfer and electron mobility within the sample. Moreover, it 

reinforces the material, improving their cycling stability. 

Values up to 96mA·h/g with a 62% capacity retention after 5000 cycles at 10A/g are 

obtained for Ni-Co(OH)2/Er-GO with a nickel:cobalt molar ratio of 1:2. This loss in 

capacity retention is associated to mechanical degradation, pore exhaustion and α to β 

hydroxide phase transitions. An exhaustive analysis by SEM and EIS has been done in 

order to further understand the ageing and degradation mechanisms of the sample and the 

effect of Er-GO in these processes. When Er-GO is included, the strain forces present in 

the metal hydroxide composites are accommodated, resulting in the reduction of structure 

degradation and collapse of the pores. Besides, it provides a conductive matrix that greatly 

interacts with the electrolyte. This avoids increased resistance in the electron transfer 

process associated to that mechanical degradation. It is also remarkable that scan rates as 

high as 2000 mV/s could be used without deforming the cyclic voltammetry 

electrochemical response, proving its excellent rate capability and the potential suitability 

of the material as electrode for energy storage. Besides it proves that carbon-based 

materials, in particular graphene derivatives, mixed with metal hydroxides are an 

interesting option towards next-generation energy storage devices. Finally, 

electrodeposition technique has proven to be a simple yet effective way to integrate 

carbon/metal hydroxides in what may be a scalable-up process. 
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Abstract 

Electrochemical Impedance Spectroscopy (EIS) is a powerful technique to understand 

the electrode-electrolyte interaction and to evaluate degradation, resistive behavior and 

electrochemical activity of energy storage materials. However, it can sometimes be 

misused or under-interpreted. To effectively acquire EIS results, the voltages imposed 

to the working electrode, at which EIS spectra are obtained, shall be critically selected. 

This work follows a previous study on the EIS response of Nickel-Cobalt hydroxide, 

and highlights the Mott-Schottky approach as a complementary tool to explain the 

behavior of the Impedance Spectroscopy results obtained at different potentials. 

Moreover, Mott-Schottky is used to further understand the fundamental processes 

occurring at the electrode-electrolyte interface of Nickel-Cobalt hydroxide in alkali 

media and to explain the changes in conductivity of the material that ultimately 

determine the electrode electrochemical activity. 
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3.2.1. Introduction 

Energy storage electrode materials are greatly influenced by their electrode-electrolyte 

interaction. Evaluating the most relevant parameters affecting it is crucial. In the 

particular case of energy storage materials, the specific surface area of the electrode 

material or the ionic conductivity of the electrolyte are two of the most interesting 

properties to study. When designing an energy storage device, all the integrating 

materials must be considered, being the electrolyte one of the components with greater 

relevance. The electrolyte affects the final electrochemical response in a number of 

different ways. For example, it limits the ionic conductivity of the system and 

determines the potential range at which it can be used [1–3]. As a matter of fact, several 

groups have been working on developing redox electrolytes as a manner to increase the 

electrochemical performance and charge storage processes of supercapacitors [4].  

On the other hand, one of the greatest challenges in developing new energy storage 

materials is to overcome their degradation and increase their cycle stability. Again, the 

cycle-life and lifetime of an electrode material is dependent on the electrode-electrolyte 

interaction. Thus, selecting an appropriate electrode-electrolyte interface system is key 

for an optimal performance with minimized degradation phenomena [5]. Not only that, 

once a system is optimized, it is interesting to obtain as much information about the 

reactivity and events occurring as possible to elucidate, and potentially solve, the issues 

that may rise. Hence, it seems critical to understand and study the processes occurring 

at the electrode-electrolyte interface.  

Therefore, to further comprehend the electrode-electrolyte interaction, have a deeper 

understanding of the processes occurring and the extent to which a capacity or 

capacitance and their fading are affected by the interface, it is interesting to explore 

techniques that may reveal novel and useful information about the system.  

Several techniques are being applied, such as cyclic voltammetry, hydrodynamic 

voltammetry, chronoamperometry and electrochemical impedance spectroscopy (EIS) 

[6]. EIS is often used to evaluate the different sources of resistance (and conductivity of 

the components of the electrode) found in an energy storage device, and usually serves 

as an additional technique to evaluate the electrode-electrolyte interaction and charge 

transport phenomena [7,8,17–21,9–16]. However, it is commonly found that the 

measurement was done at open circuit potential or that it was performed at a single 

potential although the electrode electrochemical response is voltage dependent [13–21].  

In the case of those supercapacitive materials that are purely based on electrostatic 

interactions, their response is voltage independent and the latter may be possible. 

However, when a faradaic response is present in the system, the response of the system 

will vary if the voltage is changed. Thus, the chemical condition of the system and the 

reactions occurring at a particular potential must be born in mind since they will greatly 

affect the results, and therefore, the conclusions that may be obtained. This can also be 

applied to pseudocapacitive materials that do not have a perfect squared response in 

their cyclic voltammetries, given the fact that they are likely to have voltage-dependent 

redox reactions. Many groups have studied the electrochemical impedance response at 

a single potential although their pseudocapacitive material presents a slight peak. It may 

be possible that performing EIS at a lower and higher potentials would produce different 

responses that would bring more insights in the reaction evolution [22–27]. 

For that reason, Mott-Schottky can be suggested as a complementary technique to 

evaluate the key potentials at which EIS shall be performed in faradaic-type energy 

storage electrochemical systems. This will ensure that EIS is performed at a critically-
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selected voltage and that it will provide meaningful information. It also serves as a tool 

to further understand the mechanisms for a given faradaic reaction.  Due to its 

fundamental principles, Mott-Schottky can be used in the explanation of the electrode 

reactivity and the changes in conductivity of the material. 

Mott-Schottky is traditionally used as a technique to measure the flatband potential of a 

semiconductor material and the charge carrier densities of bulk semiconductors in 

contact with electrolytes [28]. This is intrinsically related to the phase present in the 

electrode and, as a consequence, serves as a mean to evaluate the conductivity and 

enables a better understanding of the electron and ion transfer processes at the electrode-

electrolyte interface [29].  

By varying the potential at the electrode-electrolyte interface, the space-charge 

capacitance within the semiconductor is measured. As a consequence, the location of 

the energy levels in the electrode-electrolyte junction, namely, the flat band potential 

EFB, the conduction band edge Ec and the valence band edge EV can be studied. This 

technique is, then, a trustworthy measurement of the energetic distance between the 

Fermi level and the nearest characteristic level of the semiconductor [28]. 

In the present work, an energy storage material displaying semiconductor behaviour has 

been selected as subject of study: Ni-Co(OH)2
 with a nickel-cobalt ratio of 1:2. This 

material was studied in our previous work together with the evaluation of its degradation 

analysis by means of electrochemical impedance spectra [30].  

Mott-Schottky is here presented as a mean to critically evaluate the voltages at which 

EIS shall be performed and as a tool to understand changes in the conductivity of the 

sample, during the charge process, at a more fundamental level. By means of this 

technique, it is possible to understand the cause by which Electrochemical Impedance 

Spectra vary with voltage and it is also possible to further comprehend the phenomena 

occurring at the interface of Ni-Co(OH)2 with alkali media. Nickel-Cobalt based 

materials are often subject of research in energy storage applications and the correct 

evaluation of EIS spectra shall be done to not provide misleading information [31].  

3.2.2. Experimental 

3.2.2.1. Materials 

To deposit the double hydroxide material, Ni(NO3)2·6H2O and Co(NO3)2·6H2O were 

obtained from Sigma-Aldrich and used in the preparation of electrode materials as 

received. Plates of AISI 304 (Goodfellow) 0.914mm thick stainless-steel were used as 

current collector and substrate for the electrodeposition. They were polished with emery 

paper with 2500 grit SiC paper to a rough finish and double-rinsed with water and 

acetone to eliminate abrasive particles. They were then air-dried. Potassium hydroxide 

was used as received from Sigma-Aldrich and used to prepare a 1M KOH electrolyte 

solution.  

3.2.2.2. Synthesis of electrodeposited NixCo1-x(OH)2 on Stainless Steel. 

Electrodeposition was carried out following the procedure described in [30]. 

Summarizing, a three-electrode cell (Stainless steel substrate as working electrode, SCE 

reference electrode and a Platinum wire as counter electrode) and an Interface IFC1000-

07087 Potentiostat (Gamry Instruments) were used to deposit the material in a limited 

circular area of 1cm2. The electrodeposition electrolyte was prepared by dissolving 

0.0872g of Ni(NO3)2·6H2O and 0.1746 Co(NO3)2·6H2O with 100mL of distilled water. 

Then, thirty 20-second symmetric pulse between two cathodic potentials (-0.9V and -



| Chapter 3.2 

212 

 

1.2V vs SCE) were applied to complete the electrodeposition process. The electrodes 

were washed with distilled water and ethanol and dried for 24-48h before 

electrochemical measurements. The resulting thin film is designated as Ni-Co(OH)2 

(1:2). 

The deposited mass, which was determined by means of a micro-balance Sartorius 

MC5-0CE with an accuracy of 0.01mg, varied between 0.1 and 0.2 mg. 

3.2.2.3. Electrochemical Study of NixCo1-x(OH)2 composites. 

All electrochemical characterization was performed using the aforementioned 

equipment and a three-electrode electrochemical cell with KOH 1M as electrolyte. 

Cyclic Voltammetry was carried out at 50 mV·s-1 in a potential window ranging from -

0.2V to 0.5V vs SCE electrode.  

Prior to the Electrochemical Impedance Spectroscopy (EIS) measurement, a 

conditioning at the desired measuring voltage for 1000 seconds was done. EIS 

measurements were carried out at different applied potentials (corresponding to partially 

charged, 0.1V, charged, 0.4V, and discharged conditions, -0.2V) by applying a 

sinusoidal perturbation with 10 mV of amplitude (RMS) in the frequency range of 0.01 

to 105 Hz. Mott-Schottky measurements were performed in a potential range from -0.2V 

to 0.5V vs SCE with an AC frequency of 10 mV·ms at 1000Hz. 

3.2.2.4. Physico-chemical Characterization 

The Scanning Electron Microscopy (SEM) direct imaging (FEG-SEM JEOL JSM 

7800F Prime) presented in this work was used to observe the morphological 

characteristics of the sample. 

3.2.3. Results and Discussion 

3.2.3.1. Physico-chemical Characterization 

Results in the present manuscript are a follow-up of Ni-Co hydroxides for energy 

storage previously introduced in [30], where a detailed physico-chemical 

characterization can be found. Summarizing, the energy-storage material is an alpha Ni-

Co(OH)2 phase with a Nickel-Cobalt ratio of 1:2. The morphological features obtained 

by Scanning Electron Microscopy are evidenced in Fig. 3.2.1. The Ni-Co(OH)2 (1:2) 

material shows a nanosheet-like structure with no apparent order deposited on top of the 

stainless-steel substrate. The material forms a percolation network that is densely-

packed, which is in accordance to previously reported literature [32,33].          

 
Fig. 3.2.1. Scanning Electron Microscopy image of (a) Ni-Co(OH)2 (1:2). 
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3.2.3.2. Electro-chemical Characterization 

Fig. 3.2.2 shows the cyclic voltammetry response obtained for Ni-Co(OH)2 (1:2) [30]. 

The charge-discharge reaction corresponds to either proton diffusion or hydroxyl 

intercalation, reactions exemplified in eq. (3.2.1) and eq. (3.2.2): 

α-NixCo1-x(OH)2 + OH-             γ-NixCo1-xOOH + H2O + e- (𝑒𝑞. 3.2.1) 

α-NixCo1-x(OH)2              γ-NixCo1-xOOH2-x
 + xH+ + xe- (𝑒𝑞. 3.2.2) 

It shall be taken into account that these are not the exact formulae of the phases involved 

since carbonate, nitrate and water ions are intercalated in the interslab space of nickel-

cobalt hydroxide layers. The resulting ideal formula would be NixCo1-

x(OH)2(H2O)1.2(2·NO3
-, CO3

2-)0.10 and, therefore, eq.3.2.1 and eq.3.2.2 are only a 

simplified reaction that intent to exemplify the  charge-discharge process from an 

electrochemical point of view since the exact mechanism is still unclear [34–37]. 

Nonetheless, this reaction was studied in-depth by Bode et al. for nickel hydroxide. They 

determined that an α-nickel-hydroxide phase transforms into a γ-oxyhydroxide phase 

when charged [38]. 

  
Fig. 3.2.2. Cyclic Voltammetry at 50 mV·s-1 plot for Ni-Co(OH)2 (1:2) [30].  

That transformation entails an average electron exchange of 1.5 for nickel hydroxide, 

since the oxidation degree of the charged form of the nickel ions is 3.5 [39]. In the case 

of cobalt doped nickel hydroxide, the average electron exchange varies according to the 

oxidation state of Cobalt and the number of exchanged electrons may vary. For instance, 

when it is stabilized as Co3+, this number is decreased [40]. The mechanism associated 

is a hydroxyl diffusion or solid-state diffusion of protons as introduced by Weider et al. 

and Tye et al. [38,41–43]. As explained by Tye et al. [43], localized homogeneous areas 

of an intermediate oxidation state (Nix
IINi1-x

III- Cox
IICo1-x

III(OH)2) appear in the 



| Chapter 3.2 

214 

 

charging process. If the material keeps being under charge, a second phase is developed. 

In this phase there is a majority of the higher oxidation state present until the material is 

fully converted to the gamma structure.  

Armstrong and co-workers [42] already established that the state of charge of this 

sample will affect the impedance spectra response of the material. There are three main 

potential ranges of interest in the charging process of the sample. The first one is at very 

cathodic potentials, when the hydroxide material is completely discharged. The second 

voltage of interest for EIS is an intermediate charge state, as it will be seen, at a potential 

that corresponds to the flatband potential. This is the intermediate point in between the 

cathodic and anodic faradaic peaks, which correspond to the charge and discharge 

reaction respectively, present at the cyclic voltammetry. The last is at very anodic 

potentials, at which the reaction has been completed and the sample is fully charged. 

Thus, EIS results are expected to be very different, depending on the selected potential. 

This voltage-dependent response is noticed in Fig. 3.2.3, where EIS spectra obtained at 

different imposed potentials are presented.  

Moreover, to fully understand these results, the experimental data was fitted with the 

equivalent circuit presented in Fig. 3.2.3d. The corresponding fitting parameters are 

depicted in Table 3.2.1. 

As seen in the equivalent circuit, the energy-storage mechanism is here modelled 

considering two different processes: diffusion-controlled phenomena and capacitive 

response. These are considered, for interpretation purposes, independent one from the 

other. Regarding the diffusion processes, which can be associated with proton 

intercalation, the fitting parameters reveal a notable decay in the resistance to diffusion, 

which can be related, as later considered, to a change in conductivity of the material. 

This is observed when the applied potential moves from cathodic (-0.2V vs SCE) to an 

intermediate value (0.1V vs SCE). Therefore, the diffusion transport phenomena are 

facilitated. Once the material is completely charged (0.4V vs SCE), diffusion-controlled 

processes are hindered and fitting with a Warburg element is no longer possible, due to 

the fact that once the reaction is finished, the associated proton diffusion is also finished. 

As a consequence, the time constant observed in the range 100-1000Hz in the Bode plot 

vanishes (Fig. 3.2.3b). Thus, the intermediate potential is the potential at which the 

proton diffusion and, therefore, the reaction, starts. Moreover, as long as the phase 

transition evolves, diffusion-controlled processes become less and less relevant until 

they disappear as soon as the charged potential is attained.  
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Fig. 3.2.3 Bode (a-b) and Nyquist plots, at different magnifications, (c.1 - c.2) of 

Impedance Spectroscopy for Ni-Co(OH)2 (1:2) at discharged (-0.2V), intermediate 

charge (0.1V) and charged condition (0.4V) of the sample. (d) EIS Equivalent circuit 

employed to fit the variation of impedance spectra obtained for Ni-Co(OH)2 (1:2) in 

the charge process. EIS spectra for the charged and discharged condition of the sample 

and the equivalent circuits marked with * are equivalent to those discussed in [30]. 
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Concerning the capacitive component, the fitting parameters suggest that during the 

reaction, the capacitance value of the material is slightly changed and increases for the 

charged sample, as expected. However, the most relevant feature is the drastic reduction 

on the resistance values. When the material is completely discharged, at cathodic 

potentials, the resistance value is much higher. Once more anodic potentials are applied, 

this resistance drops significantly. This can easily be observed in Fig. 3.2.3a. At this 

potential, as later explained, the material behaves as a degenerated semiconductor, the 

intercalation/de-intercalation processes are favoured, and the energy storage reaction 

starts. When this happens, energy is stored by means of a phase transformation. This 

new phase is, consequently, more capacitive, hence the increase observed in the YoCPE2 

value. Finally, once the reaction is completed, the material is fully transformed into γ-

NixCo1-xOOH, which is conductive. Consequently, the resistance values decrease up to 

10 times as compared to the initial hydroxide material.  

Table 3.2.1. 

 Values obtained for the fitting results of the impedance spectra of Ni-Co(OH)2 (1:2) 

according to the equivalent circuits presented in Fig. 3.2.3. Results marked with * are 

equivalent to those presented in [30]. 

 Ni-Co(OH)2 (1:2) 

  Discharged* Intermediate State Charged* 

R1(Ω·cm2) 10.46 10.94 8.76 

YoCPE1(Ssn· cm-2) 7.98E-05 5.07E-03 2.74E-02 

NCPE1 0.52 0.72647 0.45 

RWo1/R2(Ω·cm2) 1.61 0.0035365 7.36 

YWo1(Ssn· cm-2) 1.89E-05 5.55E-04   

NWo1 0.46 0.85502   

YoCPE2(Ssn· cm-2) 1.16E-04 3.69E-05 9.09E-03 

NCPE2 0.78 0.8372 0.82 

R3(Ω·cm2) 4674 936.8 414.8 

Chi-Squared 3.18E-04 2.40E-04 4.61E-04 

As expected, the impedance  response and the evolution of the impedance parameters is 

greatly dependent on the applied voltage and the electronic state at which the sample is. 

Nonetheless, there are many examples in literature where this effect is not considered 

and the selection of potential is not consistently reasoned, resulting in EIS done either 

at open circuit potentials or at randomly selected potentials. This leads to inconclusive 

or uncompleted results found for various materials [13–21].  

It is worth mentioning that this reasoning could also be extended to pseudocapacitive 

materials with very small peaks being observed in the voltammograms. Considering that 

EIS carried out at different potentials leads to different responses that provide useful 

information about the reactivity of the system, it is extremely important to accurately 

select such potentials [22–27]. Mott-Schottky can be a powerful tool to support this 

selection, to understand the electronic evolution of the material during the charge 

process and to explain the changes in conductivity. Thus, in this work, Mott-Schottky is 

applied and a proposed model for the electronic structure of Ni-Co hydroxide films is 

presented, which enables the evaluation of the exact potentials at which EIS shall be 

performed to obtain more precise information on the different states of the material.  
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The variation of the capacitive response with potential in the Mott-Schottky form (C-2 

vs. E) is presented in Fig. 3.2.4. As it can be seen, high C-2 values are recorded for the 

sample when the potential is in the cathodic range, below 0.04V. Then, a strong decay 

in the 0.04 to 0.12V range is observed. Since this decrease in the C-2 value is linear, the 

Mott-Schottky relation (eq.3.2.3) is applicable. Moreover, the fact that the C-2 vs. E 

follows a straight line with a negative slope indicates a p-type behaviour, being possible 

to state that Ni-Co(OH)2 presents a p-type semiconducting nature. 

 

Fig. 3.2.4. Mott-Schottky at 1000Hz (blue) and fitting of the linear region of the Mott-

Schottky plots (red) of Ni-Co(OH)2 (1:2). 

According to the semiconductor theory, the space-charge capacitance of a p-type 

semiconductor is given by: 

1

𝐶𝑆𝐶
2 =

2

𝜀𝑆𝐶𝜀0𝑒𝐴2𝑁𝐴
(𝐸 − 𝐸𝐹𝐵 −

𝑘𝑇

𝑒
) (𝑒𝑞. 3.2.3) 

where 𝜀 refers to the relative permitivity (dielectric constant), 𝜀0 is the vacuum 

permittivity, e is the charge of the electron, NA is the acceptor concentration, E is the 

applied potential and EFB is the flatband potential. This relationship describes the 

behavior of the space-charge region, when depleted, and an external polarization 

potential E is applied: ∅𝑆𝐶 = 𝐸 − 𝐸𝐹𝐵 [44]. By means of this equation, the flatband 

potential of the material can be determined by evaluating the interception of the linear 

region with the axis. Also, the doping agent concentration, NA, can be worked out from 

the slope of that linear relation.  

It is worth mentioning that, when applying Mott-Schottky, there are two main sources 

of capacitance that could be measured, namely, Helmholtz capacitance and space-

charge capacitance. Nonetheless, in Mott-Schottky measurements it is assumed that the 

space-charge capacitance is much larger in comparison to the contribution of the 

Helmholtz one. Thus, it is assumed that the measured junction capacitance reflects the 

space-charge capacitance since it is much larger than the Helmholtz or diffusion layer 

capacitance. It is worth noting that this is only true when the variation of capacitance 

with potential is linear, as shown in the Mott-Schottky plots. Otherwise, it would be 

erroneous to make such an assumption [45].  
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Applying eq. 3.2.3 to the experimental data, it is possible to determine a value of 0.102V 

for the flatband potential, which coincides with the beginning of the main voltammetric 

peak. Since the material begins its energy storage reaction at a potential value near the 

flatband potential the decrease in the resistance with the applied potential of the Ni-

Co(OH)2 observed by impedance measurements can be explained in terms of the 

electronic structure on the material. This is schematically shown in Fig. 3.2.5 where the 

electronic model for a p-type semiconductor, superimposed with the voltammetric 

profile of Ni-Co hydroxide and the charging phase changes are depicted.  

As it is well known, when an electrolyte and an electrode get in contact, their Fermi 

levels get balanced. When this occurs, the displacement of the Fermi level induces 

bending of the valence and the conduction energy bands, which is done in reference to 

the electrolyte and translates into charge separation, producing charged zones at both 

sides of the interface [46]. This charge separation is negligible when the material is 

conductive but becomes of relevant extension (100-1000Å) for semiconductors. This 

charged region is known as the space-charge region [47]. In the electrolyte, this region 

is placed at the Helmholtz layer and the Gouy-Chapman diffusion plane (which is 

despicable for electrolytes with concentration above 0.1M).  

Since the Fermi level is directly related with the electrochemical potential, when an 

external potential is applied, the Fermi level can be artificially modified giving rise to 

three different electronic situations for a p-type semiconductor, schematically depicted 

in Fig. 3.2.5a-c 

The first electronic situation is when nickel-cobalt energy storage material is at its 

discharged state. In this case, cathodic polarizations are applied, induced by the 

imposition of potentials lower than the flatband potential (EFB). Thus, the Fermi level of 

the semiconductor is forced to be raised. The bands, to accommodate to the Fermi level 

of the electrolyte caused by the external injection of electrons, bend downwards, as seen 

in Fig. 3.2.5a. Consequently, electrons occupy the vacancies of the valence band and 

create an inner negative charge in the semiconductor. This negative region is depleted 

of vacancies, which are the main charge carriers in a p-type semiconductor. For that 

reason, it is known as the space-charge or depletion region. The formation of a depletion 

layer is associated to the higher value observed in the C-2 vs. E plot and the formation 

of an insulating Schottky barrier. This explains the high resistance values extracted from 

EIS for the material in its discharged condition. 

As long as the potential increases in the anodic direction, the Fermi level of the 

semiconductor is forced to decrease until the flatband potential is reached. This reduces 

the space-charge capacitance with the resultant decay of C-2 vs. E observed in Fig. 3.2.4. 

Once EFB is reached there is no electron transfer and there is no space-charge region 

(Fig. 3.2.5b).  In this case, there is no accumulated charge in the semiconductor and the 

bands are flat from the inner side to the external part of the semiconductor. Since there 

is no charge in the electrode-electrolyte interface, the Shottky barrier is no longer 

present. That is observed in EIS results by the drastic reduction of diffusion-related 

resistance at the intermediate charge state of the sample.  

Once the material is polarized anodically, this is, at applied potentials is higher than the 

flatband potential, the Fermi level of the electrolyte is positioned above the Fermi level 

of the semiconductor (Fig. 3.2.5c). This produces upward band bending and an 

accumulation layer of vacancies in the valence band emerges. Since vacancies are 

accumulated at the surface, a positively charged region appears. Moreover, if the 

polarization of the material is such that the Fermi level is displaced down enough to 



 3. Experimental results | 

219 

 

cross the edge of the valence band, the semiconductor then becomes degenerate in the 

space charge region, and the material behaves as a metallic conductor [48].  

It is worth noting that, since the doping concentration for nickel and cobalt hydroxides 

and oxides is typically high, in the order of ~1020 [49,50], the Fermi level is positioned 

very near the edge of the valence band. As a consequence, for the studied material, the 

degenerate condition can be achieved even for very small anodic polarisations (Fig. 

3.2.5c). In these conditions the hydroxide behaves as a metallic conductor, which 

explains the low resistance values observed by EIS for charged condition of the material. 

The band model proposed in Fig. 3.2.5 can also explain the charging mechanism of the 

material. In fact, the flow of electrons that go from the semiconductor to the electrolyte 

interface interact with the protons present in the solution, leading to the proton diffusion 

reaction and the oxidation reaction of the metal ions. Accordingly, the phase transition, 

exemplified in Fig. 3.2.5(d-h), is only possible in this potential range above the flatband 

potential.  

Therefore, in the potential range from-0.2V to 0.5V the material changes from a depleted 

semiconductor to a degenerated semiconductor (nickel-cobalt hydroxide at a potential 

higher than the flatband potential). Then, the energy storage reaction becomes possible 

giving rise to the transition to the oxyhydroxide phase (γ-NixCo1-xOOH) which is 

conductive. For conductive materials, the space-charge region is negligible and, for that 

reason, no space-charge capacitance is observable in the Mott-Schottky plot at cathodic 

potentials. Finally, the new phase is conductive and, consequently, there is a dramatic 

decrease in the resistivity values observed in EIS.   
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Fig. 3.2.5. Electronic and Phase model of the Charging process of Nickel-Cobalt 

hydroxide based on the current density (cyclic voltammetry) and charge-space 

capacitance (Mott-Schottky) as a function of the applied potential. (a) Illustration of 

the band bend occurring when the Fermi level of the semiconductor is placed higher 

than that of the electrolyte for a p-type semiconductor. (b) Illustration of the 

equilibrium state of bands when the Fermi level of the semiconductor is the same of 

the electrolyte. (c) Illustration of the band bend happening when the Fermi level of the 

semiconductor is placed lower than that of the electrolyte for a p-type semiconductor. 

(d-e) Modification of the phase transformations occurring during the charging process 

for the Ni-Co double hydroxide materials first presented by Barnard, Randell and Tye 

[43]. 
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Summarizing, Mott-Schottky can be very useful to evaluate the depletion state of the 

material, which is correlated to its conductivity. At cathodic potentials, there is a 

depletion region and, as a consequence, the material is non-conductive, and no reaction 

is possible. Once the potential is increased, the Fermi level of the semiconductor 

decreases until it reaches a degenerate state and the material behaves as a conductor. 

Once more anodic potentials are applied, the semiconductor acts as an electron donor 

and gets oxidised to higher oxidation states of Nickel and Cobalt. Consequently, the 

faradaic reaction becomes possible and the solid-state proton diffusion begins. This is 

the charge reaction, where there is a phase transition from nickel-cobalt hydroxide to 

nickel-cobalt oxyhydroxide, with the consequent stabilization of the conductive phase. 

Thus, Mott-Schottky combined with cyclic voltammetry proves to be a very useful tool 

to evaluate the potentials at which EIS should be studied and provides complementary 

information to understand EIS results and the respective charging mechanism. This tool, 

first used for energy storage applications to our best knowledge, suggests that the 

potentials at which EIS is carried out shall be wisely selected and that is very useful to 

perform EIS not only at one potential, but at least at two, in charged and discharged 

conditions. Moreover, to further understand the reaction evolution processes, a third 

potential that corresponds to a degenerate semiconductor condition, the flatband 

potential, shall also be considered.  

3.2.4. Conclusions 

Impedance Spectroscopy is a very powerful technique that can provide in-depth 

information about resistance, porosity, degradation and charge-transport phenomena of 

a system. In the present work, EIS is used to comprehend the charge mechanism of 

nickel-cobalt hydroxide. Results evidence that for charge storage materials, EIS spectra 

are voltage-dependent and that it relies on the charge-state of the sample and its 

conductivity at a given potential. Furthermore, Mott-Schottky has been successfully 

implemented to explain the electronic-band evolution of Nickel-Cobalt hydroxide and 

to provide complementary information to critically select the potential values at which 

EIS measurements shall be performed. Finally, Mott-Schottky has also aid in 

understanding the variation of the Fermi levels at the interface of Nickel-Cobalt 

hydroxide in alkali media during the charge mechanism. 
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Abstract 

Nickel hydroxide, usually stabilized with cobalt, has been widely studied for energy 

storage applications. Although its charge-discharge mechanism seems to be simple, 

there is a lot of controversy regarding species involved in the process. To highlight such 

mechanism, this work discusses, for the first time, localized in-situ measurements of 

pH, pNa and dissolved O2 carried out during cyclic voltammetry of nickel-cobalt 

hydroxide electrodes in Na2SO4 0.05M. Local pH and pNa distributions were recorded 

using micro-potentiometric sensors with liquid membrane, while dissolved O2 was 

monitored using a fiber-optic microsensor. Although widely used in corrosion and 

biology, ion-selective localized techniques had not yet been reported for studying 

energy storage materials. Thus, this work evidences how these tools can bring further 

insights and understanding about the charge processes in metal hydroxide electrodes by 

direct measuring the gradients of relevant species at the electrode-electrolyte interface. 
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3.3.1. Introduction 

Nickel hydroxide has been used in different applications such as electrochromic devices 

or water electrolysers [1,2],  and it is intensively used in energy storage applications 

such as nickel batteries [3] due to its high theoretical capacity, low cost, accessibility 

and simple synthesis [4–8]. In recent years, it has resurged as a potential material for the 

next-generation of energy storage devices, particularly when combined with other 

materials [9–11]. For example, cobalt can improve the electrochemical response, 

conductivity and stability of nickel oxides and hydroxides, extending its stability 

[12,13]. 

Studies to understand the oxidation-reduction mechanism of nickel hydroxide  based 

materials and the different phases involved in the charge storage process have been 

performed since 1966, when Bode et al. proposed a diagram elucidating the possible 

phase transformations occurring in the material [14]. Although the charge storage 

mechanisms are considered quite simple, there are several models proposed in literature. 

In general, reports consider either solid-state H+ transport mechanism [15–17] , as 

exemplified by equations 3.3.1 and 3.3.2, or OH- transport model [15,18–20]. If cobalt 

(III) and ion contributions are considered, the mechanism proposed in equation 3.3.1 

has been applied: 

α-NixCo1-x(OH)2(2NO3
-, CO3

2-)(1-x)/2(H2O)0.5 + (0.5-y)( Na+, K+)                  γ-NixCo1-

xOO(H+)y(Na+¸K+)(0.5-y)(H2O)0.5 
 + (2-y)H+ + (1-x)/2 (2NO3

-, CO3
2-) + (0.5+x)e-   

eq. (3.3.1) 

If cobalt (II) is considered, equation 3.3.2 has been proposed: 

β-NixCo1-xO2H1+x                           β-NixCo1-xOOH + xH++ xe-             eq. (3.3.2) 

On the one hand, when H+ transport is considered, three different submodels have been 

proposed, depending on the contribution of cations from the solution, the hydration of 

metal ions and the extent of hydration of reactants and reaction products [15–17]. On 

the other hand, a mechanism based on OH- was first considered in basis of oxygen and 

hydrogen isotopic studies [20]. Moreover, results also differ on the role of cations in the 

mechanism [17–19]. Thus, although the final phases are well known, the exact 

mechanism is yet to be completely understood [2,21]. 

The understanding of the process also requires to include the effect of the oxygen 

evolution reaction (OER), a parasitic reaction which induces hysteresis along the whole 

nickel hydroxide oxidation-reduction reaction [22,23]. However, the extent of this 

phenomena has yet to be determined [24]. Pandolfo [25] et al. reported that OER on 

Ni(OH)2 occurs at 0.55V vs. Hg/HgO in KOH 1M, while Ta [26] et al. reported similar 

results at 0.5V vs. Hg/HgO. In principle, OER is fuelled by part of the current used 

during oxidation of the electrode and produces a slowly steady decrease of the oxidation 

state in nickel oxyhydroxide (self-discharge) at open circuit, as demonstrated by 

Conway [24,26,27].  

A wide range of techniques have been applied to investigate the charge mechanism in 

Ni hydroxide-based materials. In particular, electrochemical quartz crystal 

microbalance (EQCM) [18,19,28], but also x-ray adsorption near edge structure 

(XANES) combined with extended x-ray absorption fine structure (EXAFS) [29], 

Raman [30,31], UV [32] or scanning electron microscopy [33] provided relevant data. 

Recently, the combination of EQCM with probe laser beam (PLB) was proposed as in 

situ characterization tool, to determine, more precisely, the oxidation-reduction 
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mechanism. EQCM accurately quantifies mass changes [22], while PLB allows 

determination of the direction of the net ionic flux across the electrode-electrolyte 

interface [28]. However, it is rather challenging to separate the contribution of cations, 

anions and solvent molecules and to precisely understand the nature of the charge-

compensation processes [21].  

Thus, localized measurements to determine local pH, concentration of the cations 

involved in the process at the vicinity of the electrode-electrolyte interface and the 

dissolved oxygen content in the electrolyte can bring key data to unveil the charge 

storage mechanisms. For that reason, in this work, local micro-potentiometry has been 

applied. To the best of authors’ knowledge, such technique has never been applied 

before in the field of energy storage materials and the results obtained in this work bring 

relevant novelty. 

Local micro-potentiometry, also known as scanning ion-selective electrode technique 

(SIET), has been widely used in biology, physiology and,  over the last years in 

corrosion science [34–42] too.  It enables the measurement of specific ions activity, at 

a quasi-constant micro-distance, over an active surface in an electrolyte. SIET 

measurements require a potentiometric cell that contains the active material, a reference 

electrode and an ion-selective microelectrode assembled in such a way that it allows 

accurate positioning of the microelectrode over the sample and the evaluation of ion-

selective differences in the electrolyte nearby the surface-electrolyte interface at 

localized micro-scale. There is a significant difference between measurements of bulk 

and localized ions’ concentrations/ activities. Measurements in bulk electrolyte provide 

important insights, however the results reflect an average concentration of species 

present in solution. It is known that distribution of particular ions in solution, in the close 

vicinity of the surface of the electrode, may change during oxidation-reduction 

processes, thus involving species from the medium and the active material. These 

changes in ions’ distributions vanish when progressing into bulk solution, and, hence, 

they can only be detected at the vicinity of the active surface. The spatially resolved in-

situ localized techniques employed in this work enable to record key chemical 

information at a micro-distance from the active materials’ surface and how the 

concentration of relevant species changes during polarization of the electrode.  This 

provides better understanding of the redox processes that may occur during charge-

discharge of the active material, highlighting the mechanisms contributing to energy 

storage. Thus, the present work discusses the results of pH, pNa and dissolved O2 

localized measurements during charge-discharge of electrodeposited nickel-cobalt 

hydroxide in aqueous media (0.05M Na2SO4 and K2SO4), and how these bring new light 

into the proposed mechanisms. 

3.3.2. Experimental 

3.3.2.1 Synthesis of Ni-Co hydroxide film. 

Ni-Co hydroxide was deposited by means of cathodic electrodeposition using a 

potentiostat/galvanostat Gamry Interface 1000E. A pulsed potential between -0.9V and 

-1.2V was applied to a three-electrode cell containing a 100 mL solution containing 

0.11g of Co(NO3)2, 0.21g of Ni(NO3)2 and 0.11g of NaNO3. The duration of each pulse 

was 10 seconds, resulting in a total of 400 seconds for the electrodeposited layer. Longer 

deposition times would lead to thicker samples that would lead to interferences in the 

localized measurements. Platinum wire was used as counter electrode, SCE as reference 

electrode and Stainless Steel (AISI 304, Goodfellow) embedded in epoxy resin as 

substrate. The dimensions of the sample tested were 4mm x 4mm x 4mm. Stabilization 
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of the electrode material was undergone prior to the sample analysis. For that, the sample 

was cycled between -0.2V and 0.9V for an average of 20 cycles at 10 mV·s-1. 

Electrodeposited thin-film are used since they are not affected by the influence of 

binders, carbonaceous additives, current-collector geometry or other components 

typically utilized in a commercially prepared nickel hydroxide electrode [27].  

3.3.2.2 Materials characterization. 

To study the material morphology, field emission scanning electron microscope coupled 

with EDS was used (FEG-SEM JEOL JSM7001F with Oxford light elements EDS 

detector INCA 250) and a Hitachi 8100 transmission electron microscope with LaB6 

filament at a working voltage of 200kV coupled with a ThermoNoran SystemSix EDS 

detector.  

X-Ray Diffraction patters were obtained using an X’Pert Philips PMD diffractometer 

with a Panalytical X’celerator detector, using graphite-monochromized Cu Kα radiation 

(λ=1.54056Å).  

Raman spectra were collected by means of an i-Raman® spectrometer from B&W Tek 

with an excitation laser beam of 532nm. The spectra were obtained with an acquisition 

time of 60 seconds and 2 accumulations.  

3.3.2.3 Electrochemical evaluation. 

The electrochemical evaluation was performed by means of a potentiostat/galvanostat 

Gamry Interface 1000E coupled with Pt as reference and as counter electrode. Cyclic 

voltammetry was carried out at two scan rates, 3 and 5mV·s-1 in a potential window 

ranging from -0.2V to 1.1V vs Pt or -0.3V to 1.1V vs Pt according to the electrolyte 

used, K2SO4 0.05M or Na2SO4 0.05M respectively. Neutral electrolytes were employed 

due to the requirements imposed by micro-potentiometry equipment, in particular 

microelelctrode stability. It is worth mentioning that all the measurements are recorded 

on the second cycle at the designated scan rate after the initial conditioning of 20 cycles 

and 2 more cycles at 10mV·s-1.  

3.3.2.4 Micro-potentiometry. 

Micro-potentiometric pH and pNa (i.e. pNa=-lg[Na+]) measurements were performed 

using the equipment and corresponding software from Applicable Electronics™ and 

Science Wares™. pH-selective glass-capillary microelectrodes were employed. 

Silanized glass micropipettes were back-filled with the inner filling solution and tip-

filled with the corresponding ion-selective membrane with extended pH working range, 

based on [43] and Na+ selective membrane developed according to requirements of 

corrosion studies for avoiding IR-drop effect and pH sensitivity [44]. The glass-capillary 

micro-electrodes were prepared as described elsewhere [43,45]. 

The tip orifice diameter of the glass-capillary microelectrodes was (1.8±0.2) μm. A 

homemade Ag/AgCl/0.05M NaCl mini-electrode was used as an external reference 

electrode for micro-potentiometric measurements. The ion-selective microelectrodes 

were calibrated prior each measurement. The micro-potentiometric probes were 

positioned (30±5) µm above the surface. Measurements were obtained, at least, by 

triplicate.  
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3.3.2.5 Fiber-optic oxygen micro-sensor. 

The concentration of dissolved oxygen was measured using FireStingO2 fibre-optic 

oxygen meter (Pyroscience™). The micro-sensor employs an O2-sensitive indicator 

immobilized on the tip of the sensor. The indicator is excitable with orange-red light at 

a wavelength of 610–630 nm and demonstrates an oxygen dependent luminescence at 

760–790 nm. The measuring principle is based on a sinusoidally modulated red 

excitation light causing a phase-shifted sinusoidally modulated emission in the NIR. 

The detection limit of the micro-optode is 0.01 ppm. The needle-type retractable micro-

sensor OXR50 with 50 µm tip diameter was used for experiments. The optode was 

positioned (70±10) µm over the sample surface. This sensor provides response time of 

less than 1 s, reduced interference on medium and high stability of the signal. The 

calibration of the micro-optode was performed using N2 (0%DO) and air (20.9% DO) 

saturated solutions [46]. 

3.3.3. Results 

3.3.3.1 Physico-chemical characterization 

Nickel-cobalt hydroxides were deposited on stainless steel collectors. Scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM) were used to disclose 

the morphology and microstructural characteristics of the electrode material, while X-

ray diffraction (XRD), Raman spectroscopy and electron diffraction spectroscopy 

(EDS) were performed to elucidate the chemical composition. As exhibited in Fig. 

3.3.1a, nickel-cobalt hydroxide presented a nanosheet-like structure, with nearly vertical 

alignment that forms a percolation network, in good agreement with literature [47]. 

TEM microscopy, depicted in Fig. 3.3.1b, revealed the thin nature and random 

orientation of the electrodeposited nanosheets. The electron diffraction pattern obtained 

for selected areas (SAED) evidenced the presence of blurred diffraction peaks, as result 

of the nano-structural nature or low degree of crystallinity of the material. 
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Fig. 3.3.1. Physico-chemical characterization of the surface film: a) Scanning Electron 

Microscopy image. b) Transmission Electron Microscopy with diffraction rings inset. 

c) XRD Spectra and d) Raman Spectra of NixCo1-x(OH)2. 

XRD, depicted in Fig. 3.3.1c, initially presented a peak at 10.32o, indicating an interslab 

distance of approximately 8.46Å. However, after a 20-cycle break-in, the peak shifted 

to 18.70 o, which corresponds to an insterslab distance of 4.69Å for the (001) line. 

Nickel-cobalt hydroxide materials consist of NixCo1-x(OH)2 slabs that may incorporate 

H2O, NO3
- and CO3

2- into the interlayer distance. Depending on the extent of these 

intercalated molecules, two different phases can be formed, α or β. For β nickel-cobalt 

hydroxide materials, there are no intercalated species in the interslab space, resulting in 

an interplanar distance of approximately 4.8Å, while this distance is enlarged to 7.5-

8.5Å for the α phase, depending on the intercalated species [48]. In this work, XRD 

results evidenced an interslab distance of 8.46 Å, a fact that allows to conclude that 

original electrodeposited phase can be unequivocally classified as α-NixCo1-x(OH)2. 

Moreover, results obtained by XRD showed that, after break-in, this material is 

transformed into the β phase due to the known instability of the α phase [12,49]. 

Raman spectroscopy was performed in the 200-3700 cm-1 range. The single peak at 

329.5 cm-1, and the double peak at 445.54 and 522.81 cm-1 are characteristic of Eg mode, 

O-M-O bending and M-O Ag vibrations modes, respectively. Moreover, there are two 

main characteristics that can differentiate the α phase from the β phase by means of 

Raman spectroscopy: first, the peak at 1048.35 cm-1 is associated to NO3
- ions 

intercalated in the interslab space; secondly, Raman spectra present a shoulder at 3658 

cm-1 that disappears in the β structure. Besides these, β structures also display a 

relatively intense peak at around 3580 cm-1 [50]. Therefore, Raman spectra confirm the 

presence of an α Nickel-Cobalt phase.  



 3. Experimental results | 

233 

 

Electron diffraction spectroscopy and mapping were performed to evaluate the nickel-

cobalt ratio electrodeposited in the sample and to study the homogeneity and dispersion 

of nickel and cobalt in the electrodeposited material. Results are shown in Fig. 3.3.2. 

The Ni:Co atomic ratio obtained was 1.8, which is close to the electrolyte composition 

used in the synthesis process and is in good accordance with previous reports [11].  

 

Fig. 3.3.2. Geometry of the analyzed samples used in the set-up: Stainless steel 

substrate embedded in epoxy 

3.3.3.2 Electrochemical and localized measurements  

The electrochemical response of nickel-cobalt hydroxide was evaluated in K2SO4 and 

Na2SO4 0.05M at the same time as localized pH and dissolved O2 were monitored in-

situ. It is worth mentioning that measurements could not be performed in KOH due to 

accelerated deterioration of the micro electrodes used in SIET. For increased accuracy 

in SIET measurements, a special experimental methodology was used. First, the 

response of polarized stainless steel substrates was investigated; the results evidenced a 

profile identical to that of inert polarized metals [46], when pH is pre-defined by the 

applied current and by the distance of the measuring electrode to the polarized surface. 

Secondly, possible pitfalls due to IR-drop were considered too. This is critical to ensure 

the reliability of data recorded using ion-selective microelectrodes, especially under 

external polarization conditions. To this end, two experimental setups were designed: 

(1) measurements in dilute electrolytes, 0.005M K2SO4 and 0.005M Na2SO4; (2) 

measurements using an ion-selective microelectrode prepared with a longer membrane 

(x15), in the range of 800-1000 µm.   
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The IR-drop effect is known to be more pronounced in solutions with low conductivity 

(i.e. less concentrated). However, in the present case, the recorded profile of the pH and 

pNa changes were essentially the same in the tested solutions with different conductivity 

(0.5M, 0.05M, 0.005M K2SO4 and Na2SO4, respectively for pH and pNa). This result 

proved the negligible influence of the IR-drop influence on the data obtained. The 

second experiment was supposed to reveal the IR-drop, if present, due to the higher 

resistivity of the 15x longer ion-selective membrane. The microelectrodes with 

membrane length in the range of 800-1000 µm (around 15 times longer than the regular 

membrane length) were tested under reproducible conditions. The results confirmed 

absence/negligible IR-drop effects. 

NixCo1-x(OH)2 produces a meaningful signal as evidenced by the results presented in 

Fig. 3.3.3 and 3.3.4. Due to limited time-response of the ion-selective electrode (2-3 

seconds), cyclic voltammetry was performed at scan rates of 3 and 5 mV·s-1 in a 

potential range from -0.2V to 1.1V (vs. Pt). It is worth mentioning that an extended 

potential window for nickel hydroxide in sulphate electrolytes, like Na2SO4, is obtained 

as already reported [51,52]. 

 

Fig. 3.3.3. Cyclic voltammetry at: a) 5 mV·s-1 and b) 3 mV·s-1 and their expanded 

version in time c) and d) with the corresponding measurements of pH and dissolved 

O2 content variation measured in-situ within a potential range from -0.2V to 1.1V in 

K2SO4 0.05M. 
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Fig. 3.3.4. Cyclic voltammetry at: a) 5 mV·s-1and b) 3 mV·s-1 and their expanded 

version in time c) and d) with the corresponding in-situ measurements of pNa within a 

potential ranging from -0.3V to 1.1V in Na2SO4 0.05M. 

3.3.3.2.1 Anodic scan 

When the sample was anodically polarized after 20 previous cycles in the potential 

window from -0.2V to 1.1V, a peak at 0.9V was clearly observed in the voltammetric 

profiles (Fig. 3.3.3). According to pH variations, the potential window can be divided 

in four regions: (1) Potential range from -0.2V to 0.3V: evidenced stable pH around 9.2 

and decreasing pNa from 1.75 to 1.25 at 5 mV·s-1 (increased activity of sodium ions in 

solution, pNa≈-log[Na+]). (2) Potential range from 0.3V to 0.65V: slight decrease of pH 

and stable pNa. (3) Scan throughout the anodic peak: large diminution of pH and pNa. 

(4) For polarizations over 1 V: the OER started.  

In the potential range from -0.2V to 0.3V, the charge mechanism did not induce 

variations of pH but caused a diminution and posterior stabilization of pNa. As the 

oxidation-reduction reaction had not started, and sodium ions could not intercalate into 

β nickel-cobalt hydroxide due to structural constraints, the increased number of sodium 

ions might be induced by cations diffusion from bulk electrolyte to the interface, where 

they accumulate. Surface positive polarization during the anodic scan results in sulphate 

attraction for excess charge neutralization. Sulphate ions create a negatively charged 

layer on top of the active material that consequently attracts sodium ions in the vicinity 

of the interface, causing their accumulation (decrease in pNa). However, this 

phenomenon is not fully understood yet and further investigation is required.  
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In the potential range from 0.2V to 0.64V, pNa was nearly stable and there was a 

progressive pH decrease from 9 to 7.44 at 5mV·s-1. Since pH was initially basic, such 

decrease could be caused by: (1) de-intercalation of protons from the active material, 

(2) depletion of hydroxyl ions in the electrolyte layer over the surface or (3) 

production/expulsion of solvent molecules at the interface.  

Two possible explanations for this phenomenon can be proposed, considering whether 

the faradic reaction had started or not. On the one hand, if no faradaic reaction is 

considered to occur, supported by the unchanged current density as observed in cyclic 

voltammetry, and since proton de-intercalation would be associated to a change in the 

oxidation state of nickel, pH variation cannot be caused by proton de-intercalation. In 

fact, given the pH decrease profile in this potential range, it probably accounts for 

electrolyte diffusion-controlled processes. Moreover, the faster the scan rate, the more 

pronounced is the pH change. If pNa and pH variations are considered altogether, 

sodium ions may accumulate at the interface, reducing pNa, with increasing applied 

potential due to the aforementioned surface polarization, which is sensible to the applied 

current and is therefore affected by the scan rate.  Due to excess of negative charge, both 

Na+ and H+ cations may be attracted, to reduce the excess of charge from SO4
2-, thus 

decreasing pH. Results could also be explained considering a change in the coordination 

state of nickel atoms in the surface of the material caused by the excess of sodium ions 

may occur. A change in the hydration shell would not produce a visible response in 

current density, while potentially it would induce pH variations. 

On the other hand, if it is assumed that the faradaic reaction starts at 0.3V and evolves 

until the main anodic peak, either hydroxyl injection or proton de-intercalation could be 

possible. Considering the first possibility, generation of water inside the material, that 

would be expelled due to volume constrains imposed by the structure, may occur, aiding 

the pH decrease. If proton expulsion is considered, a solid-state proton transport model 

is also a plausible mechanism within this potential range. Considering this case, sodium 

ions would initially accumulate at the interface due to surface polarization and its 

activity would remain unchanged until the anodic peak.  

In the potential range from 0.64V to 0.97V, the faradaic reaction occurred, as evidenced 

by the peak in the cyclic voltammogram. This region is slightly deviated in Na2SO4 

electrolyte and an identical behaviour is observed in the 0.7V to 1V range, where an 

abrupt decrease of both pH and pNa was noticed. pH decreased from 7.76 to 3.15 and 

from 7.44 to 3.14 and pNa decreased from 1.25 to 0.93 and from 1.25 to 0.49, 

respectively at scan rates of 3 and 5mV·s-1. Thus, within this potential range a much 

sharper pH decrease was noticed comparatively to the previous potential range. This 

behaviour can be explained by assuming two different regimes: electrolyte-diffusion-

controlled mechanism in the previous potential range, while another mechanism 

dominates in the current potential range. In fact, this abrupt pH acidification allows, in 

principle, to exclude a diffusion-controlled process in the electrolyte, which would 

induce a lower slope in the variation of pH. Moreover, at these scan rates, the material 

may be considered to be fully charged when the reaction is finished, explaining why the 

same pH value is obtained after charge in both cases. In principle, the pH drop can be 

consequence of either hydroxyl intercalation, which would locally reduce its 

concentration at the interface, leading to pH decrease, or proton transport and proton 

release during the charging process. However, while the latter is only limited by the 

mobility of the ions within the electrode material (solid state diffusion of protons) and 

its response would not be limited by diffusion in the electrolyte, hydroxide intercalation 

would be dominated by hydroxyl ions diffusion from the electrolyte to the electrode 
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material and the solid-state hydroxyl mobility in nickel-cobalt hydroxide.  Therefore, an 

abrupt pH decrease indicates that the process is not hydroxyl diffusion-limited in the 

electrolyte, but mainly controlled by the transformation of the material. The most likely 

mechanism for the faradaic process should therefore involve solid-state transport of 

protons and their de-intercalation.  

On the other hand, there is an accumulation of sodium ions at the interface during the 

charging reaction. Given solid-state structural limitations, sodium ions cannot be 

intercalated in β phases. Therefore, it is possible that during the redox reaction there is 

an excess of negative charge at the surface of the material due to limited proton de-

intercalation and kinetics that produces sulphate diffusion for charge compensation. To 

compensate that excess of negative charge, sodium ions diffuse to the vicinity of the 

surface, decreasing pNa at the interface during the redox reaction. Moreover, the pNa 

variations are larger with increased scan rate, corroborating that the mechanism is 

affected by the magnitude of polarization and kinetics of the faradaic reaction. For 

higher applied currents (higher scan rates) there is a greater variation of pNa since de-

intercalation of protons is not favoured and the system do not have enough time to 

compensate surface charge and sodium ions accumulate at the surface of the material. 

Intercalation processes are greatly dependent on the reaction kinetics, being enhanced 

for slower scan rates [4]. Therefore, sodium ions’ transportation is driven to maintain 

surface electroneutrality.  

Within the previous potential ranges, the variation of O2 in solution during the redox 

reaction was negligible and its concentration was maintained around 7.4 -7.6 ppm (Fig. 

3.3.3), which is within the normal range for dissolved oxygen in aqueous solutions.  

The final step in the anodic scan is the oxygen evolution reaction (1.0V to 1.1V). Once 

the oxygen evolution reaction potential is reached, there was a substantial increase of 

the DO signal and an extra decrease of the pH that corresponds to the release of protons 

during OER according to the reaction exemplified in equation 3.3.3: 

2H2O  → 4H+ + 4e-                                   eq. (3.3.3) 

Regarding pNa, there was an increase of its value, which can be associated to a decrease 

in the concentration of sodium ions. This has been previously explained by Lamaka et 

al. [45] as consequence of excess of positive charge due to the proton production that 

generates a localized repulsion of sodium ions resulting in  Na+ depletion. 

3.3.3.2.2 Cathodic scan  

Once the polarization is reversed 4 different regions were noticed: (1) Oxygen reduction 

reaction (1.1V-1.0V), with the consequent increase in pH, decrease in dissolved oxygen 

and constant pNa value; (2) progressive pH raise and sharp change of pNa followed by 

stabilization in the 1V to 0.2V range; (3) sharp increase of pH and pNa, coincident with 

the cathodic peak and (4) pH and pNa stabilization around values of 9 and 1.5, 

respectively, after the reaction.  

In the potential range from 1.0V to 0.20V, the pH increased almost linearly from 2.9 to 

5.96 at 5 mV·s-1. On the other hand, pNa increased dramatically in the 1.0V to 0.8V 

potential range at 5 mV·s-1, reaching a value of 1.8 and then slowly decreased to 1.6 at 

the same scan rate in the 0.8V to 0.2V range. Similar values were obtained at 3mV·s-1. 

Once the potential was reversed, sodium ion accumulation at the interface is no longer 

required and sodium concentration is re-stablished to bulk levels, resulting in the drastic 

increase of pNa. There are no peaks in the cyclic voltammetry and a diffusion-controlled 
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regime (progressive increase) in the pH response was observed. Again, there are two 

possible explanations. On the one hand, assuming that the reaction had begun at this 

potential, diffusion of protons in the electrolyte and their intercalation inside the active 

material occurred. This process is controlled by both diffusion in the electrolyte and 

solid-state proton transport. Given the fact that pH at the beginning of this process was 

acid, de-intercalation of hydroxyl ions would produce a more drastic change in pH and 

thus it is unfeasible. On the other hand, considering that the reaction did not start, an 

equilibration between the interface and bulk electrolyte would be expected, 

progressively raising the pH and pNa.  

Finally, during the cathodic peak there was again an increase of pNa up to 1.9 and 1.7 

for 5mV·s-1and 3mV·s-1, respectively. After the cathodic peak pNa returned to the initial 

value of 1.5. Simultaneously, the pH increased drastically to 9.0. Again, the nature of 

the 3-unit pH variation indicates a reaction-controlled mechanism that is not subjected 

to electrolyte diffusion-controlled phenomena. Given the results obtained during the 

oxidation reaction, it is likely that the reaction occurs in the same manner during 

reduction. Protons, which are provided by the solvent, intercalate and proceed to a solid-

state proton transport. Solvent can be assumed to be easily accessible by the surface of 

the active material, being de-protonated to generate OH-, and therefore, is not considered 

as a diffusion-limiting factor. In this case, sodium ions depletion starts the maximum of 

the cathodic peak, corresponding to a major change in the conductivity of the material 

from NiOOH, conductive, to Ni(OH)2, semiconductor. This pNa increase may be 

therefore associated to a change in conductivity of the material and, consecutively, to 

surface charge compensation phenomena. Another possibility is that the observed pNa 

increase is due to a strong flux of hydroxyl ions, repelled by the negative polarization 

of the surface, that affect sodium ions. It is worth mentioning that the exact mechanism 

is not fully understood and requires further analysis; however, the role of Na+ may be 

associated in maintaining electroneutrality in any case. Once the reaction is finished, 

after complete transformation to Ni(OH)2, there is no need for further charge 

compensation and pNa returns to bulk levels.  

3.3.4. Discussion  

As aforementioned, there are several possible mechanisms that may explain the charge-

discharge reaction [15], which  can be divided in either proton or hydroxyl transport 

models. These reactions are exemplified in equations 3.3.1 and 3.3.2 (proton transport 

model) or 3.3.4 and 3.3.5 (hydroxyl transport model): 

α-NixCo1-x(OH)2(2NO3
-, CO3

2-)(1-x)/2(H2O)0.5 + (0.5-y)( Na+, K+) + (2-y)OH-                 γ-NixCo1-

xOO(H+)y(Na+¸K+)(0.5-y)(H2O)0.5  + (2-y)H2O + (1-x)/2 (2NO3
-, CO3

2-) + (0.5+x)e-     

                                                                      eq. (3.3.4) 

 

β-NixCo1-xO2H1+x + xOH-     
                         β-NixCo1-xOOH + xH2O + xe-         eq. (3.3.5) 

Since cobalt ions are stabilized in the +3 oxidation state in the β phase, there must be 

proton deficiency to achieve charge compensation in accordance to Barnard et al. [53]. 

Several groups have reported mass changes during charge of α-Ni(OH) 2, a phenomenon 

generally assigned to cation insertion [1,2,17,18,54–56]. Considering the non-

stoichiometric model developed by Weidner et al. [22], there is a continuous change in 

the composition of the material between the fully charged and discharged composition 
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[57], this is, NiOOH and Ni(OH)2 do not exist as separate solid phases, but rather as one 

non-stoichiometric solid phase [27]. According to this model, during oxidation protons 

are removed from vacancies (and from the interslab space) and diffuse to the electrode-

electrolyte interface [58] where they react with OH- to form water [2,26], with the 

consequent oxidation of Ni2+ into Ni3+ . To maintain electroneutrality, the transport of 

electrons and ions has to proceed at the same rate [59]. Alkali cations are simultaneously 

intercalated increasing mass, as suggested by Bernard et al. [16,60]. For that matter, 

there is an insertion of alkali ions in some prismatic sites of the γ phases [23]. 

Eventually, the mass variation reverses, as consequence of the instability of the α phase 

and its transformation into β phase [55]. Moreover, there is an increase of water content 

with cycling, with water expulsion during charge and incorporation during discharge, to 

maintain electroneutrality [15,56] regardless the counter-ion [17,21]. Therefore, this 

corresponds to as solid-state proton diffusion model, with proton transport and 

expulsion during charge and proton insertion during discharge. 

The dynamics of (de-)intercalation and the interface transfer rates were studied by 

means of probe beam deflection (PBD) in combination with EQCM. Employing these 

techniques, the authors suggested that the contribution of individual species is 

dominated by OH- with H2O expulsion during oxidation. There has been little direct 

evidence of significant transfer of cations across the interface. Thus, it was proposed 

that cations are expulsed from the film material at a more negative potential than peak 

potential (Ep) and, once the material is polarized above Ep, either hydroxide insertion or 

de-intercalation of protons (producing water, which would not be detected by EPB since 

they would rapidly recombine with hydroxyl ions) would occur [1,2]. As a result, some 

authors support the hydroxyl transport model. 

Based on EQCM studies, two ionic species shall concurrently move in opposing 

directions to maintain electroneutrality. Thus, it is reported that if OH- ions are inserted 

during oxidation, with the consequent increase in mass, there must be a counterflux of 

ions [2,61]. Moreover, the rigid nature of the nickel hydroxide lattice imposes volume 

constraints, thus, while hydroxyl ions enter the structure, water molecules must leave at 

the same rate [15,60,62]. This results in H2O moving on the same time scale as ionic 

hydroxide and is not controlled by diffusion [1]. It is also worth mentioning that mass 

increase occurs during the first cycles, but then mass change inversion occurs in 

extended redox cycles, which has been assigned to formation of beta phase [55]. During 

early immersion and first cycles, the material suffers a “break-in” in which cations and 

water molecules get de-intercalated and the species trapped in the interlayer space 

during electrodeposition are expelled [54,55,61]. Therefore, the increase in mass is 

likely to result from the incorporation of another species rather than protons or cations. 

Cobalt and nickel-cobalt hydroxides are not as studied as nickel hydroxide. The 

oxidation of cobalt hydroxide is considered to occur in a sequential process.  It was 

proposed that cobalt hydroxide first undergoes dissolution in alkaline electrolytes and 

then diffuses to the electrode surface where it suffers de-protonation to produce the 

oxyhydroxide material [63]. Tarascon et al., suggested a two-step mechanism involving 

dissolution followed by a solid state reaction [64–66]. When cobalt is incorporated into 

nickel hydroxide, the oxygen overpotential is raised, there is an apparent increase in the 

depth of discharge, conductivity and mechanical resistance are enhanced and the alpha 

structure of nickel-cobalt hydroxide is stabilized [67,68]. 

Based on a concise literature revision, the main conclusions to consider from previous 

reports are: 1) Mass increases during charge in α-Ni(OH)2; behaviour that, eventually, 
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may invert due to α to β transformation;  2) reduced contribution from cations and great 

contribution of OH-; 3) Electroneutrality shall be maintained; 4) Water content in the 

sample changes due to expulsion during charge, insertion during discharge, being 

limited by volume constraints; 5) thanks to solid-state chemistry there is evidence of 

sodium and potassium ions in ɣ-NixCo1-xOOH, while none in the α structure. Thus, 

cations shall be intercalated during charge and de-intercalated during discharge [69]; 6) 

possible “break-in” process during the first cycles; 7) transfer of ions and electrons shall 

be simultaneous; 8) the reaction evolves in a non-stoichiometric manner with 

intermediate states; 9) OER may affect the entire charge-discharge reaction and is 

affected by the addition of cobalt; 10) two-step mechanisms may be considered for both 

nickel and cobalt hydroxide; 11) KOH is usually used, while neutral electrolyte is 

employed in the present work. 

Summarizing, for the charging process, and bearing in mind these considerations, the 

material required nearly 20 cycles to be stabilized, as stated in the experimental section, 

a process that resulted in a pH of 9 and bulk pNa value of 1.5. Thus, the results evidence 

that “break-in” occurs during the first cycles, period during which anions initially 

intercalated in the interlayer space during electrodeposition are expelled, and the initial 

α phase is transformed into the β phase. This would result in a mass decrease after which 

electrochemical stabilization would be achieved.  

The pNa results evidence sodium ions mobility during the reaction and indicate that they 

play a main role in maintaining surface electroneutrality but, have less relevant 

contribution in the phase transformation occurring during charge than proton ions, as 

expected for β nickel-cobalt hydroxide. Alkali ions are not likely to be inserted/de-

intercalated during charge-discharge. However, alkali ions accumulate at the interface 

during charge in a greater extent for faster scan rates, which suggests a process 

kinetically controlled by solid-state de-intercalation of proton ions and surface charge 

compensation by alkali ions. 

pH evolution suggests two main stages during the oxidation reaction, dominated by 

different processes. The first is characterised by a steady decrease of pH and may 

correspond to a diffusion-controlled process, in which electrolyte diffusion plays the 

most important role, in particular, diffusion of the most abundant species (hydroxyl ions 

during oxidation and protons during reduction, considering the weak basic nature of the 

electrolyte). That would explain the results observed by PBD [2] in which hydroxyl ions 

were the main contributors to the signal in the potential range before the anodic peak. 

This stage is followed by a drastic decrease of pH during the anodic peak. This has been 

related to a solid-state transport of protons as charge mechanism, as opposed to hydroxyl 

intercalation which was also considered. 

Regarding the effect of OER, it has been observed that the process of charge is affected 

by this parasitic reaction if the potential range is extended beyond the main anodic peak, 

while no relevant variation is observed in the -0.2V to 1.0V (vs. Pt) potential range. 

Nonetheless, further studies shall be performed to establish the effect of OER in the self-

discharge of the material. The entire process is exemplified in Fig. 3.3.5. 
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Fig. 3.3.5. Schematic representation of the processes occurring during oxidation-

reduction of NixCo1-x(OH)2 in K2SO4/ Na2SO4 0.05M. 
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3.3.5. Conclusions 

In conclusion, the application of localized potentiometry enables the measurement of 

pH, dissolved oxygen and pNa at the electrode-electrolyte interface for nickel-cobalt 

hydroxides films used as charge storage electrodes. As Mousty et al. [21] indicated, the 

understanding of the ion motion in the electron transport mechanism and surface 

reaction is very challenging. Conventional electrochemical techniques, even when 

coupled with in-situ characterization techniques, are not always sufficient. The use of 

localized techniques has enabled to obtain more information on the charge-discharge 

reaction, which has been intensively discussed for many years. These techniques are 

applied, for the first time, to understand the energy storage mechanism in nickel-cobalt 

hydroxides and may be extremely useful, in combination with other tools, to elucidate 

materials’ reactivity, oxidation mechanism of LDH materials and other energy storage 

materials, especially in those involving intercalation. The participation of alkali ions in 

surface charge neutralization and the appearance of OER close to anodic peak potential 

have been confirmed, although further studies regarding the oxidation and cycling 

behaviour, the role of cobalt in the nickel-hydroxide structure, the effect of the solvent 

and the self-discharge of the material shall be done by means of these techniques to 

achieve a more complete understanding of the oxidation-reduction reactions of nickel-

cobalt hydroxide as charge storage materials. 

Acknowledgments 

This work has been performed in scope of International Doctoral Program in Functional 

Materials (IDS-FunMat, Erasmus Mundus) and funded by the European Union. We 

would like to express our gratitude to the Fundação para a Ciência e Tecnologia (FCT) 

for the funding under the contracts M-ERA.NET/0004/2014 and 

UID/QUI/00100/2013t. We would also like to acknowledge Tuyen Nguyen, Sonia 

Eugénio and Isabel Dias Nogueira for their assistance during characterization.  

  



 3. Experimental results | 

243 

 

Chapter 3.3 references 

[1] H.M. French, M.J. Henderson, A.R. Hillman, E. Vieil, Temporal resolution of 

ion and solvent transfers at nickel hydroxide films exposed to LiOH, Solid State 

Ionics. 150 (2002) 27–37. doi:10.1016/S0167-2738(02)00261-8. 

[2] H.M. French, M.J. Henderson, A.R. Hillman, E. Vieil, Ion and solvent transfer 

discrimination at a nickel hydroxide film exposed to LiOH by combined 

electrochemical quartz crystal microbalance (EQCM) and probe beam deflection 

(PBD) techniques, J. Electroanal. Chem. 500 (2001) 192–207. 

doi:10.1016/S0022-0728(00)00373-9. 

[3] A. Taniguchi, N. Fujioka, M. Ikoma, A. Ohta, Development of nickel / metal-

hydride batteries for EVs and HEVs, J. Power Sources. 100 (2001) 117–124. 

[4] G. Wang, L. Zhang, J. Zhang, A review of electrode materials for electrochemical 

supercapacitors., Chem. Soc. Rev. 41 (2012) 797–828. doi:10.1039/c1cs15060j. 

[5] Y. Chuminjak, S. Daothong, A. Kuntarug, High-performance Electrochemical 

Energy Storage Electrodes Based on Nickel Oxide-coated Nickel Foam Prepared 

by Sparking Method, Electrochim. Acta. 238 (2017) 298–309. 

doi:10.1016/j.electacta.2017.03.190. 

[6] P. Sirisinudomkit, P. Iamprasertkun, A. Krittayavathananon, T. Pettong, P. 

Dittanet, P. Kidkhunthodc, M. Sawangphruk, Hybrid energy storage of battery-

type nickel hydroxide and supercapacitor-type graphene: redox additive and 

charge storage mechanism, Sustain. Energy Fuels. 1 (2017) 275–279. 

doi:10.1039/C7SE00052A. 

[7] H. Chen, L. Hu, M. Chen, Y. Yan, L. Wu, Nickel-cobalt layered double 

hydroxide nanosheets for high-performance supercapacitor electrode materials, 

Adv. Funct. Mater. 24 (2014) 934–942. doi:10.1002/adfm.201301747. 

[8] X. Cai, X. Shen, L. Ma, Z. Ji, C. Xu, A. Yuan, Solvothermal synthesis of NiCo-

layered double hydroxide nanosheets decorated on RGO sheets for high 

performance supercapacitor, Chem. Eng. J. 268 (2015) 251–259. 

doi:10.1016/j.cej.2015.01.072. 

[9] H. Chen, L. Hu, Y. Yan, R. Che, M. Chen, L. Wu, One-Step Fabrication of 

Ultrathin Porous Nickel Hydroxide-Manganese Dioxide Hybrid Nanosheets for 

Supercapacitor Electrodes with Excellent Capacitive Performance., Adv. Energy 

Mater. 3 (2013) 1636–1646. doi:10.1002/aenm.201300580. 

[10] L.G. Beka, X. Li, W. Liu, Nickel Cobalt Sulfide core/shell structure on 3D 

Graphene for supercapacitor application, Sci. Rep. 7 (2017) 1–11. 

doi:10.1038/s41598-017-02309-8. 

[11] A. Adán-más, R.G. Duarte, T.M. Silva, L. Guerlou-demourgues, M. Fátima, G. 

Montemor, Enhancement of the Ni-Co hydroxide response as Energy Storage 

Material by Electrochemically Reduced Graphene Oxide, Electrochim. Acta. 240 

(2017) 323–340. doi:10.1016/j.electacta.2017.04.070. 

[12] C. Delmas, C. Faure, Y. Borthomieu, The effect of cobalt on the chemical and 

electrochemical behaviour of the nickel hydroxide electrode, Mater. Sci. Eng. B. 

13 (1992) 89–96. doi:10.1016/0921-5107(92)90147-2. 

[13] R.D. Armstrong, E.A. Charles, Some Aspects of the A.C. Impedance Behaviour 

of Nickel Hydroxide and Nickel/Cobalt Hydroxide Electrodes in Alkaline 



| Chapter 3.3 

244 

 

Solution, J. Power Sources. 27 (1989) 15–21. 

[14] H. Bode, J. Witte, K. Dehmelt, Zur Kenntnis der Nickelhydroxidelektrode - I. 

Über das Nickel (II)-Hydroxidhydrat, Electrochim. Acta. 11 (1966) 1079–1087. 

[15] M. Wehrens-Dijksma, P.H.L. Notten, Electrochemical Quartz Microbalance 

characterization of Ni(OH)2-based thin film electrodes, Electrochim. Acta. 51 

(2006) 3609–3621. doi:10.1016/j.electacta.2005.10.022. 

[16] P. Bernard, C. Gabrielli, M. Keddam, H. Takenouti, AC quartz crystal 

microbalance applied to the studies of the nickel hydroxide behaviour in alkaline 

solutions, Electrochim. Acta. 36 (1991) 743–746. 

[17] G.T. Cheek, W.E. O’Grady, Redox behavior of the nickel oxide electrode system: 

quartz crystal microbalance studies, J. Electroanal. Chem. 421 (1997) 173–177. 

doi:10.1016/S0022-0728(96)04821-8. 

[18] Y. Mo, E. Hwang, D.A. Scherson, In Situ Quarlz Crystal Microbalance Studies 

of Nickel Hydrous Oxide Films in Alkaline Electrolytes, J. Electrochem. Soc. 

143 (1996) 5–11. 

[19] S.I. Cordoba-Torresi, A. A. Hugot-Le Gaff, S. Joiret, Electrochromic Behavior 

of Nickel Oxide Electrodes II . Identification of the Bleached State by Raman 

Spectroscopy and Nuclear Reactions, J. Electrochem. Soc. 138 (1991) 1554–

1559. 

[20] G. Feuillade, R. Jacoud, Transferts ioniques durant l’oxydation anodique d’un 

hydroxyde de nickel, Electrochim. Acta. 14 (1969) 1297–1311. 

doi:10.1016/0013-4686(69)87023-4. 

[21] C. Taviot-Guého, P. Vialat, F. Leroux, F. Razzaghi, H. Perrot, O. Sel, N.D. 

Jensen, U.G. Nielsen, S. Peulon, E. Elkaim, C. Mousty, Dynamic 

Characterization of Inter- and Intralamellar Domains of Cobalt-Based Layered 

Double Hydroxides upon Electrochemical Oxidation, Chem. Mater. 28 (2016) 

7793–7806. doi:10.1021/acs.chemmater.6b03061. 

[22] V. Srinivasan, B.C. Cornilsen, J.W. Weidner, A nonstoichiometric structural 

model to characterize changes in the nickel hydroxide electrode during cycling, 

J. Solid State Electrochem. 9 (2005) 61–76. doi:10.1007/s10008-004-0525-x. 

[23] V. Srinivasan, J.W. Weidner, R.E. White, Mathematical models of the nickel 

hydroxide active material, J. Solid State Electrochem. 4 (2000) 367–382. 

doi:10.1007/s100080000107. 

[24] P.L. Bourgault, B.E. Conway, The Electrochemical Behavior of the Nickel Oxide 

Electrode: Part II. Quasi-Equilibrium Behavior, Can. J. Chem. 38 (1960) 1557–

1575. doi:10.1139/v60-216. 

[25] G.A. Snook, N.W. Duffy, A.G. Pandolfo, Detection of Oxygen Evolution from 

Nickel Hydroxide Electrodes Using Scanning Electrochemical Microscopy, J. 

Electrochem. Soc. 155 (2008) A262. doi:10.1149/1.2830837. 

[26] K.P. Ta, Mass Transfer and Kinetic Phenomena at the Nickel Hydroxide 

Electrode, J. Electrochem. Soc. 145 (1998) 3860. doi:10.1149/1.1838886. 

[27] K.P. Ta, Proton Intercalation Hysteresis in Charging and Discharging Nickel 

Hydroxide Electrodes, J. Electrochem. Soc. 146 (1999) 2769. 

doi:10.1149/1.1392007. 



 3. Experimental results | 

245 

 

[28] K.-W. Nam, K.-B. Kim, A Study of the Preparation of NiOx Electrode via 

Electrochemical Route for Supercapacitor Applications and Their Charge 

Storage Mechanism, J. Electrochem. Soc. 149 (2002) A346. 

doi:10.1149/1.1449951. 

[29] W. O’Grady, K. Pandya, K. Swider, D. Corrigan, In Situ X-Ray Absorption Near-

Edge Structure Evidence for Quadrivalent Nickel in Nickel Battery Electrodes, J. 

Electrochem. Soc. 143 (1996) 1613. doi:10.1149/1.1836687. 

[30] J. Desilvestro, D.A. Corrigan, M.J. Weaver, Characterization of Redox States of 

Nickel Hydroxide Film Electrodes by In Situ Surface Raman Spectroscopy, J. 

Electrochem. Soc. 135 (1988) 885–892. 

[31] R. Kostecki, F. McLarnon, Electrochemical and In Situ Raman Spectroscopic 

Characterization of Nickel Hydroxide Electrodes, J. Electrochem. Soc. 144 

(1997) 485–493. doi:10.1149/1.1837437. 

[32] D.A. Corrigan, S.L. Knight, Electrochemical and Spectroscopic Evidence on the 

Participation of Quadrivalent Nickel in the Nickel Hydroxide Redox Reaction, J. 

Electrochem. Soc. 136 (1989) 613. doi:10.1149/1.2096697. 

[33] Y. Zhang, X. Cao, H. Yuan, W. Zhang, Z. Zhou, Oxygen evolution reaction on 

Ni hydroxide film electrode containing various content of Co, Int. J. Hydrogen 

Energy. 24 (1999) 529–536. doi:10.1016/S0360-3199(98)00086-X. 

[34] I.A. Newman, Ion transport in roots: Measurement of fluxes using ion-selective 

microelectrodes to characterize transporter function, Plant, Cell Environ. 24 

(2001) 1–14. doi:10.1046/j.1365-3040.2001.00661.x. 

[35] M. Marenzana, A.M. Shipley, P. Squitiero, J.G. Kunkel, A. Rubinacci, Bone as 

an ion exchange organ: Evidence for instantaneous cell-dependent calcium efflux 

from bone not due to resorption, Bone. 37 (2005) 545–554. 

doi:10.1016/j.bone.2005.04.036. 

[36] A. Alvarez-Pampliega, M.G. Taryba, K. Van Den Bergh, J. De Strycker, S. V. 

Lamaka, H. Terryn, Study of local Na+ and Cl- distributions during the cut-edge 

corrosion of aluminum rich metal-coated steel by scanning vibrating electrode 

and micro-potentiometric techniques, Electrochim. Acta. 102 (2013) 319–327. 

doi:10.1016/j.electacta.2013.03.186. 

[37] M. Taryba, S. V. Lamaka, D. Snihirova, M.G.S. Ferreira, M.F. Montemor, W.K. 

Wijting, S. Toews, G. Grundmeier, The combined use of scanning vibrating 

electrode technique and micro-potentiometry to assess the self-repair processes 

in defects on “smart” coatings applied to galvanized steel, Electrochim. Acta. 56 

(2011) 4475–4488. doi:10.1016/j.electacta.2011.02.048. 

[38] A.C. Bastos, O. V. Karavai, M.L. Zheludkevich, K.A. Yasakau, M.G.S. Ferreira, 

Localised measurements of pH and dissolved oxygen as complements to SVET 

in the investigation of corrosion at defects in coated aluminum alloy, 

Electroanalysis. 22 (2010) 2009–2016. doi:10.1002/elan.201000076. 

[39] K. Ogle, S. Morel, D. Jacquet, Observation of Self-Healing Functions on the Cut 

Edge of Galvanized Steel Using SVET and pH Microscopy, J. Electrochem. Soc. 

153 (2006) B1. doi:10.1149/1.2126577. 

[40] J. Izquierdo, L. Nagy, Á. Varga, J.J. Santana, G. Nagy, R.M. Souto, Spatially 

resolved measurement of electrochemical activity and pH distributions in 



| Chapter 3.3 

246 

 

corrosion processes by scanning electrochemical microscopy using antimony 

microelectrode tips, Electrochim. Acta. 56 (2011) 8846–8850. 

doi:10.1016/j.electacta.2011.07.076. 

[41] M.F. Montemor, D. V. Snihirova, M.G. Taryba, S. V. Lamaka, I.A. Kartsonakis, 

A.C. Balaskas, G.C. Kordas, J. Tedim, A. Kuznetsova, M.L. Zheludkevich, 

M.G.S. Ferreira, Evaluation of self-healing ability in protective coatings modified 

with combinations of layered double hydroxides and cerium molibdate 

nanocontainers filled with corrosion inhibitors, Electrochim. Acta. 60 (2012) 31–

40. doi:10.1016/j.electacta.2011.10.078. 

[42] H. Ding, L.H. Hihara, Localized Corrosion Currents and pH Profile over B4C, 

SiC, and Al2O3 Reinforced 6092 Aluminum Composites, J. Electrochem. Soc. 

152 (2005) B161–B167. doi:10.1149/1.1870873. 

[43] E.A. Zdrachek, A.G. Karotkaya, V.A. Nazarov, K.A. Andronchyk, L.S. 

Stanishevskii, V. V. Egorov, M.G. Taryba, D. Snihirova, M. Kopylovich, S. V. 

Lamaka, H+-selective microelectrodes with optimized measuring range for 

corrosion studies, Sensors Actuators, B Chem. 207 (2015) 967–975. 

doi:10.1016/j.snb.2014.07.106. 

[44] V.A. Nazarov, M.G. Taryba, E.A. Zdrachek, K.A. Andronchyk, V. V. Egorov, S. 

V. Lamaka, Sodium- and chloride-selective microelectrodes optimized for 

corrosion studies, J. Electroanal. Chem. 706 (2013) 13–24. 

doi:10.1016/j.jelechem.2013.07.034. 

[45] S. V. Lamaka, R.M. Souto, M.G.S. Ferreira, In-situ visualization of local 

corrosion by Scanning Ion-selective electrode technique (SIET) - Chapter in 

Microscopy: Science, Technology, Applications and Education., FORMATEX 

2010, 2010. 

[46] S. V. Lamaka, M. Taryba, M.F. Montemor, H.S. Isaacs, M.G.S. Ferreira, Quasi-

simultaneous measurements of ionic currents by vibrating probe and pH 

distribution by ion-selective microelectrode, Electrochem. Commun. 13 (2011) 

20–23. doi:10.1016/j.elecom.2010.11.002. 

[47] T. Nguyen, M. Boudard, M.J. Carmezim, M.F. Montemor, Layered Ni(OH)2-

Co(OH)2 films prepared by electrodeposition as charge storage electrodes for 

hybrid supercapacitors, Sci. Rep. (2017) 1–10. doi:10.1038/srep39980. 

[48] C. Delmas, Y. Borthomieu, A new route to obtain well crystallized layer double 

hydroxides, J. Solid State Chem. 104 (1993) 345–352. 

doi:10.1006/jssc.1993.1169. 

[49] P. Oliva, J. Leonardi, J.F. Laurent, C. Delmas, J.J. Braconnier, M. Figlarz, F. 

Fievet, A. de Guibert, Review of the structure and the electrochemistry of nickel 

hydroxides and oxy-hydroxides, J. Power Sources. 8 (1982) 229–255. 

doi:10.1016/0378-7753(82)80057-8. 

[50] M.C. Bernard, P. Bernard, M. Keddam, S. Senyarich, H. Takenouti, 

Characterisation of new nickel hydroxides during the transformation of α 

Ni(OH)2 to β Ni(OH)2 by ageing, Electrochim. Acta. 41 (1996) 91–93. 

doi:10.1016/0013-4686(95)00282-J. 

[51] C.-C. Hu, K.-H. Chang, T.-Y. Hsu, The Synergistic Influences of OH- 

Concentration and Electrolyte Conductivity on the Redox Behavior of 



 3. Experimental results | 

247 

 

Ni(OH)2/NiOOH, J. Electrochem. Soc. 155 (2008) F196. 

doi:10.1149/1.2945911. 

[52] P.K. Nayak, N. Munichandraiah, Cobalt Hydroxide as a Capacitor Material: 

Tuning Its Potential Window, J. Electrochem. Soc. 155 (2008) A855. 

doi:10.1149/1.2977976. 

[53] R. Barnard, G.T. Crickmore, J.A. Lee, F.L. Tye, The cause of residual capacity 

in nickel oxyhydroxide electrodes, J. Appl. Electrochem. 10 (1980) 61–70. 

doi:10.1007/BF00937339. 

[54] J.W. Lee, J.N. Han, M. Seo, S. Il Pyun, Transport of alkaline cation and neutral 

species through the α-Ni(OH)2/γ-NiOOH film electrode, J. Solid State 

Electrochem. 5 (2001) 459–465. doi:10.1007/s100080100198. 

[55] R. Etchenique, E.J. Calvo, Electrochemical Quartz Crystal Microbalance 

Gravimetric and Viscoelastic Studies of Nickel Hydroxide Battery Electrodes, J. 

Electrochem. Soc. 148 (2001) A361. doi:10.1149/1.1357170. 

[56] S. Il Pyun, K.H. Kim, J.N. Han, Analysis of stresses generated during hydrogen 

extraction from and injection into Ni(OH)2/NiOOH film electrode, J. Power 

Sources. 91 (2000) 92–98. doi:10.1016/S0378-7753(00)00464-X. 

[57] P.J. Tsai, S.L.I. Chan, Nickel-based batteries: materials and chemistry, 

Woodhead Publishing Limited, 2013. doi:10.1533/9780857097378.3.309. 

[58] S. Motupally, Proton Diffusion in Nickel Hydroxide Films, J. Electrochem. Soc. 

142 (1995) 1401. doi:10.1149/1.2048589. 

[59] U. Schröder, K.B. Oldham, J.C. Myland, P.J. Mahon, F. Scholz, Modelling of 

solid state voltammetry of immobilized microcrystals assuming an initiation of 

the electrochemical reaction at a three-phase junction, J. Solid State Electrochem. 

4 (2000) 314–324. doi:10.1007/s100080000130. 

[60] Min-Seuk Kim and Kwang-Bum Kim, A Study of the Electrochemical Redox 

Behavior of Electrochemically Precipitated Nickel Hydroxides Using 

Electrochemical Quartz Crystal Microbalance, J. Electrochem. Soc. 144 (1997) 

1537–1543. 

[61] M. Gonsalves, A. Robert Hillman, Effect of time scale on redox-driven ion and 

solvent transfers at nickel hydroxide films in aqueous lithium hydroxide 

solutions, J. Electroanal. Chem. 454 (1998) 183–202. doi:10.1016/S0022-

0728(98)00262-9. 

[62] M. Aia, Structure and Stoichiometry of Nickel Hydroxides in Sintered Nickel 

Positive Electrodes, J. Electrochem. Soc. 114 (1967) 418–423. 

doi:10.1149/1.2426619. 

[63] P. Elumalai, H.N. Vasan, N. Munichandraiah, Electrochemical studies of cobalt 

hydroxide - an additive for nickel electrodes, J. Power Sources. 93 (2001) 201–

208. doi:10.1016/S0378-7753(00)00572-3. 

[64] P. Benson, G.W.D. Briggs, W.F.K. Wynne-Jones, The cobalt hydroxide 

electrode—II. Electrochemical behaviour, Electrochim. Acta. 9 (1964) 281–288. 

doi:http://dx.doi.org/10.1016/0013-4686(64)80017-7. 

[65] V. Pralong, A. Delahaye-Vidal, B. Beaudoin, B. Gérand, J.-M. Tarascon, 

Oxidation mechanism of cobalt hydroxide to cobalt oxyhydroxide, J. Mater. 



| Chapter 3.3 

248 

 

Chem. 9 (1999) 955–960. doi:10.1039/a807689h. 

[66] V. Pralong, A. Delahaye-Vidal, B. Beaudoin, J.-B. Leriche, J.-M. Tarascon, 

Electrochemical Behavior of Cobalt Hydroxide Used as Additive in the Nickel 

Hydroxide Electrode, J. Electrochem. Soc. 147 (2000) 1306. 

doi:10.1149/1.1393355. 

[67] B.C. Cornilsen, X. Shan, P.L. Loyselle, Structural comparison of nickel 

electrodes and precursor phases, J. Power Sources. 29 (1990) 453–466. 

doi:10.1016/0378-7753(90)85018-8. 

[68] R.D. Armstrong, G.W.D. Briggs, E.A. Charles, Some effects of the addition of 

cobalt to the nickel hydroxide electrode, J. Appl. Ele. 18 (1988) 215–219. 

[69] C. Faure, C. Delmas, P. Willmann, Preparation and characterization of cobalt-

substituted α-nickel hydroxide stable in KOH medium Part II. α-Hydroxide with 

a turbostratic structure, J. Power Sources. 35 (1991) 263–277. 

doi:http://dx.doi.org/10.1016/0378-7753(91)80111-A. 

  

 



 3. Experimental results | 

249 

 

3.4 Reduced graphene oxide modified Nickel-Cobalt oxide 

performance and degradation for energy storage applications.  

Alberto Adán-Mása,b,*, T. M. Silvaa,c, L. Guerlou-Demourguesb,d, Lydie 

Bourgeoise,f, M. F. Montemora,* 

a Centro de Química Estrutural-CQE, DEQ, Instituto Superior Técnico, Universidade de 

Lisboa, 1049-001, Lisboa, Portugal 

b CNRS, University of Bordeaux, Bordeaux INP, ICMCB UPR 9048, 33600 Pessac, 

France 

c ADEM, GI-MOSM, ISEL-Instituto Superior de Engenharia de Lisboa, Instituto 

Politécnico de Lisboa, Lisboa, Portugal 

dRS2E, Réseau Français sur le Stockage Electrochimique de l’Energie, FR CNRS 3459, 

France. 

eUniversité de Bordeaux, ISM, Groupe de Spectroscopie Moléculaire, F-33405, 

Talence, France. 

fBordeaux INP, ISM, CNRS UMR 5255, F-33405, Talence, France. 

 

Keywords: Electrochemically reduced graphene oxide; Nickel-cobalt oxide; Energy 

storage; Electrode degradation; Electrochemical impedance spectroscopy 

 

Abstract 

Nickel-cobalt oxide was synthesized in combination with electrochemically reduced 

graphene oxide (Er-GO) by one-step electrodeposition on stainless steel followed by 

thermal treatment. The presence of reduced graphene oxide led to enhanced 

electrochemical response, with a capacity increase from 113 mA·h·g-1 to 180 mA·h·g-

1, and to increased faradaic efficiency and rate capability. Compared to Ni-Co oxide, the 

addition of reduced graphene oxide increased capacity retention from 58% to 83% after 

5000 cycles. The material fade during cycling was studied by means of electrochemical 

impedance spectroscopy, electron diffraction spectroscopy and scanning electron 

microscopy. As a result, different degradation mechanisms were identified as source of 

the capacity decay, such as microstructural cracking, phase transformation and parasitic 

reactions. 
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3.4.1. Introduction 

High-performance, cost-effective and environmentally-friendly electrode materials play 

a pivotal role in the development of more effective electrochemical energy storage 

solutions. Electrode materials are classified in different groups according to their 

electrochemical response, namely: battery-like electrodes, capacitive electrodes and 

electrodes with an intermediate response (pseudocapacitive, supercapattery, etc.) [1–3].  

Many materials are being studied as potential candidates for the next-generation of 

electrochemical energy storage devices. For instance, for 

supercapacitor/pseudocapacitor applications, electrodes can be composed of materials 

as different in nature as carbon-based materials and manganese oxides [4,5]. An 

alternative is to produce composites consisting of materials that have complementary 

properties. This is the case of carbon-based materials mixed with polymers and single 

or mixed transition metal oxides/hydroxides [6–10].  

Mixed metal oxides and hydroxides are commonly studied as feasible electrode 

materials. Examples of that are NixMn1-xOy, MnCo2O4, Zn2SnO4 or CuFe2O4 amongst 

many others[11–15]. Of particular interest are nickel-cobalt oxides due to their relative 

low cost and toxicity, strong redox activity and stable electrochemical response [16]. 

For instance, one of the most interesting properties of NiCo2O4 is low proton/cation 

diffusion resistance and easy electrolyte penetration [17]. Thus, this material is often 

selected as electrode for charge storage applications.  

Several approaches have been used to synthesize nickel-cobalt oxides, such as liquid-

phase co-precipitation, sol-gel routes or microwave-assisted synthesis [18–21]. Among 

all possible techniques, electrodeposition is considered as a flexible and cost-effective 

route to produce this material. This route enables the tailoring of electrode properties, 

by adjusting the deposition parameters to create distinct film morphologies, with 

different composition and porosity, and to achieve optimal electrochemical response. 

For that reason, electrodeposition is a promising technique for the scale up of such 

materials [22]. Besides, since no binders are required, which would decrease the overall 

electrochemical response, the electron transport to the substrate is facilitated. Moreover, 

resistances are generally low since most of the active material can be easily exposed to 

the electrolyte [23]. Nickel-cobalt oxides can be obtained by direct electrodeposition of 

the parent hydroxide followed by thermal treatment at 300oC for 2 hours [23–25]. 

To further improve the electrochemical response of nickel-cobalt compounds, its 

combination with carbon-based materials has been proposed. Several different 

composites have been studied such as NiCo2O4 with flexible carbon fabric [26], graphite 

oxide [27],  carbon nanotubes [28] or activated carbon [29]. More recently, graphene 

and its derivatives have attracted attention for fabricating composites with metal oxides. 

Due to their attractive properties, graphenes have been combined with transition metal 

oxides and used in different applications, such as drug delivery, catalysis or sensors [30]. 

Energy storage applications can also greatly benefit from the synergistic combination 

of the two materials by taking advantage of the large surface area and good conductivity 

of graphene derivatives. Recent work reports the synthesis of nickel-cobalt oxides and 

graphene composites by several techniques such as hydrothermal and solvothermal 

routes [30,31], self-assembly of exfoliated nanosheets with posterior thermal treatment 

[32], chemical vapour deposition and thermal treatment [33], microwave-assisted 

synthesis [34] or electrochemical deposition [35]. In some cases, graphene derivatives 

were used as substrate in the electrodeposition process. For example, Lee et al. prepared 

a graphene foam by chemical vapour deposition that was covered with double metal 
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oxides by electrodeposition [36]. Shim et al. decorated a nickel foam by 

electrodepositing GO and then proceeded to the two-step oxide electrodeposition 

process followed by thermal reduction [37]. 

In the present work, a composite containing reduced graphene oxide and mixed cobalt-

nickel oxide was prepared, by means of a one-step electrodeposition followed by 

thermal treatment. The results have shown that presence of reduced graphene oxide (Er-

GO)/nickel-cobalt oxide induced relevant changes on the electrochemical activity of the 

mixed metal oxide. Additionally, the degradation of the composite was studied by 

means of electrochemical impedance spectroscopy, electron diffraction spectroscopy, 

cyclic voltammetry and scanning electron microscopy. These measurements revealed 

important insights to understand the capacity fade that the material suffers in long term 

use. To the best of the author’s knowledge, this is the first time that an in-depth study 

of the degradation of electrochemically reduced graphene oxide in combination with 

nickel-cobalt oxide by means of electrochemical impedance spectroscopy together with 

its physico-chemical characterization after cycling is discussed.  

3.4.2. Experimental 

3.4.2.1. Materials 

Stainless steel, AISI 304 (Goodfellow) 0.914mm thick, was used as current collector. 

To ensure homogeneous electrodeposition and absence of contaminants, steel was first 

polished with emery paper to a rough finish, then cleaned with water and acetone and, 

finally, air-dried. Ni(NO3)2·6H2O and Co(NO3)2·6H2O (pro-analysis grade) were 

obtained from Sigma-Aldrich.  A commercial graphene oxide (GO) aqueous solution 

from Graphenea Tech. Co, with a concentration of 4g·L-1 was used. Finally, KOH 1M 

was used as testing electrolyte. For that purpose, potassium hydroxide purchased from 

Sigma-Aldrich was used. 

3.4.2.2. Synthesis of electrodeposited NixCo1-xOy and NixCo1-xOy/Er-GO composites 

on stainless steel. 

The synthesis of the nickel-cobalt oxide and its composite with electrochemically 

reduced graphene oxide (Er-GO) follows a simple two-step process of electrodeposition 

followed by thermal treatment. Typically, a 50 mL aqueous solution with a 

concentration of 2 g·L-1 of nickel hexahydrate nitrate and 1 g·L-1 of hexahydrate cobalt 

nitrate was prepared as electrodeposition electrolyte. For the composite including 

electrochemically reduced graphene oxide, water was substituted as solvent by a 

suspension of GO commercial solution diluted to 1 g·L-1. To ensure good dispersion and 

layer separation of the aqueous suspension of graphene oxide, it was ultrasonicated for 

30 minutes prior to dissolution of the metal nitrates.  

Electrodeposition was conducted in a three-electrode electrochemical cell by means of 

an Interface IFC1000-07087 Potentiostat (Gamry Instruments) in a limited circular area 

of 1.6 cm2. To simplify, the synthesized materials will be designated throughout the 

paper as NCOx (from nickel-cobalt oxide) and NCOx/Er-GO. 

A platinum foil of 2.5x2.5 cm2 was used as counter electrode and saturated calomel 

electrode (SCE) as reference electrode. The pulsed potentiostatic electrodeposition was 

carried out by means of two cathodic potentials, -0.9V and -1.2V, applied in a 10 second 

pulse for 40 cycles. After electrodeposition, the electrodes were washed with distilled 

water and dried at room temperature for 24-48h. Finally, thermal treatment was 

performed by heating the composite materials at 300oC for 3 hours in normal 
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atmosphere, as it is reported in literature that it is sufficient for the complete 

transformation of hydroxides to oxides and shows and optimal electrochemical 

response[38,39]. 

It is worth mentioning that the mass of the samples always varied between 0.15 and 0.2 

mg, which was determined by means of a micro-balance Sartorius MC5-0CE with an 

accuracy of 0.01mg.  

3.4.2.3. Electrochemical study of NixCo1-xOy and NixCo1-xOy/Er-GO composites. 

All tests were performed in a three-electrode electrochemical cell with KOH 1M as 

electrolyte using the same electrochemical equipment as for electrodeposition. Cyclic 

voltammetry, galvanostatic charge-discharge (GCD), electrochemical impedance 

spectroscopy (EIS) and capacity retention with GCD cycling were used to study the 

electrochemical response of the materials. Cyclic voltammetry was performed in the 

potential range from -0.2V to 0.7V vs. SCE at different scan rates (10-500) mV·s-1. GCD 

was carried out at different current values from 1 to 10 A·g-1 in the 0.0V to 0.45V 

potential range. EIS was carried out at two different potentials, corresponding to two 

different charge states of the material, this is, discharged at -0.2V and charged at 0.45V. 

First, a conditioning pre-step was done by applying a voltage of interest for 1000s. Then, 

EIS was measured by applying a sinusoidal perturbation with 10mV of amplitude 

(RMS) in the frequency range 0.01 – 104 Hz. Finally, capacity retention testing was 

performed for the nickel-cobalt oxide material by charging and discharging the material 

5000 times at a current density of 8 A·g-1.  

3.4.2.4. Physico-chemical characterization 

Surface morphology and chemical composition of the different materials were studied 

by means of scanning electron microscopy (SEM) direct imaging, energy dispersive X-

ray spectroscopy (EDS), transmission electron microscopy (TEM), X-ray photoelectron 

spectroscopy (XPS) and Raman spectroscopy.  

SEM imaging was obtained by means of an FEG-SEM JEOL JSM 7800F Prime coupled 

with an EDS detector (EDS SDD X-Max 80mm2 Oxford Instruments AZtecEnergy 

detector, which is located at the centre of micro-characterization Raimond Castaing, 

Toulouse). Two detectors were used in the measurement, compositional and upper 

electron detector.  

TEM images and EDS were obtained with a TEM JEOL 2200FS coupled with an EDX 

JEOL Si-Li working at 200k located at the Platform of Materials Characterization of 

Aquitaine (PLACAMAT). The image resolution is 0.19nm and the EDS point resolution 

is 1.5nm. Since the materials were attached to the conductive substrate, a portion of the 

thin layer had to be scratched and dispersed in ethanol on top of a carbon-coated gold 

grid.  

Raman spectra were recorded using a Jobin Yvon Horiba Labram HR-800 micro-

spectrometer with a 514.5 nm excitation wavelength (Ar+ laser) and a power adjusted to 

ca. 50µW to avoid any degradation of the sample.  

XPS surface analysis was obtained using a ThermoFisher Scientific K-ALPHA 

spectrometer with a monochromatized Al Kα source (hν = 1486.6 eV) and a 200 microns 

spot size. Before insertion of samples in the analysis chamber, a pressure of 3·10-7 mbar 

was always reached in the load lock chamber. High-resolution photoionization spectra 

were acquired for the elements (C1s, Ca2p, Cl2p, Co2p, Co3p, Cr2p, Fe2p, Fe3p, N1s, 

Ni2p, Ni3p, O1s, and Si2p) by using a constant pass energy of 40 eV although wider 
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spectra in the 0 to 100 eV range were first obtained at a constant pass energy of 200 eV. 

Charge neutralization was applied during analysis. High resolution spectra were fitted 

and quantified using the AVANTAGE software provided by ThermoFisher Scientific. 

Furthermore, XPS was also used to characterize the material and distinguish its surface 

chemical state and determine the oxidation state of nickel and cobalt. For that reason, 

the main elements considered were nickel, cobalt and oxygen. The spectra were 

corrected to obtain a carbon 1s spectral component binding energy at around 284.7 eV. 

Moreover, a standard Shirley background was generally used except for those cases in 

which relevant information was lost, in which linear background subtraction was 

considered.  

Grazing incident X-ray diffraction (GIXD) analysis were performed, however, no 

meaningful signal could be obtained due to the thinness of the deposited layer and its 

nanostructured nature.  

3.4.3. Results and Discussion 

3.4.3.1. Physico-Chemical Characterization 

3.4.3.1.1 Morphological Characterization 

Fig. 3.4.1. shows the morphology of NixCo1-xOy (NCOx) and NixCo1-xOy/Er-GO 

(NCOx/Er-GO) obtained by electrodeposition and thermal treatment. They are shown 

in two different detector modes: upper electron detector, whose signal is obtained at a 

very close distance from the sample, to enhance morphological details, and 

compositional (COMPO) mode, that collects secondary electrons and displays a 

different signal depending on the atomic mass of the elements present in the sample.  

NCOx shows a relatively porous morphology that seems to be formed by small 

aggregated areas of nanosheets of approximately 200-500nm. This is similar to the 

flake-like structure presented in previous work, but with a greater level of agglomeration 

[40,41]. SEM images of the parent hydroxides have been included for comparison 

purposes (Fig. 3.4.2). Some spike-like features are still observable although they do not 

present any compositional difference. Moreover, this aggregated nanosheet-like 

structure with no apparent order forms a densely-packed percolation network whose 

pores can be differentiated as darker areas at the compositional image (Fig. 3.4.1b) in 

accordance with literature [9,10]. This suggests that, in this case, the nanosheet-like 

structure is aggregated to better accommodate strain, becoming more densely packed, 

while conserving some of the features at a superficial level.  
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Fig.3.4.1. SEM images of (a) NCOx obtained with an upper-electrons detector (UED), 

(b) and a compositional detector (COMPO). (c) NCOx/Er-GO obtained with an UED 

and (d) a COMPO detector. 

 

The morphology of the Er-GO containing composite is, as observed by SEM in Fig. 

3.4.1, relatively different to that of the material without carbon. In this case, the said 

aggregation has not occurred, and the material presents the nanosheet-based structure 

on top of the carbonaceous material. Er-GO presents micrometric wrinkles and defects 

and seems to cover all the substrate. Then, on top of the carbon-based material, Ni-Co 

oxides can be found. This structure is similar to other reported Ni-Co oxides [42]. 

NCOx/Er-GO presents similar morphology to the non-thermally-treated precursor 

which suggests that, by dispersing the nickel and cobalt nanoflakes on top of the reduced 

graphene oxide wrinkles, aggregation of said flakes is avoided. In conclusion, when no 

electrochemically reduced graphene oxide is present, the material presents higher strain 

that becomes accommodated with thermal treatment by the formation of aggregates. 

Once Er-GO is introduced, the material remains unchanged during thermal treatment 

[35].  

Pristine graphene has very high conductivity (>3000 W·mK-1) [43,44]. Although the 

properties of graphene oxide and reduced graphene oxide are not comparable to that of 

pristine graphene, it has been reported that reduction of graphene oxide and thermal 

treatment enhance the thermal conductivity of the material, in fact, it increased up to 106 

times as reduction at low temperature (<240oC) progressed [45] and it enhanced the 

longer the thermal treatment [46]. It is possible that the inclusion of a better thermal 

conductor inhibits the structural variation of the material by a homogeneous distribution 

of temperature in the material. Thus, thermal treatment does not have preferential areas 

while, in the case of NCOx, which in principle has poorer thermal conduction, the 
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material aggregates as the thermal distribution is inhomogeneous. However, this 

phenomenon is yet poorly understood and requires further understanding to corroborate 

this statement. 

 

Fig. 3.4.2. Scanning electron microscopy image of (a) electrodeposited α Ni-Co 

hydroxide material and (b) electrodeposited α Ni-Co hydroxide material in 

combination with Er-GO, for the same nickel:cobalt ratio, included for comparison 

purposes. 

The transmission electron microscopy (TEM) images are shown in Fig. 3.4.3 and it can 

be observed that NCOx consists of randomly oriented grains. These grains have very 

small coherent domains of approximately 2 to 5 nm. This morphology is also in 

accordance to previously reported literature [31,47]. Therefore, aggregates of 200-

500nm observed by SEM consist of grains with very small coherent domains of 2-5 nm 

diameter. 
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Fig. 3.4.3. Low magnification TEM images of (a) NCOx and (b) NCOx/Er-GO. HR-

TEM images of (c) NCOx and (d) NCOx/Er-GO. 

For the graphene-based material, the wrinkles of the carbon flakes are observed at higher 

magnification. Nonetheless, if a closer view to the surface morphology is taken, small 

features with very small coherent domains are present (see Fig. 3.4.4). An image of the 

FFT obtained for the high-resolution image of the composite material is also included 

in the supplementary material, which evidences the polycrystalline nature of the 

synthesized oxide. Thus, it can be deduced that the oxide material is deposited on top of 

the carbon flakes, in accordance with the SEM results. These small features correspond 

to the spike-like structures observed by SEM that can be better resolved by HRTEM. 
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.

Fig. 3.4.4. Transmission electron microscopy image of (a) Ni-Co oxide material on 

top of electrochemically graphene oxide and (b) the corresponding FFT image of the 

area. 

3.4.3.1.2 Chemical Characterization 

EDS results, presented in Fig. 3.4.5, show the homogeneous distribution of nickel and 

cobalt atoms exemplifying the good distribution of both metals that integrate the oxide 

material. Moreover, the good coverage of the carbon flakes by nickel-cobalt oxide can 

also be observed for the Er-GO containing composite. If the atomic percentage ratio 

between nickel and cobalt is considered as a semi-quantitative evaluation for the 

material analysed by means of EDS, a nearly 2:1 Nickel-Cobalt ratio is found, resulting 

in an empiric formula of Ni0.63Co0.37O for both the material with and without Er-GO; 

which is in accordance to the molar ratio used in the electrolyte for electrodeposition. A 

similar semi-quantitative result is obtained by means of XPS, in which the empiric 

formula considering the Ni/Co ratio obtained is Ni0.64Co0.36O for NCOx and 

Ni0.68Co0.32O for NCOx/Er-GO. Thus, this material can be understood as a mixed nickel-

cobalt oxide. X-ray photoelectron spectroscopy was done to further elucidate the 

composition of the material. For that purpose, the photoionizations of Nickel 2p3, 

Cobalt 2p3, Oxygen 1s and Carbon 1s were investigated. Neither Iron nor Chromium 

were detected, which evidenced complete coverage of the substrate during the 

electrodeposition. XPS results are shown in Fig. 3.4.6. 
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Fig. 3.4.5. Electron diffraction spectroscopy mapping for the elements Carbon (blue), 

Oxygen (red), Cobalt (yellow) and Nickel (green) for the composites (a) Ni-Co oxide 

and (b) Ni-Co oxide on top of an electrochemically reduced graphene oxide flake. 

 

(b) 
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Fig. 3.4.6. X-ray photoelectron spectroscopy results for the elements Carbon 1s, 

Oxygen 1s, Nickel 2p3 and Cobalt 2p3 for the composites (a) NCOx and (b) 

NCOx/Er-GO. 
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Traditionally, the assignment of discrete binding energy values was done in XPS data 

treatment to assign different oxidation states for nickel metal and nickel hydroxides, 

oxides and oxyhydroxides. However, due to the splitting nature into multiplet 

contributions and the overlaps of the main line and satellite peaks in the most intense Ni 

2p spectra, this approach has been substituted by multi-component spectral envelopes. 

These are done with the minimum possible number of components and their 

correspondent shake-up and plasmon satellites [48–50]. 

The main contribution to the primary peak is based on Ni2+ and Ni3+ chemical states, 

although their contributions cannot be perfectly resolved, even when there is a main 

peak as reference. Nonetheless it is observed that Ni3+ tends to appear at higher binding 

energies [50]. Also, a third contribution in the region between the main line multiplet 

and the related satellites is considered in the fitting and represents the combined losses 

at 4.3 eV, 6.0 eV and 7.4 eV due to intra- and inter-band transitions allowed by 

breakdown of dipole selection rules with delocalized electrons in polycrystalline 

samples, as described by Hagelin-Weaver et al [49,51]. In conclusion, the experimental 

signal has been reconstructed by fitting to six Voigt peaks that have been assigned to 

different electronic configurations after the creation of the 2p core-hole upon 

photoemission [52]. Three main peaks are used in the fitting of the main multiplet for 

nickel and are assigned to a cluster mode with a final configuration of cd9L for the peak 

at lowest BE, d8:cd9L configuration from surface-sensitive components for the peak at 

around 855.6 eV and a cd9:d7 for the third component of the multiplet. Besides, three 

satellite/plasmon peaks are considered to contribute to the final signal. They arise from 

energy losses corresponding to surface plasmons and bulk plasmons, corresponding to 

cd10L2 and cd8 cluster model final state configurations, and weaker shake-up 

contributions for the component at higher BE. These different configurations come from 

the overlap of the frozen ground state and the unscreened final state and the effect of 

neighbouring electrons, and associate charge transfer processes between the ligand 

anions and the Ni cation, coming from adjacent Ni-O clusters. Both the area and the 

position are considered in the fitting of nickel [50,52].  

In this case, there is a major contribution from Ni (II)/Ni(III) centred at 854.0/855.7 eV 

and a third component corresponding to combined losses. It can be observed that the 

main peak becomes partially resolved, showing two decreasing maxima. This is only 

observed in nickel-oxide configurations. Also, three other peaks, corresponding to 

shake-up satellites and plasmons at 6, 9 and 12 eV higher binding energies than the main 

peak, are present. Given these peak positions, and the contribution of each component 

to the total signal (as seen in supplementary information table 3.4.1, related to XPS 

identification work performed by Biesinger et al. [49] and the calculations presented by 

Gupta and Sen [51,53]) nickel can be identified, in this case ,to be coordinated with 

oxygen atoms in its nickel oxide form.  

Cobalt 2p3 is fitted with an asymmetric main peak and two plasmon loss peaks 3eV and 

5eV above the main peak, which constitute the surface and bulk plasmons respectively 

[48]. The main peak, similarly to the case for nickel, is resolved in two main 

components, associated to different chemical species despite the significant overlap in 

binding energy that they have. In the de-convolution of the peak there is an intense main 

peak centred at approximately 779.7 eV.  Given the low value for this binding energy, 

cobalt may be present in its oxide form instead of the oxyhydroxide or hydroxide 

alternatives [54]. The presence of a wide peak centred at around 781.8 eV evidences the 

divalent nature of the oxide. Two satellite peaks are present in the case of cobalt related 

configuration and are associated to either coupling between unpaired electrons 
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(multiplet splitting) or multiple electron excitation (shake-ups). Although the peak 

centred at 789.2eV would be present in all the possible configurations, Co(II) oxides are 

distinguished from Co(III) oxides by the absence of multi-electron excitation satellites 

in the latter. Given the fact that a peak is centred at 785.9 eV and that lower binding 

energies to what would be expected for cobalt hydroxide and its contribution to the 

overall signal, cobalt can be unequivocally identified to be in its oxide form [54].  

In addition, four peaks are required to fit the oxygen 1s envelope. The main intense peak 

is centred at 529.6 eV. This peak is characteristic for both nickel and cobalt oxide and 

does not have a relevant contribution in isolated nickel/cobalt hydroxide [54]. Then, 

another three peaks, of lower intensity, are centred at 530.8 eV, 531.4 eV and 532.9 eV. 

The first peak at lower binding energies is associated to oxygen from hydroxyl ions. The 

higher binding energy peaks are ascribed to hydroxyl, carbonate ions and other oxygen 

ions and possible surface contamination. If the contribution to the total signal is analysed 

and compared to literature, as presented in table 3.4.1, results also agree with Ni-O and 

Co-O bonding nature. For that reason, it can be concluded that the phase present is a 

mixed oxide with formula NixCo1-xOy.  

Fig. 3.4.7 shows the Raman spectra obtained for the composites. Raman spectroscopy 

is a powerful technique extensively used in the characterization of graphene derivatives, 

enabling the evaluation of defects and disorders associated to its structure. As expected 

for NCOx/Er-GO, two main peaks are present at approximately 1368 cm-1 and 1594 cm-

1, corresponding to the D and G bands, respectively. The former is associated to local 

defects and disorders and is originated k point phonon breathing with A1g symmetry; the 

latter is related to sp2 carbon atoms E2g
 vibrational mode [41,55]. Note that the shoulder 

detected around 1550 cm-1 is observed for some other carbon nanostructures [63,64]. 

The signature obtained for NCOx/Er-GO after thermal treatment is different from 

graphene oxide and as-synthesised reduced graphene oxide (Fig. 3.4.8) and indicates a 

successful reduction of the graphene derivative and an effect of thermal treatment on 

signal intensity on the D and G bands.  

 

Fig. 3.4.7. Raman spectra for (a) NCOx and (b) NCOx/Er-GO. 
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Table 3.4.1 

X-ray photoelectron spectroscopy comparison for the fitted results obtained for the 

nickel-cobalt oxide and the nickel-cobalt oxide combined with electrochemically 

reduced graphene oxide composites and the XPS data extracted from reference [48] for 

Oxygen 1s, Cobalt 2p3/2 and Nickel 2p3/2. The contribution, in percentage, of each peak 

to the total signal obtained has also been depicted together with the peak position 

associated to each component of the fitting spectra. Therefore, each peak of the table 

corresponds to a component used in the fitting of the spectra for each element, 

determining its binding energy and areal in percentage.  

Selected O1s values 

  

Peak 1  

Binding 

energy 

(eV) 

% 

Peak 2 

Binding 

energy 

(eV) 

% 

Peak 3 

Binding 

energy 

(eV) 

% 

Peak 4 

Binding 

energy 

(eV) 

% 

Reference [48] 

CoO 529.8 62 531.4 34 532.9 4   

Co(OH)2 - - 531.1 86 532.3 14   

Co3O4 530.0 53 530.8 41 532.7 6   

NiO 529.3 69 531.1 29 532.8 2   

Ni(OH)2 - - 530.9 100 - -   

NCOx Oxygen 1s 529.5 51 531.4 28 532.9 8.49 530.8 11 

NCOx / Er-GO Oxygen 1s 529.6 49 531.4 36 533.2 4.14 530.8 10 

 

Selected Co2p3 values 

  

Peak 1 

Binding 

energy (eV) 

% 

Peak 2 

Binding 

energy (eV) 

% 

Peak 3 

Binding 

energy (eV) 

% 

Reference [48] 

CoO 780.0 46.6 782.1 11.0 783.1 8.0 

Co(OH)2 780.4 38.1 782.2 26.6 786.0 33.0 

Co3O4 779.6 40.5 780.9 29.1 782.2 15.2 

Co(0) 778.1 81.0 781.1 25.7 785.5 1.6 

CoOOH* 780.1 61.4 781.4 24.5 783.1 5.2 

NCOx Cobalt 2p3 779.6 51.9 781.6 29.5   

NCOx / Er-GO Cobalt 2p3 779.8 50.4 782.0 29.6   

  

Peak 4 

Binding 

energy (eV) 

% 

Peak 5 

Binding 

energy (eV) 

% 

  

Reference [48] 

CoO       

Co(OH)2 790.4 2.4     

Co3O4 785.2 8.1 789.5 7.2   

Co(0) 786.5 26.1     

CoOOH* 790.1 8.9     

NCOx Cobalt 2p3 785.9 13.0 789.2 5.7   

NCOx / Er-GO Cobalt 2p3 785.9 10.9 789.3 9.2   
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Selected Ni2p3 values 

  

Peak 1 

Binding 

energy 

(eV) 

% 

Peak 2 

Binding 

energy 

(eV) 

% 

Peak 3 

Binding 

energy 

(eV) 

% 

Reference [48] 

NiO 853.7 14.3 855.4 44.2 860.9 34.0 

Ni(OH)2 854.9 7.4 855.7 45.3 857.7 3.0 

Gamma NiOOH 854.6 13.8 855.3 12.4 855.7 9.7 

Beta NiOOH 3+ portion 854.6 9.2 855.3 8.3 855.7 6.4 

Beta NiOOH 2+ portion 854.9 2.5 855.7 15.1 857.7 1.0 

NCOx Nickel 2p3 854.0 18.5 855.8 36.1 861.0 28.3 

NCOx / Er-GO Nickel 2p3 854.1 15.8 855.6 35.9 861.0 29.6 

  

Peak 4 

Binding 

energy 

(eV) 

% 

Peak 5 

Binding 

energy 

(eV) 

% 

Peak 6 

Binding 

energy 

(eV) 

% 

Reference [48] 

NiO 864.0 3.6 866.3 3.9   

Ni(OH)2 860.5 1.4 861.5 39.2 866.5 3.7 

Gamma NiOOH 856.5 20.1 857.8 8.7 861.0 23.3 

Beta NiOOH 3+ portion 856.5 13.8 857.8 5.8 861.0 15.6 

Beta NiOOH 2+ portion 860.5 0.5 861.5 13.1 866.5 1.2 

NCOx Nickel 2p3 863.6 7.0 866.1 3.8   

NCOx / Er-GO Nickel 2p3 863.5 6.6 866.0 4.3   

  

Peak 7 

Binding 

energy 

(eV) 

%     

Reference [48] 

NiO       

Ni(OH)2       

Gamma NiOOH 864.4 11.4     

Beta NiOOH 3+ portion 864.4 7.6     

Beta NiOOH 2+ portion       

NCOx Nickel 2p3       

NCOx / Er-GO Nickel 2p3       

Usually, the ratio between the integrated intensity of the D peak and the G peak offers 

information regarding the average size of the sp2 domains and the charge transfer 

between carbon and other compounds [56]. Then, a higher the ID/IG ratio is correlated 

to smaller sp2 domains. In our case, this ratio has a value of 0.62, which indicates large 

sp2 domains [57]. It has been currently observed in literature that the signal of the D 

peak is reduced with temperature treatment, indicating either an improved quality of the 

graphene film [58,59] or an agglomeration of the carbon-based material that induces a 

recovery of its graphitic nature. This change in the ID and IG intensities is shown in Fig. 

3.4.8. Thus, during electrodeposition, electrochemically reduced graphene oxide is 

produced [35] and after the thermal treatment undertaken, graphene layers are likely to 

improve their quality by the restoration of the Csp2 matrix [60]. Although an interaction 

between the different carbon layers is also possible, due to their complete coverage with 
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nickel-cobalt oxide, as observed by EDS results presented in Fig. 3.4.5, re-stacking is 

unlikely and a restoration of the Csp2 is considered.  

In addition, there are three signals at ca. 480, 550 and 655 cm-1, associated to nickel-

cobalt oxide. These bands correspond to Ni-O and Co-O vibrations  and can be assigned, 

by analogy, to the Eg, F2g and A1g Raman-active modes of the ideal cubic spinel NiCo2O4 

[61,62]. It is worth mentioning that there is a small band shift for NCOx/Er-GO that is 

related to the direct charge transfer between rGO and (Ni-Co)O [56]. Only Co-O and 

Ni-O vibrational modes are observed, this is, no -OH signal is detected between 3000 

and 4000 cm-1, indicating successful de-hydroxylation of the materials. This is in 

accordance with previously reported literature [61,62]. Thus, Raman spectra confirm 

the presence of a cobalt-substituted nickel oxide phase on top of thermally treated highly 

reduced graphene oxide with a restored 2D lattice. 

 
Fig. 3.4.8. Raman spectra comparison for the signal obtained for (a) dropcasted 

graphene oxide with no electrochemical reduction, (b) graphene oxide after 

electrochemical reduction, (c) graphene oxide in the composite material after 

electrochemical reduction and thermal treatment, (d) pure GO thin-film after thermal 

treatment.  (a) and (b) were previously reported in Chapter 3.1 and were acquired at 

different excitation wavelength.  
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3.4.3.2. Electrochemical Characterization 

Results for cyclic voltammetry obtained at 50 mV·s-1 in the -0.2 V to 0.5 V (vs. SCE) 

potential range and galvanostatic charge-discharge obtained at 1 A·g-1 in the 0.0 V to 

0.45 V (vs. SCE) range for NCOx and NCOx/Er-GO obtained in KOH 1M are presented 

in Fig. 3.4.9.  

As expected for a nickel-cobalt oxide-based material, the voltammogram presents a 

peak in the anodic wave, centred at 0.33 V and 0.30 V for the material without and with 

reduced graphene oxide respectively, and a counter-peak in the cathodic wave centred 

at 0.23V and 0.20V for NCOx and NCOx /Er-GO respectively. 

The reported charge-discharge reaction for nickel oxide is [63]: 

NiO + OH- ↔ NiO(OH) + H2O + e-       (eq. 3.4.1) 

Given that reaction, the charge-discharge reaction for the present material can be 

considered to be as exemplified in eq. 3.4.2: 

Ni1-xCoxOy + 2OH- ↔ Ni1-xCoxO(OH) + H2O + e-     (eq. 3.4.2) 

It is also worth noting that these reactions do not show the exact stoichiometry and are 

only intended to exemplify the oxidation state variation of nickel and cobalt during the 

charge-discharge process.  

As far as the maximum current peak ratio (Imax, anodic/Imax, cathodic) is concerned, if the ratio 

of the intensity of the cathodic peak against the intensity of the anodic peak is calculated, 

it is approximately 1.4 in both cases, indicating a similar and partial irreversibility of 

the reaction. Again, this difference may result in the lowering of capacity efficiency 

with continuous charge-discharge.  

Nonetheless, the most relevant feature is the increase in the total area of the 

voltammogram when Er-GO is introduced. This is consequence of the increase in 

capacity due to the synergistic response of Ni-Co oxides and Er-GO [34,35].  

The cyclic voltammetry response with the scan rate is presented in Fig. 3.4.10a,c, in the 

scan rate range from 10 mV·s-1 to 500 mV·s-1, and the results show that both materials 

present very good scan rate capabilities. The two characteristic peaks are always present 

and the form of both the cathodic and the anodic wave is kept for a wide range of scan 

rates. Very high scan rates can be achieved for a nickel-cobalt oxide material by means 

of electrodeposition. This has been observed in other films for energy storage 

applications obtained by means of electrophoresis or electrodeposition [35,64], 

however, this is rarely seen in nickel-cobalt metal oxides where the highest reported 

scan rates are usually 100 mV·s-1 or lower [24,25,65,66]. This may be the result of a 

combination between good substrate-electrode contact and enhanced electrode-

electrolyte interaction because of morphology tailoring and absence of binders.   

Finally, when the scan rate is increased, a shift of the anodic peak towards more positive 

potentials is observed, while the cathodic counterpart is displaced towards more 

negative potentials. Furthermore, the current density increases with faster scan rates. 

This is a consequence of the polarization effects, evidencing the quasi-reversible nature 

of the redox processes in the system and smaller diffusion layers associated to faster 

redox reactions with increased scan rate [67,68]. 
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Fig. 3.4.9. Cyclic Voltammetry and Galvanostatic charge-discharge results 

comparison at 50 mV/s and 1A/g respectively for (a) NCOx and (b) NCOx/Er-GO 

measured in KOH 1M. 
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In conclusion, introducing the graphene derivative does not alter the electrochemical 

response of the material but does enhance the electrochemical response, resulting in an 

augmentation of the capacity due to a synergistic effect between the two components. 

This is also observable in the galvanostatic charge-discharge curve (Fig. 3.4.9b).  

 

Fig. 3.4.10. Cyclic Voltammetry for (a) NCOx and (c) NCOx/Er-GO at scan rates 

from 10-500 mV·s-1 and Galvanostatic Charge-Discharge Curves at current densities 

from 1-10 A·g-1 for (b) NCOx and (d) NCOx/Er-GO measured in KOH 1M. 

On the  one hand, the capacity values obtained from the discharge curves in KOH 1M 

(curves presented in Fig. 3.4.10.b,d and values shown in table 3.4.2) go from 113.4 

mA·h·g-1 at 1A·g-1 to 95.5 mA·h·g-1 at an applied specific current of 10 A·g-1 for NCOx. 

On the other hand, the values obtained for NCOx/Er-GO range from 180.6 mA·h·g-1 to 

152.6 mA·h·g-1 at 1 and 10 A·g-1 respectively. Indeed, an increased capacity of 

approximately 159% of the initial value is obtained, together with a better capacity rate 

when thermally treated electrochemically reduced graphene oxide in introduced. 

Several groups have studied the electrochemical performance of Ni and Co oxides 

before, although sometimes wrongly reported as capacitance despite their redox reaction 

based on a phase transformation and a voltage-dependent response in their galvanostatic 

charge-discharge curves as explained by Brousse et al. [69]. Li et al. have reported 

1523.0 F·g-1 at 2 A·g-1 in the 0.05V to 0.55V potential range (vs. SCE) in KOH 2M, 

excellent rate capability and cycling stability for electrodeposited Ni0.61Co0.39 oxide [25] 

while Gong et al. reported 1479 F·g-1 at 1A.g-1 in the 0.0V to 0.5V potential range in the 

same electrolyte [70]. Various nickel-cobalt oxide/carbon composite materials have also 

been prepared, for instance, Wang et al. prepared Ni-Co oxide nanocages on top of 

graphene nanoribbons by chemical precipitation followed by hydrothermal reaction  
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resulting in 937.8 F·g-1 at 1A·g-1 in the 0.00V to 0.45V potential range (vs. RHE)  in 

2M KOH [71]. Another example is that of Lu-Yin et al., who prepared a mixture of 

nickel-cobalt hydroxide, nickel-cobalt oxide and reduced graphene oxide by a one-step 

hydrothermal method followed by thermal treatment. Their material displayed 

1.25mA·h·cm-2 at 5mA·cm-2 and approximately 60% capacity retention after 10.000 

cycles in 5M KOH [72].  

Table 3.4.2 

Values of capacity calculated at current densities ranging from 1 to 10 A·g-1 for NCOx 

and NCOx/Er-GO. 

Current Density (A·g-1) 
CNCOx CNCOx/Er-GO 

(mA·h·g-1) (mA·h·g-1) 

1 113.4 180.6 

2 107.7 201.2 

4 88.9 160.2 

7 92.5 154.8 

10 95.5 152.6 

Both materials display excellent rate capability, with a minimum capacity retention of 

78% in the case of NCOx and of 84% in the case of NCOx/Er-GO when 10 A·g-1 are 

applied. Again, it is worth noticing the overall better rate capability of the material in 

the presence of electrochemically reduced graphene oxide, in accordance with literature 

[32,73]. This may be the result of a better electron transport induced by the Er-GO 

matrix, in which the nickel-cobalt oxide is sustained as observed by SEM and TEM.  

Faradaic efficiency is also an important characteristic that shall be studied. If the charge 

versus discharge time for the composite materials is evaluated (tdischarge/tcharge) at 1 A·g-

1, a ratio of 0.88 is obtained for NCOx while a value of 1.01 is obtained for NCOx/Er-

GO. This shows better faradaic efficiency when Er-GO is integrated. While the pure 

nickel-cobalt oxide material shows relevant faradaic losses in the charge-discharge 

process, it is optimized for NCOx /Er-GO. This may be the result of a better electron 

transfer since Er-GO may create a matrix that acts as a secondary substrate and enhances 

the conduction of electrons and, therefore, better reversibility of the reaction [74].  

Finally, another relevant feature that can be observed in the charge-discharge curves is 

the progressively descending plateau. If the discharge curve of NCOx is considered, a 

nearly linear descending plateau begins at 0.30V that ends at approximately 0.2 V 

whereas, in the case of NCOx/Er-GO, the plateau is prolonged from 0.29 V to 0.14 V. 

Thus, the response, which is voltage dependent, extends its effective potential range in 

the presence of Er-GO.   

3.4.3.3. Cycling Degradation Mechanism 

One of the main goals when synthesizing a new material for energy storage applications 

is to obtain increased durability in their charge-discharge cycling. In fact, end-of-life 

criteria for both supercapacitors and batteries is generally considered when their 

capacity/capacitance is reduced in a 20-30% or there is an increase of a 100% in the 

equivalent series resistance [75,76]. 

To evaluate the sources of capacity and degradation phenomenon in NCOx and 

NCOx/Er-GO, different techniques were applied. First, a durability test during 5000 
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cycles of charge-discharge at 8 A·g-1 (Fig. 3.4.11). EIS and cyclic voltammetry were 

performed after 0, 150, 750, 1500 and 5000 cycles together with the physico-chemical 

evaluation by means of SEM/EDS before and after cycling. 

 

Fig. 3.4.11. Capacity Retention comparison obtained during cycling at 8 A·g-1 during 

5000 cycles measured in KOH 1M. 

NCOx has a capacity retention of 58% after 5000 cycles, while a 70% and 80% end-of-

life criterion occurs after 1059 and 563 cycles respectively. On the other hand, 

NCOx/Er-GO maintains a capacity retention of 83.2% even after 5000 cycles, showing 

its excellent cycle durability and increased performance as compared to its analogous 

material without electrochemically reduced graphene oxide. Also, an initial increase in 

capacity is observed. 

Results for SEM before and after cycling are depicted in Fig. 3.4.12. It is clearly visible 

that NCOx/Er-GO remains unchanged, while NCOx suffers from structural cracking. 

During the charging reaction of NCOx, there is a phase transition. This is generally 

associated to volume changes due to the nature of the reaction [77], increasing electrode 

swelling and therefore mechanical degradation. The mechanical stress, given volume 

variation during charge and discharge, cannot be accommodated and results in cracking. 

When Er-GO is introduced, nickel-cobalt oxide is homogeneously distributed on top of 

the carbon surface in homogeneously-distributed and smaller particles, as observed by 

SEM and TEM. Volume variations therefore affect smaller particles, as compared to the 

aggregates in NCOx. Consequently, the volume variation that nickel-cobalt oxide on 

top of reduced graphene oxide endure during charge-discharge is accommodated by the 

carbon matrix and cracking is inhibited. 
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Fig. 3.4.12. Scanning electron microscopy images showing the degradation effects in 

the initial composites (a) NCOx and (c) NCOx/Er-GO after 5000 cycles of charge-

discharge at a current density of 8 A/g for (b) NCOx and (d) NCOx/Er-GO. 

The change in the composition is also reflected in the electrochemical response by 

means of cyclic voltammetry and impedance spectroscopy after 0, 150, 750, 1500 and 

5000 cycles, which are depicted in Fig. 3.4.13 to 3.4.16. A displacement of the peak 

towards more anodic values is observed in cyclic voltammetry during cycling. 

When the atomic ratios obtained by EDS are considered, initially a Ni:Co ratio of 

0.63:0.37 is obtained for both. However, after cycling, the chemical composition 

evolves to a ratio of 0.60:0.40 in the case of NCOx, while resulting in a value of 

0.64:0.36 for NCOx /Er-GO. This would indicate a loss of nickel during the durability 

test for the former composite while the composition for the Er-GO based composite is 

maintained. From EDS it can be concluded that chemical dissolution and variation of 

the composition of the electrode material occurs. However, this behaviour is not 

completely understood. Normally, the instability of Ni-Co LDH materials arises from 

dissolution of cobalt ions, resulting in composites with greater nickel concentration [78–

81]. Consequently, the peaks tend to vary to more anodic values, where the potential of 

NiO is located. This is also observed in the present cyclic voltammetry but is 

contradictory with the present EDS results. Thus, as a result of the semi-quantitative 

nature of EDS and the anomaly in the results, further analysis in this regard shall be 

done.  
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Fig. 3.4.13. Cyclic Voltammetry response degradation at 50 mV·s-1 with cycling for 

(a) NCOx and (b) NCOx/Er-GO measured in KOH 1M. 
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For energy storage materials with faradaic response, it is important to evaluate their EIS 

response at least in two different potentials, charged and discharged conditions, since 

different and relevant information can be obtained from both. For that reason, the EIS 

spectra were obtained at -0.2 V and 0.45 V (vs. SCE). The direct comparison of the EIS 

response during the first cycle is depicted in Fig. 3.4.14, although the evolution of the 

EIS spectra after 0, 150, 750, 1500 and 5000 cycles of galvanostatic charge-discharge 

cycling at 8A·g-1 is depicted in Fig.3.4.15 and Fig.3.4.16. 

The charge mechanism involves the transformation of semi-conductive nickel-cobalt 

oxide into a conductive oxyhydroxide [82]. Thus, a reduction in the film charge-transfer 

resistance from the discharged to charged condition is expected. This is visible by the 

appearance of a second plateau with lower resistance at low frequencies in the modulus 

of resistance vs. frequency plot and the decrease in the diameter of the semi-circle of 

Nyquist plots. Moreover, in the discharged condition, a less kinetically favoured process 

at low frequencies is present that disappears when the material is charged. The material’s 

behaviour is, as usually reported for impedance spectroscopy [41,83,84], separated in 

the contribution of two time-constants, namely, double layer capacitance (superficial 

charges and resistance associated in the charge transfer change from ionic conductor to 

electron conduction in a solid) and film capacitance. This is reflected in the equivalent 

circuit presented in Fig. 3.4.17. With cycling, the material becomes more resistive for 

both charge-states of the material, which leads to increased values of the second resistive 

plateau in the modulus vs. frequency plot and an increasing semi-circle in Nyquist plots. 

Moreover, low-frequency resistive phenomena become more relevant with cycling 

when the electrode is discharged, at -0.2V, as observed in the phase angle plot. 

A graphic analysis of the results obtained for the mathematical fitting of impedance 

results is presented in Fig. 3.4.18. Considering the values obtained for NCOx, three main 

features can be observed. First, the increase in the admittance of the constant phase 

element (CPE) assigned to the double-layer when the electrode is charged. Second, the 

drastic reduction of film resistance when the material is converted from oxide to 

oxyhydroxide (and an associated increase in film admittance). Third, the overall 

increase in resistance with cycling. The variation of film admittance and resistance for 

the material at -0.2 V and at 0.45 V is expected and associated to the oxidation state 

change for nickel and cobalt and change in conductivity when the phase is transformed 

from oxide to oxyhydroxide.  

There are several potential explanations for the evolution/degradation of these materials 

with cycling. In the case of NCOx it shall be considered that: 1) There is a progressive 

decay of capacity, more intense during the first cycles. 2) Double layer and equivalent 

series resistance are maintained (with a very small increase) throughout cycling. 3) Film 

resistance increases with cycling. 4) There is an evident material degradation as 

observed by SEM. Thus, the increase in resistance may be related to the increased strain 

induced by the collapse of the superficial structure.  5) There is a variation in the 

chemical composition, which is reflected by EDS and the peak potential variation in 

cyclic voltammetry. 6) Oxygen evolution reaction is close to the maximum charge 

potential and may contribute as a parasitic reaction inducing capacity decay. Also, OER 

could mechanically degrade the material, if O2 is produced. 7) Cycling displaces the 

anodic peak to higher potentials as observed by cyclic voltammetry. Thus, the 

electrochemical reaction is closer to the OER potentially being more affected by it as 

long as the cycling evolves. 8) Low-frequency phenomena obtained at -0.2 V becomes 

intensified with cycling. 
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Fig. 3.4.14. Electrochemical impedance spectra comparison for electrodeposited Ni-

Co oxide and Ni-Co oxide measured in KOH 1M in combination with 

electrochemically reduced graphene oxide in the form of (a) impedance modulus 

versus frequency (b) phase angle versus frequency and (c) Nyquist plots obtained at 

two different potentials, namely -0.2V, discharged condition, and 0.45V, charged 

condition.  
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Fig. 3.4.15. (a) and (b) Bode and (c) Nyquist Electrochemical Impedance Spectra for 

NCOx composite material after 0, 150, 750, 1500 and 5000 cycles of Galvanostatic 

Charge Discharge at 8 A/g for both discharged (-0.2V, left) and charged (0.45V, right) 

potentials. 
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When reduced graphene oxide is included, a similar behaviour to that of NCOx is 

observed. Nonetheless, there are several features that are different and shall be 

considered: 1) ESR is slightly lower than for NCOx. 2) Double layer resistance has 

significantly lower values. The measured resistance is normalized to the apparent 

experimental area (1 cm2) but the real area includes a much more extensive surface area, 

as a consequence of the Er-GO matrix. Thus, these calculated values are apparent 

resistance values that should be multiplied by the real active area of the material, which 

would probably lead to similar values to those obtained for NCOx. 3) Double layer 

resistance is maintained at both charge-states of the material. 4) Film resistance is much 

higher for the discharged condition while lower for the charged condition as compared 

to NCOx. This may be related to a greater exposure of the nickel-cobalt material to the 

electrolyte induced by Er-GO and the change in the conductivity in the charging process. 

In a similar manner, there is a greater variance of the CPE admittance assigned to the 

film for NCOx/Er-GO, with higher conductivity for NCOx/Er-GO compared to NCOx 

when the electrode is charged, while lower when the electrode is discharged. 5) An 

additional time constant is developed in the discharged form (-0.2V) with cycling at 

mid-frequencies, more evidenced when the material is cycled 750 times. This new time 

constant separates the capacitive contribution of the material in two components and is 

not as visible when the material is fully charged. This new time constant is included in 

the equivalent circuit for the fitting in the discharged condition after 750 cycles.  6) 

There is an initial decrease in film resistance when the material is charged during the 

first 1000 cycles. Accordingly, there is an increase in the CPE admittance as observed 

in the cycling test performed at 8 A·g-1. 7) No mechanical degradation or strain is visible 

by SEM for NCOx/Er-GO. However, the variation in the electrochemical response 

observed by cyclic voltammetry is much more evident than in the case of NCOx, with 

initial increased capacity. A variation in chemical composition of the material shall also 

be taken into account since it is observed by EDS.  

Thus, it can be considered that Er-GO acts as a matrix that accommodates strain, 

reducing the mechanical degradation observed by SEM. Moreover, given its increased 

active surface area, Er-GO induces more exposure of nickel-cobalt oxide deposited on 

top of it, leading to increased number of active sites. It also serves as a conductive 

matrix, reducing overall resistance. During the first cycles, electrolyte penetration may 

reach initially inaccessible pores that later become active sites, leading to an initial 

increase in capacity. Besides, the observed increase in resistance with cycling is much 

smaller in absolute terms in the case of the Er-GO containing material. While Ni-Co 

oxide is affected by mechanical degradation, increasing the measured resistance, 

NCOx/Er-GO initially increases its capacity by electrolyte penetration during the first 

1000 cycles and inhibits mechanical stress. 
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Fig. 3.4.16. (a) and (b) Bode and (c) Nyquist Electrochemical Impedance Spectra for 

NCOx/Er-GO composite material after 0, 150, 750, 1500 and 5000 cycles of 

Galvanostatic Charge Discharge at 8 A/g for both discharged (-0.2V, left) and charged 

(0.45V, right) potentials. 



| Chapter 3.4 

278 

 

 

Fig. 3.4.17. (a) General equivalent circuit model used in the fitting of the impedance 

spectra acquired for NCOx and NCOx/Er-GO for the results obtained at -0.2V 

(discharged) and 0.45V (charged) and (b) Equivalent circuit model used in the fitting 

of impedance spectra acquired for NCOx/Er-GO at -0.2V with cycling after 750, 1500 

and 5000 cycles. 

However, the increased exposure to the electrolyte leads to the formation and 

stabilization of a secondary parasitic phase, as observed by the new time constant by 

EIS. This parasitic reaction, considering previous reports, is likely to be the formation 

of a nickel-cobalt hydroxide phase. When material is charged, an oxyhydroxide phase 

is formed and, when this reaction is reversed, it may generate a hydroxide phase 

considering that the reaction takes place in alkali media and taking into account that 

nickel-cobalt hydroxide is also transformed into an oxyhydroxide phase during 

charging, as exemplified in equations 3.4.3 and 3.4.4 [85]: 

α-NixCo1-x(OH)2(2NO3
-, CO3

2-)(1-x)/2(H2O)0.5 + (0.5-y)( Na+, K+)   γ-NixCo1-

xOO(H+)y(Na+¸K+)(0.5-y)(H2O)0.5 
 + (2-y)H+ + (1-x)/2 (2NO3

-, CO3
2-) + (0.5+x)e-       

(eq. 3.4.3) 

β-NixCo1-xO2H1+x                           β-NixCo1-xOOH + xH++ xe-        (eq. 3.4.4) 

 When Er-GO is introduced, the reaction presented in equation 3.4.4 is promoted, 

leading to the formation of Ni1-xCoxOy together with NixCo1-x(OH)2. This would explain 

the shift in the peaks of cyclic voltammetry. Moreover, when charged, the material 

transforms into the oxyhydroxide form in any case and, for that reason, mid-frequency 

EIS response is less affected in the charged state. When discharged, given the fact that 

the conductivity of the oxide is higher than of the hydroxide [86–88], this phenomenon 

increases mid-frequency resistance. 

Finally, a similar decay in capacity of NCOx to NCOx/Er-GO (once the material is 

stabilized) is observed, associated to similar degradation processes. In fact, the low-

frequency evolution in the discharged potential for NCOx and the variation observed by 

cyclic voltammetry with cycling suggests that this second phase may be also formed for 

NCOx, although due to the reduced electrolyte accessibility of the material and lower 

active surface area, it is not as relevant. Summarizing, mechanical degradation, 

formation of a secondary phase and OER parasitic reaction are pin-pointed as the main 

sources of NCOx degradation, while an initial activation, produced by electrolyte 

penetration when Er-GO is present, leads to an initial increase of material’s capacity. 

When Er-GO is introduced, mechanical degradation is reduced, while the formation of 

a secondary phase is promoted.  
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Fig. 3.4.18. Graphic analysis of the results obtained for the fitting of EIS spectra. Data 

table not presented.  
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3.4.4. Conclusions 

Cobalt-nickel oxide in combination with electrochemically reduced graphene oxide was 

successfully prepared by electrodeposition followed by thermal treatment.  The 

inclusion of reduced graphene oxide to the mixed oxide greatly improved its energy 

storage capability that increases from 113 mA·h·g-1 to 180 mA·h·g-1. Cycling stability 

after 5000 cycles, and subsequent capacity retention, increased from 58% to 83%. The 

faradaic efficiency was improved from 0.88 to 1.01 and the rate capability of the 

composite raised from 78% to 84%. Finally, a detailed study on the degradation 

mechanism by means of electrochemical impedance spectroscopy was performed in 

combination with cyclic voltammetry, scanning electron microscopy and electron 

diffraction spectroscopy. EIS evidenced the change in conductivity in the oxidation 

process of the material and the appearance of a second time constant for NCOx/Er-GO 

at -0.2V after cycling that is associated to a new phase that may be nickel-cobalt 

hydroxide. Thus, there are three main key observations related to the cycling stability 

of the material: 1) Variation in peak potential by cyclic voltammetry. 2) Mechanical 

degradation observed by SEM. 3) New time mid-frequency constant in EIS spectra. 

These results suggest that degradation mechanisms, and consequent capacity fade, can 

be attributed to cracking caused by strain during charge and discharge, phase 

transformations that result in a parasitic phase and side reactions such as oxygen 

evolution. Electrochemically reduced graphene oxide serves as a conductive matrix that 

accommodates strain and increases the number of active sites, leading to increased 

electrochemical performance. Thus, a synergistic carbon-transition metal composite 

material is produced by means of a very simple route that has enhanced performance as 

compared to its analogous material without electrochemically reduced graphene oxide, 

serving as an example of the potential that reduced graphene oxide has for energy 

storage applications.  
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Abstract 

Nickel-cobalt hydroxide and nickel-cobalt oxyhydroxide have been respectively 

delaminated by lactate and tetrabutylammonium (TBA+) intercalation in aqueous media. 

The electrochemical performance of the different materials obtained during 

delamination has been evaluated, with special emphasis on the effect of the intercalated 

species and their influence on the behaviour of the delaminated material for energy 

storage applications. On the one hand, it is shown that intercalation of lactate molecules 

leads to blockage of the electrode-electrolyte interaction, with subsequent capacity fade 

and hampered electrochemical performance. On the other hand, delamination in TBA+, 

reported for the first time for nickel-cobalt oxyhydroxide in aqueous media, serves as 

an excellent tool to increase the number of electrochemically active sites and enhances 

the capacity of nickel-cobalt oxyhydroxide. Results show an increase in capacity from 

112 mA·h·g-1 in 1M LiOH at 1 A·g-1 for the non-delaminated precursor to 165 mA·h·g-

1 after exfoliation and re-stacking. Thus, carefully designed exfoliation is a promising 

route to enhance the performance of electrode materials for energy storage applications. 
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3.5.1. Introduction 

The electrochemical performance of energy storage devices depends on the selection of 

electrode materials, which are usually optimised to obtain maximum 

capacity/capacitance, specific power or cycling stability, depending upon application. 

Nonetheless, active surface area is always a critical parameter. Related to charge 

storage, chemical and morphological stability, electrode-electrolyte interaction and 

electron and ion transport, a maximized surface area is of extreme importance in the 

development of novel materials. For that reason, nanostructured materials, in particular, 

two-dimensional layered materials, have become a field of great interest.  

Layered double hydroxides (LDHs), also known as anionic clays, have been pin-pointed 

as promising pseudocapacitive materials because of their high redox activity, low cost 

and environmentally friendliness. LDHs are two-dimensional ionic lamellar materials 

consisting of positively charged brucite-like layers with an interlayer region containing 

either solvent molecules or anionic species. In general, they have divalent or trivalent 

metal cations with the generic formula; M2+
1-xM

3+
x(OH)2][A

n-]x/n·zH2O. A part of the 

divalent metal ions (M2+, for example, Mg2+, Fe2+, Co2+, Cu2+, Ni2+ or Zn2+) are 

coordinated octahedrally by hydroxyl groups and can be replaced by trivalent metals 

(M3+, for instance, Al3+, Cr3+, Ga3+, Mn3+ or Fe3+) with a molar ratio M3+/(M2++M3+) 

typically between 0.2 and 0.4. The anion is usually CO3
2-, but it can be substituted by 

SO4
2-, Cl-, etc. or organic anions such as acetates or dodecyl sulphate, for instance [1]. 

However, layered double hydroxide materials present a major limitation: reduced 

accessibility to the inner surface of the host layers by the electrolyte, which leads to 

reduced active surface area for energy storage applications. For that reason, many efforts 

have been made to delaminate such materials. In addition, if the material is successfully 

delaminated, the positively charged layers can work as building blocks to produce 

functional materials by integrating them with negatively charged species. Consequently, 

many attempts have been done to exfoliate different types of LDH [1]. The most 

common procedure consists in the intercalation of molecules/ions in the interlamellar 

space and the subsequent delamination in the appropriate solvent. Many solvents have 

been used, such as butanol [2], acrylates[3], toluene[4] or formamide [5,6] among 

others. However, from an environmental and practical perspective, it is interesting to 

achieve delamination in water. The first reported aqueous-based delamination was 

performed by Hibino et al. [7] for Mg-Al-lactate. The method presents three main 

advantages compared to delamination in organic solvents, namely, the exclusive use of 

water, the higher concentration achieved in the delaminated colloidal suspension and, 

finally, the fact that it does not require heat during the process. Henceforward, other 

materials have been delaminated in a similar fashion, such as Zn-Al-lactate [8].  

Nickel hydroxide and cobalt hydroxide exfoliation are of special interest for energy 

storage applications. On the one hand, nickel is relatively abundant and cheap, it has a 

well-known electrochemical activity and a high charge-storage capability [9]. However, 

nickel-based materials for energy storage applications, this is mainly NiO and Ni(OH)2, 

face several disadvantages, such as high resistivity [10].  Cobalt-based materials (Co3O4 

and Co(OH)2) are also promising candidates for energy storage applications due to their 

larger surface area, high conductivity of cobalt oxyhydroxide and excellent reversible 

redox reactions that translate into good cycling stability [10]. However, they either 

present low charge-storage capacity values or short potential ranges, for that reason, its 

combination with nickel (hydr)oxides is of great interest. Consequently, nickel-cobalt 
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hydroxides and oxyhydroxides were considered for delamination and energy storage 

electrode applications in this work.  

Nickel hydroxide, cobalt hydroxide and nickel-cobalt hydroxides were successfully 

delaminated in water by the intercalation of lactates by Lang et al. [11–13]. They also 

investigated the electrochemical activity by cyclic voltammetry, although no in-depth 

study for energy storage applications was done.  Another known route is exfoliation of 

oxide and oxyhydroxide materials by means of cation intercalation. A common feature 

of layered oxides is their cation-exchange property, which enables the modification of 

the interslab space, ultimately leading to exfoliation. As Sasaki and Ma pointed out [14], 

there is a well-established route for the exfoliation of layered metal oxides, which 

consists in solid-state calcination synthesis of precursor materials, with posterior 

acidification to produce their hydrated protonic form. Finally, they are modified with 

positively-charged bulky organic ions (TMA+, TBA+, etc.) that increase the interlayer 

distance, decrease the electrostatic interaction between the layers and enables their 

delamination. Several materials have been exfoliated in that manner, such as MnO2[15], 

TaO3 [16] or HCoO2 [17]. However, to the best of the author’s knowledge, neither 

delamination of nickel nor mixed nickel-cobalt oxyhydroxide has been done.  

The different materials obtained during the delamination process of nickel-cobalt 

hydroxide materials in water by means of lactate intercalation are here studied as 

potential electrode material for charge-storage in alkali media. In addition, we report 

delamination of nickel-cobalt oxyhydroxide in TBA-OH and study the behaviour of the 

different phases obtained during the process. Finally, the influence of different cations 

in the electrolyte, namely K+ and Li+, is considered during the charge-discharge of the 

different active materials.  

3.5.2. Experimental 

3.5.2.1 Delamination of nickel-cobalt hydroxide in aqueous media. 

The process undertaken for delamination of nickel-cobalt hydroxide by lactate 

intercalation is illustrated in Fig. 3.5.1 and detailed hereafter. 

  

Fig. 3.5.1.  Diagram of the delamination process undertaken for nickel-cobalt 

hydroxide. 

3.5.2.1.1 Synthesis of SDS-intercalated nickel-cobalt hydroxide. 

Synthesis of lactate intercalated nickel-cobalt hydroxide material proceeded in a 

modified version to that found in Schneiderová et al. [13] with the addition of a final 

electrochemical activation step by means of dialysis. First, an SDS-intercalated 

precursor was synthesized. In a typical experiment, nickel nitrate hexahydrate (2.181 

grams, Sigma-Aldrich) and cobalt nitrate hexahydrate (6.543 grams, Alfa Aesar) were 

diluted in 1 L of distilled water together with 43.257 grams of sodium dodecyl sulfate 



| Chapter 3.5 

292 

 

(SDS, Sigma-Aldrich) and 25.234 grams of hexamethylenetetramine (HMT, Alfa 

Aesar). Then, the solution was introduced into a 2 L stainless steel hydrothermal reactor. 

The temperature was gradually increased up to 120oC and maintained for 8 hours at a 

pressure below 2 bars. The system was then gradually cooled down to room temperature 

and the solid powder was recovered, centrifuged at 4000 rpm and cleaned four times 

with both water and ethanol. The obtained product is named as DS-NCOH.  

3.5.2.1.2 Synthesis of lactate-intercalated nickel-cobalt hydroxide. 

0.60 grams of DS-NCOH were dispersed in 50 mL of deionized water containing 0.87 

grams of sodium lactate (Sigma-Aldrich) and 2.19 g of cetrimonium bromide (CTAB, 

Sigma-Aldrich). The suspension was mixed with 150 mL of chloroform (Sigma-

Aldrich) and stirred for 24h at room temperature. After separating the phases, the water 

phase was centrifuged at 4000 rpm for 10 minutes to recover the lactate intercalated 

nickel-cobalt hydroxide material. The resulting product was washed several times with 

acetone and ethanol. A green-brown powder was finally obtained, which is denominated 

as Lac-NCOH.  

3.5.2.1.3 Delamination and re-stacking of nickel-cobalt hydroxide nanosheets in 

water. 

When Lac-NCOH is cleaned with water, it delaminates, producing a colloidal 

suspension. For that, 100 mg of lactate intercalated material were added in 100 mL 

water. It is worth mentioning that, if the material is not fully delaminated and some 

suspended particles are obtained, it can be further exfoliated by adding extra 100 mL of 

solvent, in this case, distilled water. After its suspension, the material is centrifuged at 

2000 and 4000 rpm for 4 minutes to remove un-exfoliated material, deposited at the 

bottom of the vessel. The resulting supernatant solution contains the exfoliated 

nanosheets. Then, to restack the material, the nanosheet suspension is dialyzed using a 

20K MWCO dialysis flask. After dialysis, the material is recovered, washed with 

ethanol and acetone several times and dried overnight at 40oC. The material is 

denominated as Lac-NCOH-DIAL (DIAL as “dialysis”).  
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3.5.2.2 Delamination of nickel-cobalt oxyhydroxide in aqueous media.  

The process undertaken for the delamination of nickel-cobalt oxyhydroxide in 

tetrabutylammonium hydroxide is exemplified in Fig. 3.5.2 and detailed hereinafter. 

 

Fig. 3.5.2. Schematic of the exfoliation process for γ-NixCo1-xO2 nanoslabs. 

3.5.2.2.1 Synthesis of α-nickel-cobalt hydroxide  

Typically, 5 g of nickel nitrate hexahydrate and 10 g of cobalt nitrate hexahydrate were 

dissolved in 100 mL of distilled water. 40 mL of 2M NaOH containing 1.5 mL of H2O2 

were quickly poured in the solution forming a green-brown precipitate of α-Ni-

Co(OH)2·(CO3
2-, 2NO3

-)y. It was then centrifuged at 4000 rpm for 5 minutes and washed 

with H2O and ethanol 6 times until neutral pH to remove impurities. Approximately 7 

grams of the α phase, named as NCOH, were recovered after the powder was dried at 

40oC for 24h. 

3.5.2.2.2 Oxidation reaction to γ-nickel-cobalt oxyhydroxide 

2.6 g of NCOH were suspended in a mixture of 20 mL of NaClO 10M (Prolabo) with 

80 mL of KOH 5M and kept under stirring for 24h. The resulting suspension was 

centrifuged at 4000 rpm for 5 minutes. Once the powder was recovered, it was washed 

5 times with distilled water and several times with ethanol until neutral pH. 2.2 grams 

of the resulting γ-phase were recovered and named as NCOx-HNK {as in Nickel-Cobalt 

OXide intercalated with protons (H), sodium (Na) and potassium (K)}. 

3.5.2.2.3 Protonation of γ-nickel-cobalt oxyhydroxide 

1.8 grams of NCOx-HNK were suspended in 150 mL of HNO3 10mM and stirred 

overnight. The resulting product is a protonated version of the gamma phase in which 

the sodium and potassium ions intercalated in the interslab distance of material are 

exchanged by protons. After washing with distilled water and ethanol several times until 

neutral pH is reached, 1.39 grams of product were recovered and designated as NCOx-

H. It is worth mentioning that this step is critical since oxyhydroxides easily dissolve in 

acid. Higher concentrations and other acids, such as HCl were also tested resulting in 

the dissolution of the product. 
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3.5.2.2.4 Delamination and re-stacking of γ-nickel-cobalt oxyhydroxide nanosheets 

in TBAOH 

To maintain a 1:1 H+:TBA+ ratio, 0.5 grams of NCOx-H were suspended in a mixture 

of H2O: 40% TBAOH (1.5M solution in water, obtained from Acros) containing 2.5mL 

of TBAOH and 257.5mL of H2O. The solution was maintained under stirring for 90 

days. The resulting black suspension was then centrifuged at 5000 rpm for 10 minutes 

to remove impurities. Then, the supernatant solution was heated at 50oC for 10 days to 

remove the solvent an induce re-stacking of the suspended nanoparticles. The final 

product is designated as NCOx-TBA. 

3.5.2.3 Physico-chemical Characterization  

Powder X-Ray Diffraction patterns were obtained using a PANalytical X’Pert Pro 

Powder Diffractometer in the Brag-Brentano geometry using a monochromator with Kα1 

line (λ=1.5406 Å) at room temperature, with 2ϴ range from 6-80o with a 0.0170o 

measuring step. The powder was previously grinded to fine powder and measured on a 

steel powder specimen holder. To avoid signal from the sample holder in the SDS-

intercalated and lactate-intercalated samples, capillary X-Ray Diffraction was 

performed. The powder was introduced in a silicon capillary of 1.0 mm diameter and 

measured with a PANalytical Empyrean Diffractometer.  

Scanning Electron Microscopy direct imaging was performed at the PLateform 

Aquitaine de Caractérisation des MATériaux (PLACAMAT) by means of a SEM-FEG 

HR (JEOL 6700F microscope). Transmission Electron Microscopy imaging was 

performed with a TEM JEOL JEM 1400 Plus microscope, while High-Resolution 

imaging was obtained by means of a TEM-FEG HR (JEOL 2200FS microscope) 

working at 200 kV coupled to an EDX JEOL Si-Li detector with an image resolution of 

0.19 nm and an EDS point resolution of 1.5 nm. The images for non-exfoliated samples 

were obtained by suspending a portion of the powder in ethanol and dropping it on top 

of a carbon coated copper grid. In the case of exfoliated samples, an aliquot was taken 

of the exfoliated suspension and the carbon-coated grid was simply immersed in the 

solution. 

Fourier-Transform Infrared Spectrometry was performed with a Thermo Electron 

Corporation Nicolet 5700 equipment in specular mode for wave numbers from 400 cm-

1 to 4000 cm-1. The powders were previously mixed with KBr at a 1:100 ratio and 

pressed into disks.  

Raman measurements were performed by means of a Yvon Horiba Labram HR-800 

micro-spectrometer with a 514.5 nm excitation wavelength (Ar+ laser) and a power 

adjusted to ca. 50µW to avoid any degradation of the sample or a LabRAM HR 

Evolution Raman spectrometer (HORIBA, Jobin Yvon, Edison, NJ) with an operating 

laser at 532 nm. 

Nitrogen adsorption/desorption isotherms were recorded using an ASAP 2020 

(Micromeritics) at 377K. Prior the measurements, degasification at 80oC for 300 

minutes and at 110oC for 200 minutes under high vacuum was performed. The 

Brunauer-Emmett-Teller specific surface area was computed using adsorption data in 

the relative pressure (P/Po) range of 0.18-0.30. The pore size distribution was derived 

from the amounts adsorbed in the relative pressure range from 0.01-0.99 by means of 

the adsorption branch using the Barrett-Joyner-Halenda (BJH) method. 

Elemental analysis (carbon, hydrogen, nitrogen and sulphur content) were determined 

by combustion at 920 oC in a tin foil in excess of oxygen by means of a Thermo Flash 



 3. Experimental results | 

295 

 

EA 111E Series apparatus. Inductive coupled plasma-optical emission spectroscopy 

(ICP-OES) was used to obtain the concentration of cobalt, nickel, sodium and 

potassium. Results were obtained by dissolving 10-20 mg of the powder into HCl, 

diluted to a concentration in the 1-200 mg·L-1 range and analyzed by means of a Varian 

720ES ICP-OES spectrometer.  

Atomic force microscopy was used to measure the thickness of suspended delaminated 

nanoparticles. The aqueous suspensions of lactate-intercalated nickel-cobalt hydroxide 

and tetrabutylammonium-intercalated nickel-cobalt oxyhydroxide were centrifuged at 

14600 rpm for 10 minutes. The resulting supernatant solutions were isolated and diluted 

to double their volume. 1 mL of the diluted solution was dropcasted on top of mica 

surface and dried at 40oC for 7 days. A Nanosurf AFM in tapping mode with a silicon 

pointprobe-plus® Nanosensor cantilever (PPP-NCLAuD-10, gold coated with a 

resonance frequency of 315 kHz) was used to obtain the delaminated samples 

topography. The average nanoparticle thickness was determined from at least 4 regions 

in 2-4 µm2 AFM images.  

3.5.2.4 Electrochemical Characterization 

The electrode material consisted of 80% active material, 15% active carbon and 5% of 

PTFE (Sigma-Aldrich) as binder. The mass of the components was determined by 

means of a micro-balance Sartorius MC5-0CE with an accuracy of 0.01mg. Once the 

electrode material was formed, a round area of 1 cm2 was pressed on a stainless-steel 

grid by applying 7 tons by means of a hydraulic cylinder press. The mass of active 

material varied between 1.5 mg to 9.5 mg. 

All electrochemical measurements were performed with a three-electrode 

electrochemical cell by means of an Interface IFC1000-07087 Potentiostat (Gamry 

Instruments). Platinum foil of 2.5 cm2 x 2.5 cm2 was used as counter electrode while 

SCE electrode was used as reference. LiOH 1M and KOH 1M were used as alkaline 

electrolytes. 

Cyclic voltammetry was carried out at different scan rates (1-20 mV·s-1) in a potential 

window ranging from -0.5V to 0.65V (vs. SCE). Galvanostatic charge-discharge was 

also carried out at different current densities (1-10 A·g-1) in a similar voltage range. 

Lifetime cycling tests were performed during 5000 charge-discharge cycles at 4 A·g-1 

for the hydroxide exfoliation route materials and at 10 A·g-1 for the oxyhydroxide 

exfoliation route materials. It is worth mentioning that hydroxide-based cycling tests 

were performed at lower current density due to poor capacity retention under higher 

specific currents applied. Also, the materials prepared during the exfoliation of nickel-

cobalt hydroxide exhibited an unstable initial performance that was stabilized during the 

first 1-10 cycles of charge discharge.  

3.5.3. Results and Discussion 

3.5.3.1. Physico-chemical Characterization 

3.5.3.1.1. Nickel-cobalt hydroxide delamination 

The synthesis process of nickel-cobalt hydroxide nanosheets is exemplified in Fig. 3.5.1. 

Essentially, dodecyl sulphate intercalated nickel-cobalt hydroxide is transformed into 

lactate intercalated nickel-cobalt hydroxide after anion exchange. The lactate 

intercalated material spontaneously delaminates when dispersed with distilled water. To 

eliminate lactate residual particles, the material is then subjected to dialysis, after which 

the material is recovered in its re-stacked form.  
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3.5.3.1.1.1. X-Ray Diffraction 

XRD patterns, presented in Fig. 3.5.3, show the evolution of the phases during the 

exfoliation process, including α-nickel-cobalt hydroxide obtained by co-precipitation 

for reference (Fig. 3.5.3a), and confirms the successful intercalation of the large organic 

anions. From a general point of view, the diagrams were all indexed with a hexagonal 

cell, as usually reported for this kind of materials. In all cases, the inter-reticular distance 

of the peak at the lowest angle (001 line) correspond to the interslab, i.e. the distance 

between two adjacent metal (mixed nickel-cobalt) planes. Normally, this (001) line is 

accompanied by its subsequent corresponding (002), (003), etc. lines. The inter-reticular 

distance of the (110) line corresponds to half the distance between two metal (nickel or 

cobalt) atoms within the slab. It is worth mentioning that these 110 lines, are maintained 

virtually invariable in all cases, which is proof of the preservation of the nickel-cobalt 

hydroxide slab, without any variation of the nickel and cobalt oxidation state and 

composition during all the steps. In addition, the particular asymmetric shape of the 

(10l) and (110) lines is characteristic of the turbostratic nature of the materials, 

consisting in a random rotated stacking of the slabs along the hexagonal c axis, while 

maintaining the interslab space.  

In the case of the reference α-nickel-cobalt hydroxide (Fig. 3.5.3a), the first line gives 

an interslab distance of 7.93 Å, which corresponds to the presence of carbonate anions 

inserted within the interslab space together with water molecules, as confirmed below 

by other techniques and already reported [18,19]. When DS- is intercalated in the 

interslab distance (Fig. 3.5.3b), 3 lines with inter-reticular distances of 26.48, 12.92 and 

8.63 Å appear, attributed to (001), (002) and (003) lines. DS- is a 12-carbon organic 

chain that induces expansion of the interslab space up to 26.48 Å when intercalated, 

distance comparable to previous reports [13]. When lactate material is intercalated (Fig. 

3.5.3c), the 001 line shows a distance of 9.42 Å , shorter than for DS- but longer than in 

the case of the α structure, which is in accordance with literature [13]. When the material 

is re-stacked by dialysis (Fig. 3.5.3d), it presents similar peaks to the lactate intercalated 

material. However, it also presents an extra 001 line, which corresponds to similar 

values to the α phase. It is possible that, during the re-stacking process in water as 

solvent, carbonate ions, as exhibiting a strong affinity for this kind of lamellar structures, 

are incorporated again in the interslab distance to maintain charge electroneutrality 

between the nickel-cobalt hydroxide slabs. Thus, α-carbonate phase is partially restored. 

However, lactate molecules are still present in the re-stacked material since its 

elimination by dialysis is only partial. If lactate removal was complete by dialysis, a 

peak with an interslab distance of 9.27 Å would not be observed. Therefore, additional 

purification strategies shall be considered.  
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Fig. 3.5.3. X-Ray Diffraction patterns for (a) NCOH taken as reference material, (b) 

SDS-NCOH, (c) Lac-NCOH and (d) NCOH-DIAL after exfoliation in H2O and re-

stacking by dialysis. Numbers indicate the inter-reticular distances for each assigned 

peak, they are deduced by indexation with a hexagonal cell. 

3.5.3.1.1.2. Elemental analysis 

Chemical analysis are provided in table 3.5.1, in weight percent and in molar ratio of 

each element over (Ni+Co). Nickel and cobalt are in a 0.27/0.73 atomic proportion for 

all the materials, ratio that is maintained throughout the entire process, which suggests 

that slab integrity is preserved during delamination. When dodecyl sulphate is 

intercalated, large carbon amount is present, which is caused by the successful 

intercalation of the organic molecule. Once the anion exchange for lactate is performed, 

the carbon value is relatively maintained, indicating a successful anion exchange. 

Finally, after dialysis, the carbon and hydrogen amounts are significantly reduced but 

still relevant, which suggests that lactate removal by dialysis is only partially successful. 

Thus, it will reasonable to observe certain influence of lactate molecules during the 

evaluation of the electrochemical performance of the material. 

Table 3.5.1 

Chemical analysis for the materials obtained during the delamination of nickel-cobalt 

hydroxide by lactate intercalation in weight percentage and their molar ratio in relation 

to nickel and cobalt content. 
 

Weight % Molar ratio :  element/(Ni+Co) 

 
Co Ni C H Co Ni C H 

DS-NCOH 55.98 21.06 14.36 3.47 0.73 0.27 0.91 2.63 

Lac-NCOH 56.5 19.51 17.14 4.32 0.74 0.26 1.1 3.32 

NCOH-Dial 68.28 24.79 3.82 1.71 0.73 0.27 0.2 1.07 
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3.5.3.1.1.3. Scanning and Transmission electron microscopy 

Fig. 3.5.4 shows scanning electron microscopy images of DS- and lactate intercalated 

and dialysed nickel-cobalt hydroxide. The dodecyl sulphate-intercalated material (Fig. 

3.5.4a) consists of randomly-oriented quasi-hexagonal aggregated platelets of different 

sizes, of generally around 1 µm in diameter. Similar results are obtained for the lactate-

intercalated material, in which platelets seem to have better defined hexagonal shape 

(Fig. 3.5.4b). Finally, when the lactate material is exfoliated in water and then restacked 

by dialysis (Fig. 3.5.4c), they recover their original morphology of densely-packed 

agglomerated nanosheets, as in Fig. 3.5.4a, except that the surface seems to be more 

rugged and poorly defined.  

 

Fig. 3.5.4 Scanning Electron Microscopy images of (a) DS-NCOH, (b) Lac-NCOH 

and (c) restacked nickel-cobalt hydroxide nanoslabs by dialysis after exfoliation in 

distilled water (NCOH-DIAL). 
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Similar results can be observed by Transmission Electron Microscopy (TEM), displayed 

in Fig. 3.5.5. For the DS-intercalated material, a randomly-oriented agglomerated multi-

layered material is obtained. Similar morphology is displayed when lactate is 

introduced, however, there seems to be a better definition of the few-layer aggregates, 

suggesting weaker interslab interaction between them. Then, when lactate-intercalated 

nickel-cobalt hydroxide is introduced in water and delaminated, few-layer Ni-Co(OH)2 

aggregated slabs are observed, evidencing the exfoliation process. It must be considered 

that single monolayers either burn or fold under the electron beam, therefore, no fully 

extended monolayer image could be obtained. HR-TEM images are presented in Fig. 

3.5.6. As shown in HR-TEM, the size of these platelets varies between 500 and 800 nm 

in diameter. Moreover, between the different hexagonal nanoplatelets, there is a veil-

like feature that probably is lactate molecules that fully covers the nanoslabs and 

interlinks the different nanosheets together. Dodecyl sulphate molecules are bulky 

molecules that are easily observed by TEM, while lactate molecules, lower in 

dimension, are likely to cover the surface area of nickel-cobalt hydroxide platelets. 

Finally, when the delaminated material is centrifuged and restacked, it presents a similar 

morphology to its precursors. 

 

Fig. 3.5.5 Transmission Electron Microscopy images of (a) DS-NCOH, (b) Lac-

NCOH, (c) delaminated nanoslabs of lactate intercalated Ni-Co(OH)2 in distilled water 

and (d) restacked nanoslabs of delaminated Ni-Co(OH)2 slabs obtained by dialysis 

(NCOH-DIAL).  
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Fig. 3.5.6. HR-TEM images of delaminated lactate-intercalated nickel-cobalt 

hydroxide in distilled water. 

3.5.3.1.1.4. Fourier-transform infrared and Raman spectroscopy 

FTIR results for the different materials obtained during delamination are shown in Fig. 

3.5.7. NCOH obtained by co-precipitation is also included as reference material. The 

bands assigned to metal-oxygen Co-O and Ni-O vibrations appear below 700 cm-

1[20,21] and, in particular at 665 cm-1. It is worth mentioning that these bands are well-

defined for the co-precipitated nickel-cobalt hydroxide while hindered when different 

intercalated materials are present. Nonetheless, the metal-oxygen signals remain 

invariable throughout the entire delamination process, confirming that the metal-

hydroxide slabs are preserved. Co-precipitated nickel-cobalt hydroxide presents a strong 

narrow band at 1382 cm-1, corresponding to C-O modes of -CO3
2- at the LDH interlayer. 

The band at 1639 cm-1 is associated to the O-H bending of intercalated water molecules 

while the major broad band centred at 3442 cm-1 is assigned to the stretching vibration 

of O-H superimposed of structural hydroxyl groups and water molecules [22].  

For the DS- intercalated composite (Fig. 3.5.7b), two bands at 1076 cm-1 and 1230 cm-1 

appear that are associated to S=O antisymmetric stretching of DS-. Another small band 

at 1344 cm-1 corresponds to traces of HMT that has not reacted. The band at 1465 cm-1 

is related to the bending vibration of the organic chain of DS- while the bands at 2917 

cm-1 and 2848 cm-1 are due to the antisymmetric and symmetric -CH2 stretching modes. 

It is worth mentioning the decrease on the band intensity at 1382 cm-1, associated to 

carbonate intercalated ions thus confirming their absence, while a similar intensity for 

the O-H bond signal to the co-precipitated material is obtained.  

When lactate is intercalated (Fig. 3.5.7c), sulphate bands (1076, 1230 cm-1) diminish 

and -CH2 bond signal decreases (2917, 2848 cm-1). However, the H2O associated bands 

(1639, 3442 cm-1) become more intense and a band associated to stretching C-OH from 

lactate appears at 1114 cm-1. COO- bands, also from lactate, appear at 1583 cm-1 and 

1382 cm-1 [13,22]. After dialysis (Fig. 3.5.7d), the lactate bands at 1382 cm-1 and 1583 

cm-1 are still present, although greatly diminished, while the signal at 1114 cm-1, 

associated to C-OH, increases its intensity. The H2O bending and stretching bands gain 

relevance and a small signal from sulphate, HMT and -CH2 from the intercalation of 

DS- are also visible although greatly inhibited. A detail view of the 1390-400 cm-1 range 

is presented in Fig. 3.5.8. 
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Fig. 3.5.7. Fourier-transform infrared spectroscopy results for (a) NCOH taken as 

reference material, (b) SDS-NCOH, (c) Lac-NCOH and (d) NCOH-DIAL after 

exfoliation in H2O and re-stacking by dialysis. 

 
Fig. 3.5.8. Detail of the 400-1390 cm-1 section of FTIR spectra for the materials 

obtained during the delamination of nickel-cobalt hydroxide by lactate intercalation. 
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Raman results are displayed in Fig. 3.5.9. As it can be seen, the main bands are 

maintained in all composites throughout the exfoliation process. Two features are, 

however, different. First, the intensity of the signals in the 2800 to 3060 cm-1 range, 

whose intensity subsequently decreases with each step in the delamination process, 

agreeing with the theoretical composition of the composites. These bands at 2850 cm-1 

and 2885 cm-1 are assigned to symmetric and anti-symmetric CH2 stretching modes 

[22,23]. The organic chain of DS- is longer than lactate, this is, includes a greater number 

of -CH2- groups, resulting in higher intensity of these peaks. When anion exchange for 

lactate molecules is performed, these lines diminish their intensity. After dialysis, most 

lactate molecules are removed and, consequently, the signal is hindered.  

Second, the band at 1046 cm-1 for the co-precipitated material, which is associated to 

CO3
2- and NO3

- anions when nickel-cobalt hydroxide is prepared from nitrates, is not 

present and is substituted by several signals in the 1000-1500 cm-1 range [21]. An in-

depth evaluation of these peaks is presented in Fig. 3.5.10, which are related to the 

organic chain of lactate and DS- [22,24]. It is worth mentioning that the intensity of the 

lactate-associated peaks become greatly reduced when dialysis is performed. Given 

these results, the successful intercalation of DS- and lactate anions and is confirmed, 

together with dialysis as a purification-restacking method in which lactate is partially 

removed.  

 
Fig. 3.5.9. Raman results for (a) NCOH taken as reference material, (b) SDS-NCOH, 

(c) Lac-NCOH and (d) NCOH-DIAL after exfoliation in H2O and re-stacking by 

dialysis from 300-1600 cm-1 and from 2600 to 3500 cm-1. 
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Fig. 3.5.10. Detail of the 1000-1500 cm-1 section of Raman spectra for the materials 

obtained during the delamination of nickel-cobalt hydroxide by lactate intercalation. 
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3.5.3.1.1.5. Nitrogen adsorption isotherms  

Specific surface area of Lac-NCOH was measured by Brunauer-Emmett-Teller (BET) 

method and the isotherm resulting is included in Fig. 3.5.11. NCOH-DIAL was also 

analysed, however, results were inconclusive. Lac-NCOH showed an extremely low 

surface area of only 5 m2·g-1 in a type II isotherm, indicating the non-porous nature of 

the material.  

 

Fig. 3.5.11. BET adsorption-desorption isotherm results for Lac-NCOH. 

3.5.3.1.1.6. Atomic force microscopy 

AFM results for delaminated lactate intercalated nickel-cobalt hydroxide in distilled 

water, diluted and dropcasted on top of mica substrate are presented in Fig. 3.5.12. 

Results display heterogeneous thickness of the few-layer stacks of the sample. The 

diameter of the particle ranges from approximately 350 nm to 700 nm, in accordance 

with TEM results, while the height dispersion varies from 5 nm to 70 nm. It is worth 

noticing that thinner particles of approximately 1 nm are observed, indicated in the 

circled region of Fig. 3.5.12b, however, their height profile could not be perfectly 

resolved due to the poor signal/noise ratio obtained. Nonetheless, 5-6nm thick 

nanolayers can be obtained, that would correspond to 5-7 monolayers, considering the 

value of a hydrated monolayer of ~0.82 nm, as exemplified in Fig.3.5.12d  [14,25–27]. 

This would indicate that the present exfoliation method successfully produces few-layer 

nickel-cobalt hydroxide, with a small number of monolayers and a certain number of 

larger aggregates due to either solvent molecules, attached organic molecules on the 

surface or few-layer stacks. It is worth mentioning that, during the preparation of the 

sample for AFM, certain monolayers may aggregate in the drying process. Single 
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monolayers could be obtained at higher speed centrifugation (~50000 rpm). But this 

would result in too low yield for feasible electrode preparation for energy storage 

applications and therefore lower centrifugation rotation speed have been used during the 

isolation of active material for electrode preparation [27].  

 

Fig. 3.5.12. Atomic force microscopy topography (a) 2D image, (b) 3D image, and (c) 

height profiles of delaminated lactate-intercalated nickel-cobalt hydroxide obtained in 

tapping-mode. Each dotted line corresponds to a height profile with the same 

numeration. The circled area of the 3D image highlights a region with delaminated 

nanoslabs whose height profile could not be resolved, (d) schematic representation of 

theoretic values for a nickel-cobalt oxyhydroxide bilayer. 
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3.5.3.1.2. Nickel-cobalt oxyhydroxide delamination 

The procedure used in the delamination of nickel-cobalt oxide nanosheets is exemplified 

in Fig. 3.5.2. Essentially, α-Ni-Co(OH)2·(CO3
2-,2·NO3

-)x·(H2O)y {NCOH} is 

synthesized by co-precipitation. This is followed by oxidation in NaClO/KOH into γ-

(Ni-Co)O2·(H
+,Na+,K+)x·(H2O)y {NCOx-HNK} and protonation into γ-(Ni-

Co)O2·(H
+)x·(H2O)y {H-NCOx-H}. Then, it is suspended in TBA-OH, where it gets 

exfoliated in small nanoslabs of γ-(Ni-Co)O2 that are suspended in solution. By means 

of solvent evaporation the material becomes re-stacked {NCOx-TBA}. 

3.5.3.1.2.1. X-Ray Diffraction Spectroscopy 

XRD results are presented in Fig. 3.5.13. The patterns were indexed to a hexagonal cell. 

Again, the line at the lowest angle, indexed as 001, has its inter-reticular distance that 

corresponds to the interslab distance, i.e. the distance between two adjacent metal 

planes, while the 001 line corresponds to half the metal-metal distance within the slab 

[28], and is therefore strongly influenced by the average metal oxidation state. The 

pristine material presents a peak at 7.93 Å that corresponds to the 001 diffraction line of 

carbonate/nitrate intercalated α nickel cobalt hydroxide as characterized by Delmas et 

al. [18]. The metal-metal slab distance (ahex parameter value) obtained for the α phase is 

3.04, in accordance with literature, and with the value expected for Ni2+ ions coexisting 

with a certain number of Co3+ ions. After oxidation treatment in NaClO/KOH (Fig. 

3.5.13 b-d), the 110 line is shifted, and the inter-reticular distance obtained is close to 

1.40 Å, which is consistent with the oxidation of nickel and cobalt ions to an average 

oxidation state of 3.2+, as confirmed by iodometric titration, not reported here. During 

the subsequent steps, TBA+ intercalation and exfoliation, the 110 line is almost not 

shifted, which shows that the metal oxidation state reached is maintained. In the pristine 

material, carbonate and nitrate anions are intercalated to maintain electroneutrality due 

to the excess charge caused by Co(III), resulting in an interslab distance close to 7.93 

Å. Then, after oxidation with NaClO, the resulting material (Fig. 3.5.13b) γ-(Ni-

Co)O2·(H
+, Na+, K+)x(H2O)y, exhibits a 001 line with interslab distance of 6.92Å. This 

interslab distance decrease is due to the modification of the interslab composition 

resulting from the deprotonation that provokes the intercalation of alkali cations present 

in the medium (Na+, K+) to maintain electroneutrality. The material is then acidified 

(Fig. 3.5.13c) to substitute the alkali ions in the interslab space for protons, since H+ 

ions have better affinity to TBA-OH ions and exfoliation can only be achieved with this 

intermediate step [29]. The substitution of alkali cations in the interslab space to the 

smaller protons shortens the interslab distance (001 line) of NCOx-H to 6.53 Å. Finally, 

once the material is exfoliated and re-stacked by TBA+ intercalation and solvent 

evaporation (Fig. 3.5.13d), the material becomes re-stacked with a higher interslab 

distance of 7.3 Å.  
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Fig. 3.5.13. X-Ray Diffraction results for (a) NCOH, (b) NCOx-HNK, (c) NCOx-H 

and (d) restacked NCOx-TBA. The numbers correspond to the inter-reticular distances 

calculated on the basis of indexation with a hexagonal cell. 

3.5.3.1.2.2. Elemental analysis 

The results of elemental chemical analysis, displayed in Table 3.5.2, indicate at first that 

cobalt and nickel are in a 0.65/0.35 atomic ratio, which is maintained during the entire 

process, exemplifying that the reactions are topotactic and preserve slab integrity. Once 

the pristine hydroxide material (NCOH) is oxidized to oxyhydroxide (NCOx-HNK) 

significant amounts of potassium and sodium are present within the material, as 

expected from literature [18]. During protonation (NCOx-H), the amount of these 

intercalated cations diminishes overall. Nonetheless, their substitution for proton ions is 

not complete. Finally, after exfoliation and re-stacking in TBAOH, the carbon signal 

dramatically augments, nitrogen is still present, while the relative weight percentage of 

nickel and cobalt diminishes, showing that TBA+ ions are still present within the 

material. Additional purification steps are therefore required to successfully remove 

TBA+ since rinsing with ethanol, acetone and water cannot completely remove the 

organic material. Thus, it is expected certain influence of TBA+ in the electrochemical 

performance of the material.  
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Table 3.5.2 

Chemical analysis for the materials obtained during the delamination of nickel-cobalt 

oxyhydroxide by tetrabutylammonium intercalation in weight percentage. Note that “Ni 

to (Ni+Co)” and “Co to (Ni+Co)” are weight ratios.   

 Weight % Molar ratio :  element/(Ni+Co) 

 Co Ni K Na C N Co Ni K Na C N 

NCOH 61.43 32.43 0.18 2.18 0.19 2.24 0.65 0.35 0.003 0.06 0.01 0.1 

NCOx-

HNK 
54.72 29.2 12.31 1.73 0.96 0 0.65 0.35 0.22 0.05 0.05 0 

NCOx-H 60.46 33.26 4.64 0.54 0.32 0 0.65 0.35 0.07 0.01 0 0 

NCOx-

TBA 
58.95 31.33 2.84 1.05 3.57 0.09 0.65 0.35 0.05 0.03 0.19 0.004 

3.5.3.1.2.3. Scanning and Transmission electron microscopy 

The evolution of material’s morphology throughout the synthesis procedure is studied 

by means of SEM and TEM. The size of aggregates is reduced with each step of the 

synthesis procedure. Initially, NCOH consists of big aggregates of densely-packed 

particles (>10 µm) (Fig. 3.5.14a). After oxidation, NCOx-NKH presents a very similar 

morphology (Fig. 3.5.14b). However, the domain size of the particles is slightly 

reduced. Acidification further decreases the size of the aggregates to particles of 5 µm 

or smaller size, with a very heterogeneous distribution (Fig. 3.5.14c). After TBAOH 

exfoliation and re-stacking by evaporation (Fig. 3.5.14d), the particle size distribution 

becomes more homogeneous and particulates decrease their domain size to 

approximately 1 µm diameter, although bigger particles can still be found. Thus, 

porosity and surface area seem to increase at every step of the exfoliation procedure.  

 
Fig. 3.5.14. Scanning Electron Microscopy images of (a) NCOx-HNK and (b) re-

stacked NCOx-TBA after delamination in TBAOH and re-stacking by solvent 

evaporation. 
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TEM results, shown in Fig. 3.5.15, provides additional morphological information. 

NCOx-HKN consists of big aggregates that present randomly oriented nanostructured 

domains. Thus, nanoparticles of approximately 1-10 nm aggregate in random directions, 

resulting in the formation of micro-particles. A similar structure can be observed once 

the material is acidified (Fig. 3.5.15b). However, the coherent domains within the 

particles are bigger in this case, ranging from 15 to 25 nm size. Once exfoliated by TBA+ 

intercalation, dispersed particles of 100-200 nm diameter size are obtained (Fig. 

3.5.15c). Given the thin nature of these nanoslabs, it is challenging to obtain TEM 

images with good resolution. However, it seems that the nanoslabs also consist of 

smaller coherent domains of 1-20nm, maintaining the nature of the bulk material. It is 

worth mentioning that the exfoliation also leads to bigger aggregated particles that shall 

be separated by centrifugation at higher speeds (>15000 rpm). Finally, once the material 

is re-stacked, a granulated morphology similar to the starting material is obtained (Fig. 

3.5.15d).  

 

Fig. 3.5.15. Transmission Electron Microscopy images of (a) NCOx-HNK and (b) 

exfoliated oxide slabs in TBAOH (NCOx-TBA). 

3.5.3.1.2.4. Fourier-transform infrared and Raman spectroscopy 

When FTIR results are considered, NCOH (Fig. 3.5.16a) is characterized by a large 

broad signal at 3446  cm-1 and a large band and 1646 cm-1 (stretching and bending 

vibrations of water molecules), a strong narrow peak at 1376 cm-1 assigned to vibrations 

of monodentate carbonate anions and, finally, a broad band centred at 673 cm-1  and a 

narrow peak at 522 cm-1 that corresponds to stretching vibrations of M-O. When the 

material is oxidized (Fig. 3.5.16b), the signals associated to vibration modes of water 

become mitigated while the peaks associated to carbonate anions disappear. On the other 

hand, a double peak at 570 cm-1 and 632 cm-1 appears that correspond to M-OH and M-

O stretching vibrations. When the sample is protonated (Fig. 3.5.16c), this low-

wavenumber peak becomes intensified, while signals associated to water molecules 
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become weaker. Finally, after exfoliation and re-stacking (Fig. 3.5.16d), FTIR spectrum 

presents many additional peaks that are associated to TBA+ molecules since ethanol and 

acetone rinsing is not enough to eliminate them. There are two main relevant features: 

(i) the increased signal for the bands associated to water molecules. More water 

molecules intercalated in the interslab space of the re-stacked material are in accordance 

with the increased interslab distance observed by XRD, although they could be brought 

by the residual TBA+. (ii) M-O and M-OH vibrations, visible at 500-700cm-1, are 

maintained and become more significant than in the α phase, in which they are barely 

visible [30–34].  

 

Fig. 3.5.16. FTIR results for (a) NCOH, (b) NCOx-HNK, (c) NCOx-H and (d) 

restacked NCOx-TBA. 

Raman spectra, shown in Fig. 3.5.17, provide additional evidence on the phase 

transformation process during exfoliation. NCOH presents two main bands, at 464 cm-1 

and 528 cm-1
, assigned to M-OH and M-O vibration modes. When the material is 

oxidized, these two bands are present at approximately 451 cm-1 and 527 cm-1 with 

different relative intensities, and a shoulder is observed around 580 cm-1. This additional 

signal can also be detected in NCOx-HNK and may be associated to structural defects. 

Finally, a broad band from 400-700 cm-1 with 3-4 peaks is observed when the sample is 

exfoliated and re-stacked, corresponding to Co-O and Ni-O vibrations influenced by the 

present of TBA+ and that require further studies to comprehend, which is out of the 

scope of the present work [35,36]. As presented in Fig. 3.5.17a, a band at 1066 cm-1 is 

related to intercalated anions in the interslab space while a signal at 3600 cm-1 appears 

because of OH group stretching vibrations (not shown). As expected, the band 

associated to interslab anions and the signal associated to OH stretching disappear in the 

phases obtained after material’s oxidation. 
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Fig. 3.5.17. Raman results for (a) NCOH, (b) NCOx-HNK, (c) NCOx-H and (d) 

restacked NCOx-TBA. 

3.5.3.1.2.5. Nitrogen adsorption isotherms 

The specific surface area of NCOx-H and NCOx-TBA was analysed by BET. Results, 

presented in Fig. 3.5.18 and 3.5.19, show that both materials display a type IIB isotherm, 

characteristic of non-porous or macro-porous materials, with a narrow hysteresis cycle; 

which indicates the presence of some mesopores. NCOx-H presents a specific surface 

area of 190 m2·g-1 with a relevant number of mesopores while NCOx-TBA displays a 

specific surface area of only 94 m2·g-1. Results suggest that the intercalation with TBA+ 

molecules and subsequent re-stacking by solvent evaporation leads to TBA+ molecules 

present in the sample, as clearly observed by FTIR, that reduce the N2 adsorption surface 

area, which may result in a lower active surface area and worsened electrode-electrolyte 

interaction in their evaluation as energy storage materials. In any case, certain effect in 

the electrochemical behaviour is expected from BET results. 

3.5.3.1.2.6. Atomic force microscopy 

AFM results for delaminated TBA+ intercalated nickel-cobalt oxide in distilled water, 

diluted and dropcasted on top of mica are presented in Fig. 3.5.20. Results display a 

homogeneous dispersion of nanoparticles with different diameters, ranging from 30 to 

175 nm. On the other hand, smaller particles present thickness around 1.5-3 nm, while 

the biggest ones reach values up to 85.6 nm. Similar to the hydroxide exfoliation route, 

solvent molecules, aggregation during sample preparation for AFM measurements and 

trapped TBA+ may increase the expected thickness of the nanolayers. Nonetheless, 

results present a great number of nanoparticles with a thickness of ~3nm, associated to 

a 2-3 monolayer stacks of nickel-cobalt oxyhydroxide, when compared to the theoretical 

value for a nickel-cobalt oxyhydroxide monolayer (0.52nm) with adsorbed TBA+ 

molecules on its surface (0.84nm) [25–27].  
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Fig. 3.5.18. BET adsorption-desorption isotherm results for NCOx-H. 

 
Fig. 3.5.19. BET adsorption-desorption isotherm results for NCOx-TBA. 
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Fig. 3.5.20.  Atomic force microscopy topography (a) 2D image, (b) 3D image, and (c) 

height profiles of delaminated tetrabutylammonium-intercalated nickel-cobalt 

oxyhydroxide obtained in tapping-mode. Each dotted line corresponds to a height 

profile with the same numeration, (d) schematic representation of theoretic values for a 

nickel-cobalt oxyhydroxide bilayer. 
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3.5.3.2. Electrochemical Characterization 

This section aims at comparing the electrochemical behaviour of nickel-cobalt 

hydroxides and nickel-cobalt oxyhydroxides that were delaminated with two different 

routes and to determine the effect of the intercalated species on their performances.  

3.5.3.2.1. Nickel-cobalt hydroxide delamination. 

Results presented are based on the performance after a pre-activation step of 1-10 cycles, 

exemplified in Fig. 3.5.21.  

Fig. 3.5.21. Exemplification of the evolution of the discharge curves during the 

activation process for DS-intercalated nickel-cobalt hydroxide (DS-NCOH) measured 

at 1A·g-1 in 1M KOH. 

3.5.3.2.1.1 Study in 1M KOH electrolyte 

The charge storage performances of the materials involved during the delamination in 

aqueous media of nickel-cobalt hydroxide by means of lactate intercalation were 

evaluated in 1M KOH. The results are shown in Fig. 3.5.22. From a general point of 

view, the shape of the cyclic voltammetry and of the galvanostatic curves are 

characteristic of faradaic processes. 

As far as cyclic voltammetry is concerned (Fig. 3.5.22a), the most relevant feature is the 

bigger area of the DS-intercalated material (DS-NCOH) compared to the lactate-

intercalated material (Lac-NCOH) and the re-stacked material obtained by dialysis 

(NCOH-DIAL). The cyclic voltammetry for DS-NCOH at a scan rate of 5 mV·s-1 in the 

-0.2 V to 0.55 V potential range (vs. SCE), presented in Fig. 3.5.22a, displays a couple 

of redox peaks. While the anodic wave is vaguely defined and centred at approximately 

0.38V, the cathodic wave is much better defined and centred at 0.23V. Response 

resembles the shape of classical carbonate intercalated α nickel-cobalt hydroxide in 

which the anodic wave is inhibited with a very resistive signal (NCOH, see next section 
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Fig 3.5.26). The maximum current peak ratio (Imax,anodic/Imax, cathodic) of 0.8 and different 

area under both waves evidences the limited reversibility of the reaction. It is worth 

mentioning that oxygen evolution reaction is always present as a parasitic reaction that 

produces hysteresis during the oxidation reaction and lowers  coulombic efficiency 

[37,38]. 

When anion exchange is undertaken, and lactate anions intercalated (Lac-NCOH), the 

electrochemical signal becomes extremely hampered. The active potential range is, 

consequently, limited to 0.0V - 0.48V (vs. SCE); the cathodic wave is practically 

inhibited, with a very small cathodic peak centred at 0.31V while a resistive signal 

during the anodic wave, which is centred at 0.45V, is obtained. A maximum current 

peak ratio for Lac-NCOH over 5 reveals the extremely poor reversibility of the reaction. 

Finally, when the material is delaminated in distilled water and dialyzed, and lactate 

molecules are partially removed from the material (NCOH-DIAL), it exhibits a better 

electrochemical signal by means of cyclic voltammetry. Consequently, the signal 

initially obtained for the lactate intercalated material is enhanced and the peaks become 

better defined and centred at 0.55V and 0.33V. Nonetheless, although the signal is 

greatly improved from the lactate-intercalated precursor, it is extremely deficient when 

compared to the parent DS-intercalated material. Moreover, the maximum current ratio 

for NCOH-DIAL becomes further intensified with a value over 7, as a result of the 

irreversibility of the electrochemical reaction.   

 

Fig. 3.5.22. Comparison of the electrochemical response by (a) cyclic voltammetry, 

(b) galvanostatic discharge, (c) capacity at different applied current densities and (d) 

capacity evaluated by galvanostatic continuous charge-discharge cycling during 5000 

cycles at 4 A·g-1 for the different composites obtained during delamination by lactates 

route of nickel-cobalt hydroxide in 1M KOH. 
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When galvanostatic charge-discharge curves are compared, a maximum discharge time 

of 216 seconds is obtained for the DS-intercalated material in the 0.46V to -0.2V 

potential range, while only 13 seconds for Lac-NCOH and 75 seconds for NCHO-DIAL 

were achieved. These values correspond to a total capacity of 60.0, 3.7 and 20.9 mA·h·g-

1 for DS-NCOH, Lac-NCOH and NCOH-DIAL, respectively. Compared to co-

precipitated nickel-cobalt hydroxide, NCOH (Fig. 3.5.26) that displays a capacity 

greater than 100mA·h·g-1, later shown, these values are considerably lower. If the 

coulombic efficiency is calculated (discharge time/charge time ratio, in percentage), 

DS-NCOH displays a coulombic efficiency of only a 78%. It is further reduced for Lac-

NCOH, which displays 64% coulombic efficiency. When the material is dialyzed, it 

increases until 91%, suggesting that the organic molecules are responsible for lowering 

the current efficiency, promoting either side-reactions related to these organic chains or, 

possibly, oxygen evolution reactions.  

Moreover, as shown in Fig. 3.5.22c, if the discharge times are evaluated at different 

applied current densities, the three composites exhibit a capacity lower than the 50% of 

their initial capacity at 4 A·g-1. It is worth noticing that, at the highest applied current of 

10A·g-1, the dialyzed material displays a higher capacity value than the precursor 

materials.  These results show how the charge-discharge mechanism is extremely 

dependent on the electrode-electrolyte interaction and how the organic intercalated 

molecules can limit it. In this case, they lower the overall electrochemical response and 

extremely affect the kinetics of the reaction. At lower current densities, the interaction 

between the active material and the electrolyte is favoured due to lower kinetic 

restrictions, yielding increased capacity responses. When higher current densities are 

applied, the electrode-electrolyte interaction is greatly inhibited and confined to more 

superficial reactions, in which the presence of organic molecules plays a major role. DS-

NCOH and Lac-NCOH display a major decay of the electrochemical performance, 

while NCOH-DIAL, with less contribution from organic molecules, exhibits a higher 

active surface area and better capacity retention at higher currents. Results at different 

scan rates and different current densities are displayed in Fig. 3.5.23. 

Finally, if cycling stability is evaluated at 4 A·g-1 during 5000 cycles, due to the initially 

poor performance of Lac-NCOH and NCOH-DIAL, their capacity seems apparently 

maintained. Nonetheless, they suffer from a capacity fade of 53% and 25% respectively. 

However, the initial DS-NCOH capacity, clearly superior, becomes greatly diminished 

during the first 600 cycles, after which the material’s response becomes stabilized. 

During charge-discharge, the interaction of DS- anions with the electrolyte probably 

intensifies the blockage of the active material due to agglomeration or degradation of 

the organic molecules, resulting in 56% decay of capacity.  

It is worth mentioning that the route here presented was first reported by Lang et al. 

[13], who also evaluated the instability of nickel-cobalt hydroxide peaks by cyclic 

voltammetry in 1M KOH of spin-coated exfoliated lactate-intercalated material on top 

of HOPG, and assigned it to layer reorganization upon redox sweeping and charge 

transfer kinetics dominated by counter-ion diffusion phenomena. 
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Fig. 3.5.23. Cyclic voltammetries at different scan rates and galvanostatic discharge 

curves at different applied current densities for the materials obtained during the 

delamination of nickel-cobalt hydroxide by lactate intercalation evaluated in 1M KOH. 
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3.5.3.2.1.2 Study in 1M LiOH electrolyte 

The electrochemical charge-discharge reaction of α nickel-cobalt hydroxide is 

dependent on insertion of alkali cations into the interlayer region [39]. Thus, to study 

the effect of alkali cation in the electrolyte the electrochemical performance of these 

materials was investigated in 1M LiOH. 

It was reported that different alkali cations and electrolyte conductivity can vary the 

performance of nickel hydroxide [40], with maximum capacities for sodium and lithium 

hydroxide as electrolyte. Thus, depending on the ionic radii, charge and hydration shell 

of the alkali cation, amongst many others, different electrochemical charge-storage 

performance can be expected [41–43]. Recently, NiO and Ni(OH)2 have been studied 

under different electrolytes. NiO exhibited better electrochemical performance in NaOH 

than in KOH due to the higher intercalation rate of sodium ions into the electrode surface 

material [44,45], while Ni(OH)2 performance was enhanced by the presence of lithium 

ions. This was related to a favoured faradaic charge-transfer mechanism, the 

intercalation of lithium ions into the interslab space of nickel hydroxide and the 

inhibition of the α→β phase transformation [46].  

 

Fig. 3.5.24. Comparison of the electrochemical response by (a) cyclic voltammetry, 

(b) galvanostatic discharge, (c) capacity at different applied current densities and (d) 

capacity evaluated by galvanostatic continuous charge-discharge cycling during 5000 

cycles at 4 A·g-1 for the different composites obtained during delamination by lactates 

route of nickel-cobalt hydroxide in 1M LiOH. 

When nickel-cobalt hydroxide intercalated with dodecyl sulphate or lactate anions are 

evaluated in 1M LiOH, similar trends to the response in KOH are observed for the three 

materials in terms of capacity, rate capability and capacity retention with cycling, Fig. 
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3.5.24. Nonetheless, there are two relevant features observed when LiOH is used instead 

of KOH. There is a slight increase in capacity, to a value of 80.9, 4.9 and 27.8 mA·h·g-

1 for DS-NCOH, Lac-NCOH and NCOH-DIAL respectively; and a better capacity 

retention both at higher applied current densities and during cycling stability tests. This 

increase in capacity and capacity retention at higher applied currents, in the presence of 

lithium in the electrolyte, may be caused by better intercalation of Li+ compared to K+ 

and a favoured faradaic charge-transfer mechanism, especially at higher applied current 

densities. Results at different scan rates and applied current densities are displayed in 

detail in Fig. 3.5.25.  

 
Fig. 3.5.25. Cyclic voltammetries at different scan rates and galvanostatic discharge 

curves at different applied current densities for the materials obtained during the 

delamination of nickel-cobalt hydroxide by lactate intercalation evaluated in 1M 

LiOH. 
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When the coulombic efficiency is calculated, values of 73, 99 and 89% for DS-NCOH, 

Lac-NCOH and NCOH-DIAL are obtained. While the current efficiency values are 

relatively maintained for the DS- intercalated material and for the dialyzed material, it 

is extremely increased for the lactate-intercalated material. It has been reported that 

lithium shifts oxygen evolution reaction to higher values, lowering its effect [26]. In this 

case, it is likely that the lowering of the coulombic efficiency was caused by oxygen 

evolution and Li+ promoted its inhibition, while DS-intercalated material lower 

coulombic efficiency is likely to be caused by parasitic reactions of the DS- chains. 

In conclusion, the intercalation of poorly conductive organic molecules to achieve the 

delamination of nickel-cobalt hydroxide greatly suppresses the interaction between the 

electrolyte and electrochemically active sites. Although dialysis serves as a mean to 

remove lactate anions, the strongly bonded molecules cannot be totally removed, and 

inhibition is still present. The use of LiOH relatively improves the electrochemical 

response and somehow limits the blockage caused by the organic-based anions. 

However, its effect is insufficient. If maximum electrochemical performance is sought, 

neither DS- nor lactate molecules shall be present [47] if a complete activation of the 

material is sought. For that reason, additional purification routes, or different synthesis 

strategies for the development of exfoliated nickel-cobalt hydroxide nanoslabs for 

energy storage applications, shall be developed. In this scope, we present hereafter the 

results obtained for our alternative and original route concerning the exfoliation of 

nickel-cobalt oxyhydroxides. 

3.5.3.2.2. Nickel-cobalt oxyhydroxide delamination 

3.5.3.2.2.1 Study in 1M KOH electrolyte 

Cyclic voltammetry curves at 5 mV·s-1 are shown in Fig. 3.5.26a in the potential range 

from -0.3 V to 0.55 V (vs. SCE). For the reference alpha phase (NCOH) an anodic peak 

with its cathodic counterpart are observed, centred at approximately 0.3 V and -0.05 V 

respectively), as expected for a mixed nickel-cobalt hydroxide. In the case of the 

oxyhydroxide (NCOx-HNK), there is a cathodic peak displacement to -0.1 V, while the 

anodic peak is maintained. Then, for the material after acidification (NCOx-H) the 

anodic peak is displaced to 0.4V, while the cathodic peak remains at similar values. 

Finally, in the case of the material exfoliated in TBAOH and re-stacked (NCOx-TBA), 

both peaks return to similar values to those assigned to the pristine alpha phase, with the 

anodic peak slightly displaced towards 0.35V. If anodic over cathodic current peak 

ratios are compared, NCOH presents a ratio of 0.9, while NCOx-HNK and NCOx-H 

present a ratio 1.0. Finally, the ratio for NCOx-TBA is 1.22, which may be caused by 

the interference of residual TBA+ in the material that is being removed from the surface 

of the nanoobjects. This effect, observed for the first cycles of NCOx-TBA, occurs 

during reduction and produces a competitive process between discharge and TBA+ 

removal that lowers the intensity of the anodic peak. 

When galvanostatic charge-discharge curves are compared, best results are obtained for 

the hydroxide material, displaying 120.2 mA·h·g-1. After oxidizing, the capacity of the 

oxyhydroxide material drops to 105.2 mA·h·g-1. Then, when protonated, the material 

capacity significantly decreases down to 65 mA·h·g-1 while, after exfoliation and re-

stacking, the capacity increases again to 115 mA·h·g-1, which is similar to the parent 

hydroxide material and slightly higher than the results obtained for NCOx-HNK. It is 

worth mentioning that all the materials exhibit high coulombic efficiency, with a 98%, 

96%, 94% and 98% for NCOH, NCOx-HNK, NCOx-H and NCOx-TBA respectively. 
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Moreover, if the cycling behavior of these materials is investigated (Fig. 3.5.26d), the 

capacity for oxyhydroxides is slightly reduced during the first 100 cycles and is 

henceforth maintained. However, the hydroxide material capacity is greatly reduced 

during the first 100 cycles and progressively diminishes with cycling, due to the 

instability of the α phases and their transformation to β phases during continuous charge-

discharge. Eventually, the capacity of NCOH diminishes to the point in which the 

capacity of NCOx-TBA becomes superior. In fact, during the first 100 cycles, NCOx-

TBA shows an increase in capacity. This evolution can be explained by the fact that, 

initially, the interference of TBA+ impedes an optimized electrode-electrolyte 

interaction. After activation, TBA+ is removed from the surface of the active material 

and there is an increased number of electrochemically active sites. Moreover, once 

activated, the capacity decay of this material is similar to the performance displayed by 

the parent oxyhydroxide materials. It is also worth considering the possible tethering of 

TBA+ ions to nickel-cobalt nanoslabs preventing the degradation of the material.  After 

5000 cycles, the capacity retention of the different materials is a 53%, 62%, 74% and 

113% for NCOH, NCOx-HNK, NCOx-H and NCOx-TBA respectively. A more 

detailed view of the first 200 cycles is displayed in Fig. 3.5.27. 

 

Fig. 3.5.26. Comparison of the electrochemical response by (a) cyclic voltammetry, 

(b) galvanostatic discharge, (c) capacity retention at different applied current densities 

and (d) capacity retention evaluated by galvanostatic continuous charge-discharge 

cycling during 5000 cycles at 10 A·g-1 for the different composites obtained during 

delamination of nickel-cobalt oxyhydroxide by TBA+ intercalation in 1M KOH. 

Finally, when higher current densities are applied (Fig. 3.5.26c), the best rate capability 

is exhibited by nickel-cobalt hydroxide, that retains up to a 73% of capacity at 10 A·g-

1. Then, the best performance among the oxyhydroxide group is displayed by NCOx-
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TBA, that retains up to a 43% of capacity, while a less promising performance is 

displayed for NCOx-HNK and NCOx-H with only a 21 and 11% capacity retention 

respectively at the same applied current density. Results concerning galvanostatic 

discharges at different applied current densities and cyclic voltammetries at different 

scan rates are displayed in detail in Fig. 3.5.28. 

 

Fig. 3.5.27. Capacity evolution during the first 200 cycles of the materials obtained 

during the exfoliation in tetrabutylammonium, evaluated at 10A·g-1 in 1M KOH. 



 3. Experimental results | 

323 

 

 
Fig. 3.5.28. Cyclic voltammetries at different scan rates and galvanostatic discharge 

curves at different applied current densities for the materials obtained during the 

delamination of nickel-cobalt oxyhydroxide by tetrabutylammonium intercalation 

evaluated in 1M KOH. 
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3.5.3.2.2.2 Study in 1M LiOH electrolyte 

The electrochemical performance of these materials, shown in Fig. 3.5.29, has also been 

evaluated in 1M LiOH. The performance of NCOx-HNK and NCOx-H are slightly 

influenced by the change of electrolyte, with similar cycling performance and capacity 

values. Values of 112.6 and 79.8 mA·h·g-1 are obtained for NCOx-HNK and NCOx-H 

respectively, with a capacity retention of 38% and 28% after 5000 cycles in 1M LiOH. 

The main difference resides on the capacity retention values for higher applied current 

densities, displayed in Fig. 3.5.29c.  

 

Fig. 3.5.29. Comparison of the electrochemical response by (a) cyclic voltammetry, 

(b) galvanostatic discharge, (c) capacity retention at different applied current densities 

and (d) capacity retention evaluated by galvanostatic continuous charge-discharge 

cycling during 5000 cycles at 10 A·g-1 for the different composites obtained during 

delamination of nickel-cobalt oxyhydroxide by TBA+ intercalation in 1M LiOH. 

There is an evident enhancement in performance for the hydroxide and the re-stacked 

material when LiOH is used in place of KOH, especially in the case of TBA+ intercalated 

nickel-cobalt oxyhydroxide, resulting in a value of 159.8 mA·h·g-1 at 1A·g-1 and 83.5 

mA·h·g-1 at 10 A·g-1 for NCOH and of 165.1 mA·h·g-1 at 1A·g-1 and 112.5 mA·h·g-1 at 

10 A·g-1 for NCOx-TBA. Moreover, the behaviour of NCOH in LiOH is similar to KOH 

and diminishes on a 16% after the first 100 cycles, while the pre-activation step required 

for NCOx-TBA in KOH is only present for the first 100 cycles, as observed in Fig. 

3.5.29d. A capacity retention of 56% and 60% for NCOH and NCOx-TBA is obtained 

after 5000 cycles at 10A·g-1, respectively. The coulombic efficiency of these materials 

is similar to results obtained in KOH electrolyte, although overall higher current 

efficiency for the oxidized materials is obtained, with 98%, 97%, 98% and 98% for 

NCOH, NCOx-HNK, NCOx-H and NCOx-TBA respectively. In this case, the 
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electrochemical performance of the exfoliated and re-stacked material slightly surpasses 

the response of the initial hydroxide parent and is nearly 1.5 times the initial capacity 

displayed by the non-exfoliated oxyhydroxide. Details on the performance of the 

different materials at different scan rates and applied current densities are provided in 

Fig. 3.5.30.  

On the one hand, this effect may be explained by the increased electrode-electrolyte 

interaction and ease for electrolyte penetration within the material once it is exfoliated 

and re-stacked. Although BET indicates a reduced surface area for NCOx-TBA, this 

may not correspond to the electrochemically active surface of the material. TBA+ 

initially blocks the access to the electrolyte and reduces its surface area. However, when 

immersed in electrolyte and after a certain activation process, a more intimate contact 

between active material and electrolyte can be achieved. Moreover, it is observed by 

TEM and SEM the apparent decrease on the micro-crystalline structure (Fig. 3.5.14 and 

3.5.15). It is feasible that, when the material is exfoliated and re-stacked, the interaction 

between the nanoslabs is reduced, promoting electrolyte penetration and resulting in 

enhanced capacity response. Therefore, two main factors are considered for the increase 

in capacity of the material: reduction of the micro-crystalline domain and weakened 

inter-slab interaction that promotes electrolyte penetration. 

On the other hand, the use of LiOH may result in better faradaic charge-transfer 

phenomenon and better alkali ion penetration. Moreover, LiOH is likely to inhibit 

oxygen evolution and therefore to favour material oxidation. This is observed in an 

initially enhanced electrochemical response, with higher capacity, that requires an 

activation process of only 100 cycles to display maximum capacity. After activation, 

the cycling behaviour of the material is identical to the non-exfoliated parent material, 

with increased capacity.  

In conclusion, the exfoliation of nickel-cobalt oxyhydroxide by means of TBA+ 

intercalation proves delamination as a successful route for the enhancement of the 

electrochemical properties of the material in which TBA+ intercalation does not hamper 

the electrochemical response of the active material. Despite the pre-activation step, 

especially required in 1M KOH, an optimized performance is observed in which 

intimate active material-electrolyte contact is achieved. Thus, exfoliation routes of 

layered materials to obtain few-layer nanostructures may have a positive impact in the 

production of the next-generation energy storage devices.  

In principle, obtaining few-layer nanosheets of a lamellar material by delamination has 

two expected effects in the electrochemical performance. On the one hand, it serves as 

a pre-cursor route to create composite materials that interact at an atomic level, 

combining the benefits of different materials. On the other hand, when a delaminated 

material is re-stacked, as in this case, an increased active surface area of the material is 

expected, with the consequent enhanced electrode-electrolyte interaction and better 

electrochemical performance. However, if strongly-bonded non-conductive molecules 

are used, such as poorly conductive organic molecules, the electrode-electrolyte 

interaction is inhibited. Thus, when considering delamination for energy storage 

applications, careful selection of the molecules to be used during the process is a pre-

requisite sine qua non to its success. 
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Fig. 3.5.30. Cyclic voltammetries at different scan rates and galvanostatic discharge 

curves at different applied current densities for the materials obtained during the 

delamination of nickel-cobalt oxyhydroxide by tetrabutylammonium intercalation 

evaluated in 1M LiOH. 
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3.5.4. Conclusions 

Two different routes have been evaluated for delamination of nickel-cobalt 

(oxy)hydroxides and their application for energy storage.  On the one hand, the 

exfoliation of nickel-cobalt hydroxide by lactate-intercalation and re-stacking by 

dialysis has led to a hindered electrochemical response caused by the blocked interaction 

between the electrolyte and the electrochemically active sites. This is the result of using 

poor ionic conductive organic molecules. Dialysis serves as a potential route to remove 

the residual intercalated material, but the strong bonding of lactate molecules to nickel-

cobalt hydroxide nanoslabs requires optimization of the purification routes, or the 

pursuit of alternative routes, that do not involve non-conductive intercalated species for 

the delamination of nickel-cobalt hydroxide in aqueous media. On the other hand, 

delamination of nickel-cobalt oxyhydroxide by intercalation of tetrabutylammonium 

has proved to work as successful route to enhance the electrochemical performance of 

nickel-cobalt oxyhydroxide by increasing active surface area and electrode-electrolyte 

interaction. Therefore, the importance of carefully selecting the intercalated materials 

during the exfoliation of active layered materials for energy storage purposes has been 

evidenced and exfoliation in TBA-OH has been pin-pointed as a successful route to 

enhance the electrochemical activity of nickel-cobalt oxyhydroxide.  
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4. Conclusions 

The main goal of this work was to synthesize new nanostructured nickel-cobalt based 

materials, in combination with reduced graphene oxide, for application as electrodes in 

electrochemical energy storage devices. This chapter summarizes the most important 

achievements obtained in this dissertation, and its relevance in the current state of the art. 

As discussed, the increased development of new nanostructured materials has led to 

unexpected electrochemical performances, inducing the need to clearly identify the nature 

of their reactions. Therefore, establishing the right framework of work is essential for the 

correct evaluation of the electrochemical performance of the materials synthesized.  

When nanostructured, certain metal oxides display a pseudo-capacitive behaviour, in 

which charge storage is not dependent on phase transformations [1,2]. Consequently, 

material charging is no longer controlled by diffusion of species, and the power-response 

of the material increases. This has been one of the main limitations of batteries and recent 

advances on material science are focused on producing electrodes for high-energy density 

and high-power density devices. Nickel-cobalt hydroxides and oxides have well-known 

battery-like behaviour in their bulky form. In the work here presented for nanostructured 

nickel-cobalt (hydr)oxides, phase transformations were not inhibited and, therefore, there 

is still a faradaic-dominated electrochemical response. Nonetheless, the main objective is 

analogous to pseudocapacitive materials: to limit diffusion-controlled processes by 

confining reactivity to the surface of the material, hence increasing power capabilities. 

When the material is nanostructured, the diffusion paths are shortened and, diffusion-

controlled processes, therefore, lose relevance in the electrochemical response of the 

material. Moreover, the intention behind the synthesis of these metal oxides and 

hydroxides is to combine them with graphene-based materials, in particular, reduced 

graphene oxide (rGO) to form hybrid composites in which the properties of both materials 

intertwine, for enhanced electrochemical performances. Thus, the reasoning to define the 

materials here developed as a high-rate energy storage material, internal parallel hybrid 

or hybrid composite is two-fold: (i) nanostructured materials with surface-confined 

reactivity (high-rate properties) are synthesized and (ii) the combination of faradaic 

materials with graphene, a carbon-based material with supercapacitive properties is 

presented. 

These materials have been obtained by two different synthetic strategies, namely, 

electrodeposition and exfoliation and re-stacking. Electrodeposition was chosen as a 

simple, one-step route that enables deposition of nickel-cobalt hydroxide in controlled 

ratios directly on top of the current collector, this is, without the need of binders or 

additional additives. This technique facilitates an intimate contact between the current 

collector and the active material, reducing the overall resistance of the system. Moreover, 

different phases or morphologies can be obtained by applying different deposition 

conditions. As consequence of the absence of external reactants or binders, 

electrodeposition is also generally used in studies concerning the mechanisms of 

materials [3,4]. Finally, it is worth mentioning that electrodeposition is a technique 

generally used in industry, therefore, the materials synthesized by electrodeposition can 

be, potentially up-scaled.  

On the other hand, exfoliation is a promising technique in the nano-structuration of 

lamellar materials. Although in its early stages, when compared to electrodeposition, 

many materials have been prepared by different delamination routes, specially LDH 

lamellar materials [5]. Delamination is a promising technique to increase active surface 
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area and, therefore, its potential application in energy storage is of great interest.  

Moreover, apart from enabling the production of few-layer nanoslabs, it also serves as a 

precursor strategy to combine materials with different properties. Although this line of 

work was not explored, due to time constraints, the combination of nickel-cobalt 

oxyhydroxide or hydroxides with other metal oxides like manganese oxide, or 2D 

structures such as graphene, can bring synergistic effects that are worth exploring.  

The first experimental work reported was based on the electrodeposition of nickel and 

cobalt hydroxide as electrode material, and the impact that reduced graphene oxide has 

on its performance. A similar synthesis strategy and electrochemical analysis was 

performed for nickel-cobalt oxide, obtained by electrodeposition and thermal treatment. 

Moreover, an in-depth study by means of electrochemical impedance spectroscopy was 

performed to evaluate the main mechanisms of degradation of these materials. Results 

highlight several important contributions to the state-of-the-art of these materials. 

First, α phases of nickel-cobalt hydroxides, in ratios 2:1 and 1:2, displayed only ~30 

mA·h·g-1 in 1M KOH at 1A·g-1 in the -0.2V to 0.45V potential range, while nickel-cobalt 

oxide, only studied in a 2:1 ratio, displayed 113 mA·h·g-1. It is worth mentioning the 

much lower capacity value obtained for nickel-cobalt hydroxide, especially when 

compared to literature. Since electrodeposition conditions displayed similar mass for both 

materials, the increase of capacity due to thermal treatment suggests that the lower results 

for the hydroxide material may be caused by a poor electrode-electrolyte interaction. In 

fact, when SEM images are evaluated, presented in Fig. 4.1, it is possible to observe that 

the hydroxide thin-film, despite presenting several nanoflake-like features, displays a 

much smoother surface underneath, while nickel-cobalt oxide exhibits a relatively porous 

morphology. Any region not accessible by the electrolyte becomes “dead mass”, this is, 

electrochemically inactive deposit. Due to the nature of the thin-film, in which small 

weight differences can translate in very different results (this is seen in the form of 

overestimation of capacitance in literature), this phenomenon has a very detrimental 

impact in the overall capacity of the material. In the case of nickel-cobalt oxide, the thin-

film seems to be formed by small aggregated areas, formed to better accommodate strain 

during the thermal treatment. It is possible that this induces an increased porosity of the 

film, promoting the electrode-electrolyte interaction and displaying more active sites, 

with the consequent increase of capacity. 

On the other hand, when reduced graphene oxide (Er-GO) is introduced, Ni-

Co(OH)2(2:1)/Er-GO displayed 77 mA·h·g-1 while 96 mA·h·g-1 were obtained for Ni-

Co(OH)2(1:2)/Er-GO (~250% capacity increase) and 180 mA·h·g-1 for Ni1-xCoxOy/Er-

GO (~159% capacity increase). When nickel-cobalt hydroxide is deposited on top of Er-

GO, a similar effect to thermal treatment, in which aggregation is avoided, is observed, 

thus unravelling increased capacity for the hydroxide material. Moreover, it may also 

improve faradaic charge-transfer, increase the number of active sites and enhance overall 

conductivity. Thus, Er-GO still improves the performance of nickel-cobalt oxide but in a 

more moderate rate when compared to nickel-cobalt hydroxide. 
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Fig. 4.1. (a) Galvanostatic discharge curves of nickel-cobalt (i) hydroxide and (ii) oxide 

with (b) their corresponding SEM images 

Furthermore, cycling stability after 5000 cycles was improved in any case in 

approximately 20% when Er-GO was incorporated. The carbon-based material acted as 

conductive matrix that enhanced the faradaic reaction rate and provided more anchoring 

sites than stainless steel, thus increasing the active surface area and avoiding aggregation 

of both graphene layers and nickel-cobalt (hydr)oxides. 

These materials also presented an interesting characteristic that is usually not reported for 

faradaic-dominated electrode materials: they could be scanned at a rate up to 1500 mV·s-

1 without major loss of peak definition in cyclic voltammetry. Diffusion controlled 

battery-like materials can usually be evaluated only in the 1-20 mV·s-1 scan rate range. 

This exemplifies enhanced power capabilities and potential applicability to devices that 

require relatively high power and capacity. In this case, it could be considered that there 

was a trade-off of between high capacity values and high-power capabilities. 
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Moreover, an interpretation of the degradation mechanisms of nickel-cobalt (hydr)oxide 

during cycling stability tests was performed. In fact, many reports focus on different 

synthesis strategies for nickel-cobalt hydroxides and oxides, nonetheless, very few of 

them do an in-depth evaluation of the mechanisms that cause degradation. In the present 

manuscript, a combination of electrochemical impedance spectroscopy with scanning 

electron microscopy and cyclic voltammetry, enabled the elucidation of the possible 

degradation mechanisms, which were: (i) α to β phase transformation, (ii) micro-

structural cracking due to volume changes and (iii) effect of parasitic reactions, 

especially, oxygen evolution reaction (OER) during charge of the sample, as exemplified 

in Fig. 4.2. When Er-GO was introduced, the overall resistance of the system was reduced 

while the parasitic reactions, α→β phase transformation and OER were inhibited. When 

nickel-cobalt (hydr)oxide was deposited on top of the graphene flakes, it stabilized the 

(hydr)oxide phase and inhibited volume changes during charge-discharge. It is worth 

pointing out that issues such as OER and α→β transformation have been one of the main 

challenges of nickel hydroxide electrodes in the past, thus, the work here presented may 

have an impact on future hybrid devices and hybrid composites but may also affect nickel 

hydroxide electrodes in nickel-based batteries. 

 

Fig. 4.2. Schematic representation of the main degradation phenomena reported in this 

thesis, exemplified in an α phase of nickel-cobalt hydroxide. 

As final remark concerning electrodeposition, it is worth mentioning that this technique 

enabled a single-step synthesis of reduced graphene oxide-metal (hydr)oxide composite 

electrode, with Er-GO as part of the active material. Most of the literature concerning 

reduced graphene oxide composite materials tend to be based on rather complicated, 

multiple-step synthesis strategies and, in many cases, graphene derivatives are used as 
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substrate and not active material when combined with metal oxides. In this case, although 

Er-GO also serves as a conductive matrix, it plays an important role in the electrochemical 

activity of the material.  

As far as exfoliation is concerned, the delamination of nickel-cobalt hydroxide was 

performed by means of lactate intercalation while the delamination of nickel-cobalt 

oxyhydroxide was performed by the intercalation of tetrabutylammonium cations in 

aqueous media. Although the delamination of nickel-cobalt hydroxides by lactate 

intercalation had already been reported in literature [6], the exfoliation of nickel-cobalt 

oxyhydroxide is here reported, to the best of the author’s knowledge, for the first time in 

aqueous media. This route had already been applied to delaminate other materials, such 

as manganese oxide by Sasaki et al. [7], or cobalt oxyhydroxide by Tang et al. [8], 

however, from an energy storage perspective, it is interesting to evaluate the performance 

of delaminated nickel-cobalt oxyhydroxide, which are expected to deliver more energy 

density than pure cobalt pure oxyhydroxide.  

Moreover, a complete evaluation of the electrochemical performance of the materials 

involved in these synthesis is here presented. It is worth pointing out that, although some 

cyclic voltammetry studies in 1M KOH were done for the lactate intercalation route, as 

presented in the introductory chapter, no in-depth evaluation of the electrochemical 

performance of these materials had been reported. In addition, the work presented in this 

thesis exemplified the importance of careful design of synthetical routes for energy 

storage applications, and the implications that these routes have on the ultimate 

performance of the materials. Lactate intercalation led to surface blockage, caused by the 

poor ionic conductivity of the organic molecules attached to the surface of the active 

material, whereas nickel-cobalt oxyhydroxide exfoliated in tetrabutylammonium led, in 

comparison, to an enhanced electrochemical performance. Non-exfoliated nickel-cobalt 

oxyhydroxide exhibited 112 mA·h·g-1 in 1M LiOH, the material displayed 165 mA·h·g-1 

after delamination. This was assigned to increased active surface area and better 

electrode-electrolyte interaction that led to enhanced faradaic charge-transfer phenomena.  

It is interesting to compare the enhanced behaviour that the material displays when 

nanostructured, as opposed to its bulk behaviour. Although the performance of the 

nanostructured material was faradaic dominated, the contribution to charge storage was 

slightly expanded to a wider potential range. While the non-exfoliated material presented 

most of the charge stored in the 0.0V to 0.1V vs. SCE potential range, the delaminated 

material discharge curve displayed a more relevant contribution in the potential range 

from 0.1V to 0.5V vs. SCE. Moreover, nanostructuring the material led to better ionic 

pathways and chemical and physical activation, this is, higher number of active sites. The 

difference between bulk and nano- structures is more evident when the materials obtained 

by electrodeposition and co-precipitation are compared. If the discharge curve of 

hydroxides and oxides obtained by electrodeposition, Fig. 4.1, are compared to the curves 

obtained by coprecipitation (and oxidation), Fig. 4.3, the latter present a more evident 

plateau, with most charge stored in a limited potential range, while the nanostructured 

materials have a more distributed charge storage mechanism in the potential range in 

which they are active. 

It is interesting to compare the fundamental difference between these two techniques: 

while electrodeposition can be considered as a bottom-up strategy, delamination is a top-

down approach. Interestingly, they result in different trade-offs when used in energy 

storage. On the one hand, the capacity of nickel-cobalt oxide and hydroxide obtained by 

electrodeposition is not as high as in some other cases, but they can reach much higher 
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scan rates without the appearance of resistive diffusion-controlled phenomena. On the 

other hand, exfoliated nickel-cobalt oxides and hydroxides cannot reach such fast scan 

rates, with a maximum of 20 mV·s-1, a common value for battery-like materials, while 

their capacities are considerably higher in the case of hydroxides. This perfectly 

exemplifies how the same material, under different synthesis strategies, morphologies 

and structures can lead to very different results in similar conditions (1M KOH and using 

stainless steel as current collector). This ratifies the reasoning behind exploring different 

synthesis routes for the same material. Thus, depending upon final application, not only 

the materials under use shall be considered but also the synthesis strategies undertaken. 

 

Fig. 4.3. (a) Galvanostatic discharge curves of nickel-cobalt (i) hydroxide and (ii) 

oxyhydroxide with (b) their corresponding SEM images. 

Another comparison arises between oxide and hydroxide materials. Although the 

different response due to an activation process for electrodeposited materials in the 

hydroxide to oxide transformation has already been discussed, and since the response 

obtained by the two delamination strategies are not comparable (due to the different 

nature of the synthetic routes), the different results obtained for nickel-cobalt hydroxide 

and oxyhydroxide prepared by co-precipitation are also discussed (Fig. 4.3). In this case, 

the variation of capacity observed is opposed to results by electrodeposition. Both 
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materials present very similar morphology. Nonetheless, there seems to be a diminution 

of the particle size. Consequently, very similar results are obtained for both materials and 

the decrease in capacity is associated to lower number of exchanged electrons, due to  

stabilization of higher average oxidation states for cobalt, with a mixture of 

Co(III)/Co(IV) and Ni(III)/Ni(IV) [9]. 

In conclusion, different nanostructured nickel-cobalt based materials have been 

successfully synthesized and their electrochemical properties for energy storage 

applications investigated, fulfilling the initial goal of this work. A summary of the most 

illustrative results for the different materials studied in this work is included in table 4.1. 

Additionally, two fundamental studies of nickel-cobalt hydroxide by means of micro-

potentiometry and the application of the Mott-Schottky model have been done. It is of 

vital importance to fully understand the underlaying phenomena that enables charge 

storage to correctly interpret the results obtained. This is, as it has been seen, crucial for 

correct EIS interpretation, but also to develop materials in a conscious well-planned 

manner. In fact, part of the confusion regarding electrochemical charge storage arises 

from the limited understanding of the electrode-electrolyte interface, and phenomena 

within, that occurs during charge and discharge. Here, we report two novel approaches to 

investigate said interface. 

On the one hand, the Mott-Schottky model has brought further understanding of nickel-

cobalt hydroxide at the interface with KOH. EIS is a very powerful technique that is 

usually used to evaluate the electrode-electrolyte interaction and provides information 

about resistance and charge-transfer phenomena. However, it is sometimes misused or 

incorrectly performed. Thus, the work here presented has a triple purpose in the context 

of electrochemical energy storage: (i) Brings to light the need to select an adequate 

potential to perform EIS and proposes the Mott-Schottky model to help in that process, 

(ii) helps in better understanding, from an electrochemical point of view, the electrode-

electrolyte interface and (iii) aids unravelling the changes in conductivity of the studied 

material, this is, the bending of conductive bands in relation to the Fermi level. Nickel-

cobalt hydroxide is a well-known system. However, the results here presented may have 

a great impact if applied to other less-known materials.  

On the other hand, in-situ localized micro-potentiometry (SIET) is also used to understand 

the electrode-electrolyte interface of nickel-cobalt hydroxide with Na2SO4 by measuring 

the pH, pNa and dissolved O2 at a quasi-constant micro-distance over the active surface. 

Most studies concerning the charge-discharge mechanism are based on either solid-state 

characterization or electrochemical quartz micro-balance combined with probe laser 

beam. While the former strategy investigates the evolution of the electrode material and 

not the interface, the latter, based on quantification of mass changes and measure of the 

ionic flux, is not ion-selective and, to elucidate and separate the contribution from cations, 

anions and solvent molecules has been proven to be rather difficult. SIET, as an ion-

selective technique, has provided useful information in understanding the charge-

discharge mechanism of β-Ni-Co(OH)2, which has been under study since 1966 [10]. 

Therefore, the work presented in this manuscript introduces SIET as a useful technique 

for energy storage applications, that can be easily used in other systems, and collaborates 

in understanding the charge-discharge mechanism of nickel-cobalt hydroxide. Hydrogen 

transport is pin-pointed as the most plausible charge mechanism of β-Ni-Co(OH)2, as 

opposed to hydroxide transport models. Moreover, the role of sodium ions in maintaining 

surface electroneutrality and the influence of OER during charge-discharge have been 

confirmed.
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Table 4.1 

Summary of the main results obtained for the different materials synthesized and presented in the course of this manuscript. 

 

Material Morphology Synthesis 
Capacity 

(mA·h·g-1) 

Current 

density 
Electrolyte 

Potential 

window vs. 

SCE (V) 

Capacity 

retention 

(number cycles) 

Ni0.67Co0.33(OH)2 Nanoflakes Electrodeposition 35 1 A·g-1 1M KOH -0.2 - 0.45 42% (5000) 

Ni0.67Co0.33(OH)2/Er-GO 
Nanoflakes on top of Er-GO 

sheets 
Electrodeposition 75 1 A·g-1 1M KOH -0.2 - 0.45 64% (5000) 

Ni0.33Co0.67(OH)2 Nanoflakes Electrodeposition 30 1 A·g-1 1M KOH -0.2 - 0.45 48% (5000) 

Ni0.33Co0.67(OH)2/Er-GO 
Nanoflakes on top of Er-GO 

sheets 
Electrodeposition 96 1 A·g-1 1M KOH -0.2 - 0.45 60% (5000) 

Ni0.63Co0.37Oy Nanoparticles 
Electrodeposition and 

thermal treatment 
113 1 A·g-1 1M KOH 0.0 - 0.45 58% (5000) 

Ni0.68Co0.32Oy/Er-GO 
Nanoflakes on top of Er-GO 

sheets 
Electrodeposition and 

thermal treatment 
180 1 A·g-1 1M KOH 0.0 - 0.45 83% (5000) 

DS-intercalated Ni0.27Co0.73(OH)2 Hexagonal nanoplatelets 
Hydrothermal 

synthesis 
60 1 A·g-1 1M KOH -0.2 - 0.46 44% (5000) 

Delaminated Ni0.27Co0.73(OH)2 Hexagonal nanoplatelets 
Exfoliation by lactate 

intercalation 
21 1 A·g-1 1M KOH -0.2 - 0.46 75% (5000) 

DS-intercalated Ni0.27Co0.73(OH)2 Hexagonal nanoplatelets 
Hydrothermal 

synthesis 
81 1 A·g-1 1M LiOH -0.2 – 0.52 51% (5000) 

Delaminated Ni0.27Co0.73(OH)2 Hexagonal nanoplatelets 
Exfoliation by lactate 

intercalation 
28 1 A·g-1 1M LiOH -0.2 – 0.52 75% (5000) 

Ni0.65Co0.35(OH)2 Bulk Co-precipitation 120 1 A·g-1 1M KOH -0.2 - 0.45 53% (5000) 

Ni0.65Co0.35O2·(H, Na, K)y Bulk 
Co-precipitation and 

oxidation 
105 1 A·g-1 M KOH -0.2 - 0.45 62% (5000) 

Delaminated Ni0.65Co0.35O2 Nanoparticles 
Exfoliation by TBA+ 

intercalation 
115 1 A·g-1 1M KOH -0.2 - 0.45 113% (5000) 

Ni0.65Co0.35(OH)2 Bulk Co-precipitation 160 1 A·g-1 1M LiOH -0.2 - 0.5 56% (5000) 

Ni0.65Co0.35O2·(H, Na, K)y Bulk 
Co-precipitation and 

oxidation 
112 1 A·g-1 1M LiOH -0.2 - 0.5 38% (5000) 

Delaminated Ni0.65Co0.35O2 Nanoparticles 
Exfoliation by TBA+ 

intercalation 
165 1 A·g-1 1M LiOH -0.2 - 0.5 60% (5000) 
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4.1 Outlook and future work 

Both lines of work, electrodeposition and exfoliation, have very exciting opportunities of 

study ahead. On the one hand, the electrodeposition of reduced graphene oxide shall be 

optimized. The performance of reduced graphene oxide in supercapacitor applications is 

yet to meet the standards of commercialized carbon-based materials. It faces several 

challenges, such as morphology optimization (single layer electrodeposition, 

development of different 3D structures with controlled porosity and inhibition of 

agglomeration), enhanced attachment to the conductive substrate, control of carbon to 

oxygen ratio or electrodeposition of transparent reduced graphene oxide with good 

conductivity are some of them.  

Moreover, its combination with different materials is being studied. In this case, the 

response obtained from the composite had the typical response of a battery-like faradaic 

material. An interesting line of research may be focused towards increased capacitance 

contribution. It would be interesting if, by controlling the ratio of metal oxide – reduced 

graphene oxide by electrodeposition, different electrochemical responses would be 

achieved and tuned to satisfy the energetic demand of different applications. Other 

applications of reduced graphene oxide obtained by electrodeposition, such as their use 

in lithium-ion batteries, photosensors or in catalysis are yet to be explored. 

Regarding exfoliation, despite the promising results obtained for the delamination of 

oxyhydroxide in aqueous media, there are still many challenges to overcome. First of all, 

the resulting material is obtained in very low-yield, therefore, the exfoliation route has to 

be optimized to increase the amount of product obtained. Another challenge, and 

therefore opportunity for improvement, is the limited power performance of these 

materials. Unfortunately, due to limit constraints, the combination of exfoliated nickel-

cobalt oxyhydroxide with other delaminated materials could not be performed. However, 

this is a very exciting and promising strategy to combine materials with very different 

properties. If combined with materials such as manganese oxide, cobalt oxide or 

exfoliated graphene, all lines of work conducted at the ICMCB - University of Bordeaux, 

different electrochemical performances can be achieved. By tuning the ratio between 

different materials, a more power-oriented or capacity-oriented response may be 

obtained. Therefore, exfoliation routes may greatly influence the future of energy storage 

composite materials, and, due to their recent exploration, fascinating results are certainly 

yet to come.  Furthermore, although delamination by lactate intercalation did not yield 

excellent results, it is worth highlighting that, if other purification routes are achieved, in 

which the active surface of the material is restored, it may also be a promising route for 

energy storage applications. Otherwise, the study of aqueous delamination of hydroxide 

materials is still an interesting field of work and this route may be modified, and lactates 

substituted by good ionic and electronic conductive materials instead, yielding better 

results. An interesting approach to this problem would be to include computational 

simulations to evaluate the impact of the intercalated materials and select, from 

experimental studies, the best possible material within a confined range of potentially 

good candidates. In any case, the work reported by Lang et al. [6] serves as  base line to 

further investigate this material. Finally, this route, as well as exfoliation by 

tetrabutylammonium intercalation, may be useful in other applications, and the fact that 

their synthesis has been achieved shall not be overlooked.  

Finally, local micro-potentiometry and the application of the Mott-Schottky model have 

resulted in useful information about the nickel-cobalt hydroxide/KOH (Na2SO4) 

interface. Thus, these techniques may be applied to other materials beyond the mixed 
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metal hydroxide. Understanding the transport of ions, electron transport and surface 

reactivity is a challenging task [11]. In the present manuscript some light has been shed 

on the nickel-cobalt hydroxide system by means of these techniques. Hopefully, some 

additional reports concerning SIET and Mott-Schottky will increase our knowledge on 

other systems as well. Furthermore, other important aspects beyond charge-discharge, 

such as the effect of oxygen evolution reaction on current efficiency, self-discharge or the 

evolution of the pH gradient and its effect on degradation of the electrode can also be 

studied. In addition, it would be very interesting to evaluate EIS results alongside the 

Mott-Schottky model and SIET results for nickel-cobalt hydroxide, results that are 

currently under investigation, for the first time, in our team at Instituto Superior Técnico. 

To summarize, different research lines are involved in the work presented in this 

manuscript, which hopes to aid in the production of optimized next-generation energy 

storage devices and better understand the electrode-electrolyte interface. Undoubtedly, 

exciting opportunities of improvement in the field of energy storage lie ahead and, 

hopefully, they will translate in a sustainable future with satisfied energetic needs and 

increased quality of life. 
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Annex. Résumé étendu en français 

La demande croissante d'énergie dans le transport, le secteur résidentiel et l'industrie, ainsi 

que la prolifération de sources d'énergie renouvelable nécessitent des dispositifs plus 

efficaces de stockage de l'énergie. Les récents efforts en ingénierie des matériaux sont 

axés sur le développement de matériaux nanostructurés susceptibles de faire face à ces 

besoins, tant en termes de densité énergétique (quantité totale d'énergie stockée par unité 

de masse ou de volume), de densité de puissance (puissance qui peut être transférée par 

unité de temps,de masse ou de volume), que de  stabilité en cyclage, qui correspond à la 

dégradation des dispositifs en utilisation continue. De nombreux matériaux sont 

actuellement étudiés en tant que candidats potentiels pour le stockage d'énergie au sein 

des batteries, condensateurs, supercondensateurs (dispositifs pouvant stocker beaucoup 

plus d'énergie que les condensateurs tout en conservant une densité de puissance élevée) 

ou pseudocondensateurs. L’objectif de ce travail est d’élaborer des matériaux destinés à 

être utilisés dans des électrodes hybrides avec une réponse électrochimique intermédiaire 

par rapport à celles observées dans un supercondensateur et une batterie. Dans ce 

contexte, les (hydr)oxydes de nickel et de cobalt ont été choisis en raison de leur activité 

électrochimique élevée et de leur faible coût et ont été combinés avec des dérivés de 

graphène, qui présentent une conductivité et une surface active élevées. Ce travail 

concerne plus précisément la synthèse par deux voies, l'électrodéposition et l'exfoliation, 

d’ hydroxydes et oxydes de nickel-cobalt nanostructurés, et leur combinaison avec 

l'oxyde de graphène réduit. Ces deux stratégies, du point de vue de l'ingénierie des 

nanomatériaux, sont de nature opposée. Alors que l'électrodéposition est une approche 

bottom-up dans la production de films minces, l'exfoliation est une technique top-down, 

après reconstitution, qui donne un matériau nanostructuré. L’accent a été mis sur la 

caractérisation physico-chimique et électrochimique pour les applications de stockage de 

l'énergie. 

Tout d'abord, l'électrodéposition d’une phase α d'hydroxyde de nickel-cobalt et sa 

combinaison avec de l'oxyde de graphène réduit électrochimiquement (Er-GO) sur des 

supports d’acier inoxydable a été explorée. Les résultats mettent en évidence une réponse 

électrochimique améliorée avec une capacité, un comportement en puissance et une 

stabilité en cyclage accrus lorsque l'oxyde de graphène réduit est incorporé. Le matériau 

composite présente une capacité de 96 mA·h·g-1 et une rétention de capacité de 62% après 

5000 cycles. De plus, des vitesses de balayage allant jusqu'à 2 V·s-1 ont pu être appliquées 
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sans distorsion de la réponse électrochimique du matériau, prouvant l’excellent 

comportement en puissance de ce matériau. Enfin, la dégradation du matériau a été 

étudiée en détails au moyen de la spectroscopie d'impédance électrochimique (EIS), de la 

microscopie électronique à balayage (MEB) et de la voltampérométrie cyclique. Après 

cyclage, la MEB a montré la dégradation mécanique que le matériau subit en cyclage, 

tandis que la EIS a révélé la formation d'une phase secondaire, probablement de type β 

qui est connue pour apparaître en raison de l'instabilité connue de la phase α. En 

comparaison, lorsque Er-GO est introduit, il sert de matrice qui inhibe la déformation 

mécanique et stabilise la phase α, avec une amélioration de la stabilité du matériau. 

L'oxyde de nickel-cobalt a été obtenu par électrodéposition de l'hydroxyde de nickel-

cobalt suivie d’un traitement thermique postérieur. Dans ce cas, le matériau présente une 

capacité de  77 mA·h·g-1 et une rétention de capacité de 58% après 5000 cycles de charge-

décharge. Cependant, lorsque Er-GO a été introduit, formant un matériau composite, le 

matériau affiche 130 mA·h·g-1 et 83% de rétention de la capacité. Ainsi, comme dans le 

cas de l'hydroxyde de nickel-cobalt, l'introduction d'Er-GO a considérablement amélioré 

les propriétés électrochimiques du matériau. Les phénomènes de dégradation ont 

également été étudiés par MEB, EIS et voltammétrie cyclique. Encore une fois, les 

mécanismes de dégradation, et la décroissance de capacité qui en découle, sont attribués 

à des contraintes mécaniques qui induisent la formation d'une phase parasitaire, 

susceptible d'être de l'hydroxyde de nickel-cobalt, ainsi qu’un « broyage » de la 

microstructure entraînant une perte de matière qui déplace les potentiels de réaction et 

favorise le dégagement d’oxygène. 

En ce qui concerne la voie top-down, l'(hydr)oxyde de nickel-cobalt est exfolié dans des 

milieux aqueux.  Ceci est réalisé via l'intercalation d’entités lactate pour les hydroxydes 

et  de cations tétrabutylammonium pour l'exfoliation des oxyhydroxydes. Les hydroxydes 

et les oxyhydroxydes de nickel-cobalt sont des matériaux lamellaires et, par conséquent, 

peuvent être en feuillets par intercalation de molécules volumineuses dans un solvant dans 

des conditions adéquates. Ensuite, les réponses électrochimiques des deux matériaux sont 

évaluées dans différents électrolytes après délamination et ré-empilement. Les résultats 

révèlent l'influence primordiale des espèces intercalées lors du processus d'exfoliation, 

lactate et tétrabutylammonium,: la nature des espèces intercalées ainsi que les forces 

d’'interaction avec le matériau actif doivent être considérées préalablement pour éviter le 

blocage de la surface et l’inhibition de l'interaction électrode-électrolyte. Les résultats 
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corroborent que l'exfoliation est une voie prometteuse pour augmenter la surface active 

des matériaux, mais constitue néanmoins un paramètre critique dans la performance 

électrochimique des matériaux d'électrode. 

Par exemple, pour l’ oxyhydroxyde de nickel-cobalt γ réempilé après exfoliation en 

milieu TBAOH, une capacité de 117 mA·h·g-1 avec une rétention de capacité> 100% a 

été obtenue dans KOH 1 M, alors que les matériaux non-exfoliées affichent seulement 

106 mA·h·g-1 et une rétention de capacité de 62% après 5000 cycles de charge-décharge. 

Cependant, dans le cas des hydroxydes exfoliés en milieu lactate et réempilés, bien que 

les matériaux présentent une capacité, la capacité, bien que  plus élevée que celle du 

matériau initial non exfolié, est beaucoup plus faible que pour l’hydroxyde de nickel-

cobalt intercalé avec du dodécylsulfate de sodium. Ceci est probablement dû à la forte 

interaction des molécules de lactate avec les nanofeuillets d'hydroxyde, qui bloquent les 

sites actifs du matériau et inhibent l'interaction électrode-électrolyte. Il est également à 

noter qu'une étape d'activation est observée lors des premiers cycles électrochimiques 

pour les matériaux exfoliés. Ceci suggère que la purification est également une étape 

critique dans la préparation de matériaux exfoliés pour le stockage d'énergie. 

Enfin, la dernière partie s’inscrit dans l’investigation du mécanisme de charge-décharge 

de l'hydroxyde de nickel-cobalt, qui n'était pas encore complètement compris à ce jour. 

L’appréhension de ce mécanisme est une étape critique pour l'optimisation des 

performances et la conception de futurs dispositifs de stockage de l’énergie basés sur ce 

matériau. Afin d’ éclairer les processus de charge, le modèle de Mott-Schottky a été utilisé 

en combinaison avec la EIS tandis que la micropotentiométrie locale a été mise en œuvre 

pour évaluer les variations de pH, de pNa et d'oxygène dissous à la proximité de 

l'interface. 

La spectroscopie d’impédance électrochimique est un outil très puissant qui fournit des 

informations détaillées sur la résistance, la porosité, la dégradation et les phénomènes de 

transport de charge d'un système. Cependant, les résultats sont souvent difficiles à 

interpréter, et soulignent l'importance du potentiel appliqué lors de l'acquisition des 

données de spectroscopie d'impédance électrochimique dans l’optique d’une 

interprétation correcte.. Le modèle de Mott-Schottky a été utilisé pour expliquer 

l'évolution des bandes électroniques et des niveaux de Fermi à l'interface de l'hydroxyde 

de nickel-cobalt dans les milieux alcalins et pour sélectionner de façon critique un 

potentiel adéquat pour réaliser l'EIS. En outre, il aide à la compréhension des 
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changements de conductivité, lorsque l’on passe pendant le processus de charge d'un 

semi-conducteur de type p, l'hydroxyde de nickel-cobalt, à un matériau conducteur, 

l'oxyhydroxyde de nickel-cobalt. 

De plus, la micro-potentiométrie locale in situ (SIET) et de microcapteur à fibre optique 

ont été appliqués à l'interface de l'hydroxyde de nickel-cobalt avec des milieux sulfate de 

sodium et de potassium pour obtenir des informations sur les gradients de pH, pNa et 

d’oxygène dissous pendant la charge et la décharge de ce matériau. Bien que largement 

mis en œuvre dans d'autres domaines tels que la biologie ou la corrosion, la SIET ne l’a 

pas été à notre connaissance pour étudier les matériaux de stockage d'énergie. Nous 

l’avons donc utilisé pour tenter d’éclairer le mécanisme de charge-décharge de 

l'hydroxyde de nickel-cobalt. Ce mécanisme a été étudié dès 1966, lorsque Bode et al.[1] 

ont proposé un diagramme avec les transformations de phase possibles de l’hydroxyde de 

nickel pendant la charge-décharge. Depuis lors, deux principaux mécanismes possibles 

ont été rapportés dans la littérature, mettant en jeu des modèles de transport de protons 

ou d'hydroxyle. Par la suite, différentes contributions d'ions alcalins ont été mises en 

évidence au moyen de différentes techniques de caractérisation. Au moyen de la SIET, la 

contribution des ions alcalins dans l'hydroxyde de nickel-cobalt β a été étudiée en même 

temps que la variation du pH à l'interface du matériau. Sur la base des résultats obtenus, 

le transport de protons a été désigné comme le mécanisme le plus probable pendant la 

charge et la décharge de l'hydroxyde de nickel-cobalt, tandis que les ions sodium étaient 

uniquement impliqués dans la compensation de charge. 

En conclusion, les techniques d’exfoliation / réempilement à partir de matériaux 

lamellaires et d'électrodéposition sont des voies efficaces pour la synthèse d'hydroxydes, 

d'oxyhydroxydes et d'oxydes de nickel-cobalt nanostructurés, qui sont des candidats 

potentiels pour des dispositifs de stockage de l’énergie. De plus, la combinaison de ces 

matériaux avec de l'oxyde de graphène réduit est une voie prometteuse pour l'amélioration 

de la réponse électrochimique. La spectroscopie d'impédance électrochimique s'est 

révélée comme une technique utile dans l'évaluation des phénomènes de dégradation des 

matériaux actifs. L'application du modèle de Mott-Schottky est un excellent outil pour 

sélectionner les potentiels adéquats pour l’ évaluation du matériau et pour mieux 

comprendre les variations de conductivité du matériau. Finalement, la SIET a été 

identifiée comme une technique prometteuse pour étudier l'interface électrode-électrolyte 

dans le cadre des applications de stockage de l’énergie et a permis de comprendre, à un 
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niveau fondamental, les processus impliqués dans la charge-décharge de l'hydroxyde de 

nickel-cobalt. 
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