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RESUMO 

O desenvolvimento de eletrodos que permitam atingir altas densidades de potência 
e energia em dispositivos eletroquímicos de armazenamento de energia é um dos 
principais desafios para garantir a demanda dos diversos equipamentos e aplicações que 
precisam fontes de energia. A melhoria da densidade de energia e potência requer 
eletrodos com composição química que apresentam processos faradaicos rápidos, e 
estruturas que ofereçam alto uso efetivo do material e alta velocidade de transporte de 
carga. Os clusters trinucleares de acetato de rutênio (Ru3O(CH3CO2)6L3) exibem reações 
redox rápidas que podem ser exploradas em eletrodos para dispositivos eletroquímicos de 
armazenamento de energia. Por outro lado, a técnica de Langmuir Blodgett é um método 
interessante para obtenção de filmes finos com estruturas organizadas, que poderiam ser 
explorados como eletrodos que favoreçam a exposição do material e aumentem a 
velocidade de transporte de carga. O presente estudo propõe a fabricação e caracterização 
de eletrodos para dispositivos de armazenamento de energia baseados em clusters de 
acetato de trirutênio. Nanomateriais híbridos combinando clusters de acetato de trirutênio 
com grafeno foram sintetizados para fabricar filmes finos com o método drop-casting e 
Langmuir Blodgett (LB). A estrutura e composição dos eletrodos foram caracterizadas por 
microscopia eletrônica de varredura, espectroscopia Raman, infravermelho e UV-vis. 
Enquanto seu comportamento eletroquímico foi estudado por voltametria cíclica, curvas de 
carga e descarga e espectroscopia de impedância eletroquímica.  

Os resultados demonstraram que os eletrodos com materiais híbridos foram 
fabricados com sucesso. Além disso, eles revelaram o efeito sinérgico do cluster de 
trirutênio e do grafeno, dado que o armazenamento de energia tem a contribuição tanto 
das reações redox do cluster de trirutênio quanto do processo capacitivo no grafeno. Mas 
a capacidade pode ser limitada pelo transporte de carga em altas densidades de corrente 
e velocidades de varredura. Esta limitação pode ser superada melhorando a estrutura do 
eletrodo como demonstrado por este trabalho. Os eletrodos LB mostraram maior eficiência 
no uso do material ativo (maior capacitância por unidade de massa) e melhor desempenho 
em altas taxas de descarga. O eletrodo LB do cluster de trirutênio armazenou uma carga 
próxima à teoricamente esperada se todo o material depositado sofrer uma reação redox, 
então eles exibiram capacitâncias tão altas quanto 204 F g-1 para o eletrodo de 18 
monocamadas. Enquanto os eletrodos híbridos LB de até 8 monocamadas exibiram queda 
de capacitância significativamente menor em altas taxas de descarga. Por exemplo, o 
eletrodo híbrido LB com 8 monocamadas reteve 65% de sua capacitância enquanto o 
eletrodo “drop-casted” reteve apenas 26% de sua capacitância quando a corrente de 
descarga foi aumentada 14 vezes. Além disso o desempenho dos eletrodos LB foi 
demonstrado por meio de um microcapacitor de célula única construído como prova de 
conceito que exibiu uma capacitância máxima de 68 μF cm-2 em baixas correntes de 
descarga. 

 
Palavras-chave: Armazenamento de energia, Suepercapacitor, Cluster de 

trirutênio, Grafeno, Material híbrido, filmes de Langmuir-Blodgett.   
 
 



 
 

ABSTRACT 

The development of electrodes allowing to attain high power and energy densities 
in electrochemical energy storage devices is a main challenge in this research area.  The 
improving of the energy and power density requires electrodes made up of materials with 
chemical composition able to undergo fast faradaic processes, and structures offering high 
effective use of the material and high rate of charge transport. Triruthenium acetate clusters 
(Ru3O(CH3CO2)6L3) are materials exhibiting fast redox reactions, which could be exploited 
in electrodes for electrochemical energy storage devices. Whereas the Langmuir Blodgett 
(LB) technique is an interesting method to obtain thin films with organized structures, which 
could be exploited in the fabrication of electrodes with structures exhibiting faster charge 
transport and higher material exposition. So, herein is proposed the fabrication and 
characterization of electrodes for energy storage devices based on triruthenium acetate 
clusters. Hybrid nanomaterials combining triruthenium acetate clusters with graphene were 
synthesized to fabricate thin film electrodes with drop casting and Langmuir Blodgett (LB) 
technique. The structure and chemical composition of the electrode materials were 
characterized using infrared, Raman and UV-vis spectroscopy, Scanning Electron 
Microscopy, whereas their electrochemical behavior was studied using cyclic voltammetry, 
galvanostatic charge discharge curves and electrochemical impedance spectroscopy.  

Results demonstrated that the hybrid electrodes were successfully manufactured. 
Also, they revealed the synergistic effect of the triruthenium cluster and graphene since 
energy storage have the contribution of both redox reactions of triruthenium cluster and the 
capacitance of graphene. But the capacity was limited by charge transport at high current 
densities and scan rates. This limitation could be overcome improving the electrode 
structure as demonstrated in this work.  The LB electrodes exhibited higher effective use of 
the active material (higher capacitance by mass unit) and better performance at high 
discharge rates. The triruthenium cluster LB electrode stored a charge close to the 
theoretically expected if all material deposited undergoes a redox reaction, so they exhibited 
capacitances so high as 204 F g-1 for the 18 monolayers electrode. The hybrid LB electrodes 
up to 8 monolayers exhibited capacitance decay significantly lower at high discharge rates. 
For example, the hybrid LB electrode with 8 monolayers retained 65% of its capacitance, 
whereas the drop-casted only retained 26% of its capacitance when discharge current was 
increased 14 times. The performance of LB electrodes was demonstrated through a single 
cell micro capacitor constructed as proof of concept, which exhibited a maximum 
capacitance of 68 F cm-2 at low discharge currents.    

 
Keywords: Energy storage, Supercapacitors, Triruthemium clusters, Graphene, 

Hybrid material, Langmuir-Blodgett films. 
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MOTIVATION 

“Scientific truth is beyond loyalty and disloyalty.” 
Isaac Asimov, Foundation, 1942 

Investigate, from Latin investigare (in- "in, into" + vestigare "to track, trace"), means 

to trace out and their objective is to discover the truth. The science generate knowledge about 

how nature works acquiring sufficient evidence from experiences and guided by well-

established scientific knowledge and reasoning. Also, the knowledge allows to make 

predictions about phenomena occurring in the world and offers a deep and intuitive 

appreciation of how nature works. So, the scientific truths are reliable, however they are not 

absolute, no matter how much evidence support it, they are refutable or susceptible to 

modifications that produce new scientific knowledge with a greater scope or accuracy.  

Then, the ultimate motivation of the scientist should be, to my mind, the searching of 

deeper understanding of the nature which should allow to generate solutions for increasing the 

quality of life of all people. The scientists may be somewhat skeptical to question and judge 

the received information, honest and humble to objectively accept the facts, their mistakes, 

and to work closely with other colleagues. They may have great imagination to be able to 

completely change their point of view on reality, and perseverance to work constantly. Herein, 

it is presented the research results obtained during the walk that trained me as a scientist. The 

properties of novel materials and electrode architectures for energy storage devices were 

investigated expecting to contribute to the development of those key technologies, and in 

general to achieve a more sustainable world, this last was one of my motivations.  

Sustainable development of the society is to propitiate conditions and better ways to 

promote the wellness and meet the needs of all people preserving the ability of future 

generations to meet their own needs. [1,2] Energy generation has a great environmental 

impact, since it relies on the use of fossil fuels [3]. So, it is required to develop a sustainable 

energy generation system for the world, which reduces contaminant emissions, preserves the 

environment and meets the energy requirements [1,4,5]. This task requires to diversify the 

energy sources by turning to renewable energy, which needs energy storage devices due to 

its intermittent nature, in this way, energy excesses can be stored to release it when is required 

[6,7]. Then, the development of electrochemical energy storage (EES) devices could be crucial 

for a reliable renewable energy generation [8]. Energy storage systems offering both high 

power and energy capacity are desirable, but the actual EES devices do not satisfy individually 

both requirements. [9–11].  

The performances of many technologies can be improved by designing materials with 

appropriated chemistry and structures. The chemists understand how material world functions 

and how to manipulate it. They play a significant role in creating the material basis of our 
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society and economy, so they have an important responsibility in the advancing toward more 

sustainable world. Since they can design materials and processes that contribute to the 

development of technologies with low negative impact on human health and the environment. 

[12] Of course, appropriated material design also could increase the capacity and power 

density of EES devices. These materials may have chemistry and structures which allow fast 

redox reactions, high effective use of the material and fast charge transport [10,11,13–15]. 

triruthenium acetate clusters ([Ru3O[(CH3CO2)6]L3]) could be promising materials for EES 

electrodes. [16–20] Since they exhibit electrochemically reversible and monoelectronic redox 

pairs in a potential range between 2.5 and -1.5 V respect to standard hydrogen electrode 

(SHE). [19,21–23]  

So, here it is presented the advancements achieved respect to the development of 

electrodes for energy storage devices based on triruthenium acetate clusters with pyridine as 

ligand ([Ru3O[(CH3CO2)6]Py3]) and a perspective of future material enhancements. The first 

chapter contains a general vision of the requirements and functioning principles of 

electrochemical energy storage devices to define fundamental concepts in this area and 

propose some strategies to improve the performance of these devices. In the second chapter 

is reviewed some concepts and previous works relevant for the proposed strategies to obtain 

efficient electrodes. So, some electrode material compositions and structures previously 

proposed on the literature, methods to control electrode architectures and the properties of 

Ru3O(CH3CO2)6L3 found in previous work are presented.  

The third chapter is devoted to the description of experimental and theoretical 

methods used in this work, the description of some methods such as the electrochemical 

characterization of energy storage electrodes and devices are extended to present some 

background of these methods. The fourth chapter present the characterization of the 

[Ru3O[(CH3CO2)6]L3] synthesized during this research and the discussion of theoretical and 

experimental results. The discussion of the structure and electrochemical performance of 

triruthenium cluster hybrid material with graphene (rGO-NHRu) is presented in the fifth chapter. 

The physical and electrochemical characterization of triruthenium cluster LB film is presented 

in the sixth chapter. The electrochemical behavior of triruthenium cluster LB films is further 

discussed in the seventh chapter with the aid of a mathematical model. Finally, the eight 

chapter present the discussion of the characterization of hybrid and heterostructured LB films, 

this electrode merges the idea of hybrid materials with structured electrodes. Perspectives for 

the future of this project are mentioned in the last chapter. 
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1 ELECTROCHEMICAL ENERGY STORAGE: FROM FUNDAMENTALS TO 
ELECTRODE DESIGN 

“However,” resumed Gideon Spilett, “you do not deny that someday 
the coal will be entirely consumed?” [...] “That is reassuring for us, but a bad 
look-out for our great grandchildren!” observed Pencroft. “They will discover 
something else,” said Herbert. 

Jules Verne, The Mysterious Island, 1874. 

Electrical energy demand grows continuously (see Figure 1-1), 24739 TWh were 

consumed in 2018, which means an increment of 32% respect to 2008. [24] This is explained 

by the population growth and the actual society model whose comfort and economic activities 

relies on the use of electrical energy. Currently, electrical energy generation requires the 

intensive use of limited natural resources, particularly fossil fuels (67% of electrical energy 

comes from combustible fuels [24]) resulting in a great environmental impact. [3,25]  33.2 

gigatons of CO2 were emitted due to the combustible fuels used for energy generation, [24] 

contributing to the increment of CO2 level in the atmosphere up to 411 ppm which is estimated 

to be significantly higher that any CO2 level in the earth history. The higher CO2 and methane 

levels in the atmosphere are the main factors leading to the global warming. [3,25]  

FIGURE 1-1- WORLD ELECTRICITY GENERATION BY SOURCE AND WORLD ELECTRICITY 
COSUMPTION BETWEEN 1990 AND 2018. 

 
SOURCE: Adapted from International Energy Agency (IEA). [24] 

So, it is required to work for a sustainable development using the energy in a more 

aware and efficient way. Great part of energy use is attributable to the economic system, in 

fact the pandemic situation experienced during 2020 due to the COVID-19 showed that the 

decreasing of manufacturing activities leads to decreased electrical energy consumption. [25] 

Furthermore, the development of technologies to attain sustainable energy generation systems 

would help to get closer to a sustainable development situation. It should reduce contaminant 

emissions and meets the energy requirements. [1,4,5] Hence, the sustainable energy 

generation system requires to diversify the energy sources by turning to renewable ones.  
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Electrochemical devices for energy generation and storage will play an important role 

in this task since they would allow the interconversion between chemical end electrical energy 

with high efficiency. Furthermore renewable sources (sun, wind and others) have intermittent 

nature requiring needs energy storage devices. [6,7] Then, the development of electrochemical 

energy storage devices could be crucial for a reliable renewable energy generation. [8] 

Moreover, EES have other different applications important in the actual society, some of them 

are described in the next section along with their power and energy requirements.  

1.1 REQUIREMENTS FOR ELECTROCHEMICAL ENERGY STORAGE 

The development of electrochemical energy storage systems is crucial for different 

applications [26,27]. For example, a reliable energy supply requires devices that store energy 

when an excess is produced to release it when energy is required, and respond quickly to 

abrupt voltage drops or increases to stabilize the power supply. [8,26,28] Particularly, a 

sustainable energy supply based on renewable energies, such as wind, biomass and solar 

energy, requires energy storage since renewable sources are intermittent, the sun is just 

available a few of hours per year and the wind streams are variable. [6,28–31] 

Consequently, around the world, different institutions are leading in efforts to address 

the requirement of electricity grids which integrate the variable renewable energy in a reliable 

way, including the development of energy storage systems. [32–35] As is shown in Figure 1-2, 

in the boxes at the top of the figure, they require high power (up to 100 MW [35]) to stabilize 

the grid, and to guarantee the quality of power supply absorbing abrupt voltage drops. They 

also require high energy capacity (up to 1000 MWh [35]) to store the energy generated in high 

production moments, which allows the decoupling of generation from demand and the 

renewable energy integration. 

EES also can be used in micro-energy harvesting [36–38] and portable applications 

such as laptop computers, portable media players, toys, hand tools and other consumer 

electronic devices. [39,40] As is shown in Figure 1-2, in the boxes at center, these applications 

require high power to harness energy in transit systems during braking and provide it during 

the start-up (up to1 MW [35]), and to obtain devices requiring less time of charging. Also, the 

applications require high energy capacity to make micro-energy harvesting worthwhile (up to 

0.1 kWh [35]) and to guarantee durable supply of energy.  

The other potential application of EES devices are the electric cars, as is shown in 

Figure 1-2, in the boxes at bottom, they require systems that provide enough power to start 

the car, maintain it moving, and replenish it in less time. And store enough energy to move the 

car for long times. [41–43] Summarizing, EES devices could be applied in i) reliable and high-

quality energy supply, ii) portable electronic applications and energy harvesters, and iii) electric 
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vehicles. These applications have different power and energy requirements, which could be 

attained with different designs and scaling of EES. But devices with both high energy and 

power density are desirable for all those applications.  

FIGURE 1-2- REQUIREMENTS OF DIFFERENT ENERGY STORAGE APPLICATIONS. 

 
SOURCE: Author. (Data from [35,42]). 

Batteries and supercapacitors (SCs) do not satisfy individually the requirements, 

batteries have high energy density but low power density, while SCs have high power but low 

energy density. [13,44] For example, SCs can provide the high-power requirement of a car, 

but its actual energy density is not enough to give them the autonomy required. So, it is 

desirable to improve EESs to meet the requirements of modern applications. [42,43,45] An 

interesting approach to meet those requirements is the construction of devices with materials 

that offers high energy and power density. [13,46,47] The next section presents the working 

principles of EESs, identifying key factors for their performance.  

1.2 FUNDAMENTALS OF ENERGY STORAGE 

“A quantity of it is decomposed exactly proportionate to the quantity 
of electricity which has passed.”  

“Although we know nothing of what an atom is; and though we are in 
equal, if not greater, ignorance of electricity… yet there is an immensity of 
facts which justify us in believing that the atoms of matter are in some way 
endowed or associated with electrical powers, to which they owe their most 
striking qualities.” 

Michael Faraday, Trans. Roy. Soc. London, 124, p. 91 and 116, 1834  

Electrochemistry is concerned with the interrelation of electrical and chemical effects. 

As it was intuited by Michael Faraday there is a close relationship between chemistry and 

electricity enclosed in the atoms that make up the matter, which as now we know is composed 

by a nucleus and electrons. An electrochemical cell allows to study and to harness the 
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interconversion of electricity and chemical compounds, it is composed mainly by two 

electrodes and one electrolyte. In the EESs, electrical charge is stored through the processes 

occurring at the electrodes, the electrolyte, and the electrode/electrolyte interface. The 

understanding of that processes is key to identify important factors in the functioning of EESs 

and guide the design of storage devices with better performance. [48–50] But also, the task is 

challenging since it is a multi-physics and a multidimensional problem. Its complexity is mainly 

found in the interrelated electrical and chemical processes occurring at different scales mainly 

at the interfaces, which are the key elements of any electrochemical system. [48–50] Currently, 

the storage processes are classified into two main mechanisms and the devices are classified 

according to these mechanisms. Next section presents some fundamentals of energy storage 

processes.  

1.2.1 Working Principle of Electrochemical Energy Storage 

An electrochemical energy storage device is mainly composed of two electrodes and 

one electrolyte separating the electrodes as illustrated in Figure 1-3. The charge storage 

processes occur at the electrodes, and the electrolyte allows the passage of ions but not 

electrons. A solid electrolyte or a porous and isolating material soaked on liquid electrolyte are 

used as separator between electrodes in the compact energy storage devices. It maintains the 

electrodes isolated allowing to establish a different chemical environment in each electrode, 

hence a difference of potential between them can be established driving the electron flow 

between electrodes which is compensated by the movement of corresponding ions toward the 

electrode. [11,44,51] Besides, two basic types of charge storage processes can occur at 

electrodes, as shown in Figure 1-3: 

FIGURE 1-3- SCHEME OF ELECTROCHEMICAL ENERGY STORAGE DEVICE AND THE 
DIFFERENT CHARGE STORAGE MECHANISMS OCURRING AT 
ELECTROLYTE/ELECTRODE  

 
SOURCE: Author. 
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i) Rearranging of charge at the electrode-electrolyte interface, when the device is 

charged by imposing an external voltage, one electrode is charged positive and the other 

negatively attracting electrolyte ions of opposite charge, as illustrated in Figure 1-3. So, the 

ions move in the electrolyte to regions close to the electrode resulting in a configuration with 

negative and positive charges lying in separate planes, which is known as the electrical double 

layer (EDL). Finally, when the device is discharged by connecting to an external circuit, the 

ions leave the electrode. Processes that do not involve electron transfer across the interface, 

like this, are named non-faradaic processes, and it should be noted that with them the energy 

is stored in an electrostatic way. [11,14,44,52] 

ii) Chemical changes, species electrochemically active can be oxidized ( ) 

or reduced ( ) at the electrodes involving electron transfer from or to the reagent. 

When an EES is discharged, the electrochemical reactions occur spontaneously at the 

electrodes (or electrode-electrolyte interface) producing a potential difference between them 

that drives a current through the external circuit and delivers energy.  In principle, the battery 

reactions could be reversed if they are thermodynamically reversible, and the original chemical 

constituents regenerated by applying an external voltage, so reversing the current flow in a 

process known as charging. These processes, involving electron transfer across 

electrochemical interface, are named faradaic processes, and it should be noted that in this 

case, energy is stored as chemical energy  [11,14,44,52]. 

1.2.2 Classification of Electrochemical Energy Storage Devices 

Typical SCs are based on non-faradaic storage process (EDL formation) and they are 

named electrical double layer capacitors (EDLCs). As they do not have chemical changes, the 

charge stored is limited to that accommodated in the electrical double layer, and the energy 

stored correspond to that involved in the EDL formation, for that reason the electrode materials 

mostly used are the carbons with high surface area. [10,11,52,53] In the batteries, the charge 

storage process is essentially faradaic, also there are double-layer formation, but it is not the 

main mechanism. As they have chemical changes, the charge stored should be corresponding 

to the electron charge transferred in the reaction, and the energy stored corresponds to that 

involved in the chemical transformation. [10,11,52,53] Therefore, it could be expected that 

batteries attain higher energy density than SCs, since a chemical transformation usually 

involves higher energy change than charge reorganization.  

On the other hand, non-faradaic processes are fast since they do not involve great 

extent of reorganization in the system. It only involves the movement of electrons in the 

electrode and charges at surface. So, the rate of charge storage or delivery is high, hence their 

power density is high. [11,52] Whereas faradaic processes can be slow since it involves 
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electron transfer across electrochemical interface. Also, it could involve phase transitions, 

formation, breaking or reorganization of bonds and normally requires the diffusion of charges 

within the electrode. So, the rate of charge storage or delivery is limited. [11,52] The 

characteristic time for the EDL charging typically is around of milliseconds, [15,54] whereas 

time constant for redox reactions could be in the order of hundred milliseconds or higher 

depending on the extent of system changes upon reaction (phase changes, molecules/atoms 

reorganization). [15,54] Therefore, it could be expected that EDLCs attain higher power density 

than batteries. 

The differences expected for batteries and SCs for the sake of its different charge 

storage mechanisms are illustrated in the Ragone plot shown in Figure 1-4. Batteries are 

located at right bottom of the plot, corresponding to high energy density (typically from 10 to 

100 Wh kg-1) and low power density (typically below 300 W kg-1), whereas SCs are located at 

left top of the plot corresponding to low energy density (typically below 8 Wh kg-1) and high 

power density (typically up to 10000 W kg-1). [44,53,55] The plot also illustrates the 

characteristic operation times (charge-discharge times) for that devices, SCs are mostly below 

30 seconds, whereas the batteries go from minutes to hours. [15,44,55] 

FIGURE 1-4. RAGONE PLOT SHOWING THE ENERGY AND POWER DENSITY OF CURRENT 
ELECTROCHEMICAL ENERGY STORAGE SYSTEMS.  

 
SOURCE: Reprinted from [55]. 

 Some electrode materials, such as metal oxides and some conducting polymers, 

exhibit faradaic processes like in batteries, but they have a capacitive electrochemical 

behavior, so they are named pseudocapacitive. [15,52,56–58] Specific chemical adsorption, 

surface redox reactions and some intercalation reactions are some of the faradaic processes 

that lead to pseudocapacitance. Reversible electrochemical reactions occur within significantly 

shorter time, that is, fast reactions that are not limited by diffusion toward active sites. 
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[15,52,56–58] Devices using that electrodes are named pseudocapacitors, they are 

considered other type of supercapacitor along with EDLCs and they are promising to achieve 

energy densities like that of batteries and power densities like that of EDLCs. [15,52] 

Considering all the above mentioned, electrode materials could be classified 

according to their storage mechanisms and their characteristics into capacitive, battery-like, 

and pseudocapacitive electrodes. Additionally, the hybrid materials combine two or more 

materials at molecular level. Particularly, the combination of a capacitive and conductive 

material with a battery-like or pseudocapacitive material should enable the harnessing of both 

faradaic and non-faradaic processes. So, each hybrid material could behave like a battery or 

like a capacitor depending on various factors and they should be labeled according to the 

behavior exhibited.  

The electrochemical energy devices are classified in a similar way as shown in Figure 

1-5. the two main categories are the batteries and supercapacitors. The main characteristics 

of the SCs are their high power and low energy density which are characteristic of non-faradaic 

mechanism present in EDLCs. The energy density of SCs can be increased without so much 

decreasing of the power density or modification of their capacitive behavior including materials 

with faradaic processes like in pseudocapacitors and hybrid devices as shown in Figure 1-5. 

The lasts could use a capacitive electrode and a faradaic (or pseudocapacitive) electrode or 

also hybrid electrodes. [44,53].      

FIGURE 1-5. GENERAL CLASSIFICATION OF ELECTROCHEMICAL ENERGY STORAGE DEVICES 
AND COMPARISON OF THE MAIN CHARACTERISTIC OF THESE TECHNOLOGIES 

 
SOURCE: Author. (Data from [44,53]) 

Summarizing, there are two basic mechanisms to store energy in EESs, each one 

confers particular characteristics to the devices. The EDLCs relies on non-faradaic processes 

(EDL formation), so they exhibit high power density and limited energy density as compared 
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with batteries which relies on faradaic processes (including redox reaction, ion intercalation, 

and specific chemical adsorption). Some devices exhibit intermediate characteristics between 

batteries and EDLCs, such as the pseudocapacitors and hybrid devices. Pseudocapacitors 

are based on faradaic processes but exhibit a capacitive behavior, and hybrid devices 

combines capacitor and battery like materials in the same cell or in the same electrode. They 

seem promising to attain high energy and power density, either by the fast kinetics of the 

faradaic process in a pseudocapacitive material or by the synergy between different kind of 

electrode materials. [44,53,59]  Next section broaden the vision about electrode materials 

reviewing some rational strategies to get better energy storage electrode materials.    

1.3 STRATEGIES TO IMPROVE THE ELECTROCHEMICAL ENERGY DEVICES 

“When we get to the very, very small world… we have a lot of new 
things that would happen that represent completely new opportunities for 
design.”  

Richard Feynman, There’s Plenty of Room at the Bottom, 1959  

The functioning of technological devices depends largely on the material basis of those 

technologies, particularly the processes occurring in them. For all the electrochemical devices 

is important to understand the electrochemical transformations and the role of materials 

properties in those transformations.[60–62] This understanding, along with the capability to 

construct materials with some control of their arrangement on the nanoscale (ideally construct 

materials “atom” by atom”), is crucial to design strategies to circumvent technical obstacles 

exploiting the greater range of possible properties of the materials manipulated at nanoscale. 

So, in order to outline some strategies to improve electrochemical energy devices, we retake 

the key factors of energy device and review the possibilities offered by nanotechnology and 

chemical synthesis to create materials on “atomic” level tuning their interactions and bonds.   

Retaking the fundamentals of EES functioning above mentioned, it can be remarked 

that the energy stored by the EDL depends mainly on the total charge capacity ( ) 

accommodated in this structure and its distribution. Besides, the total capacity  stored by the 

electrochemical reaction depends on the reaction itself and the total quantity of material 

involved in the transformation. [10,11,13] So, as it is shown in Figure 1-6, it is expected the 

stored energy ( ) be proportional to , which is influenced by issues such as accessible 

surface area and/or active sites of electrodes, and the nature of electrochemical reaction. 

[10,13] The porosity and structure of electrodes influence the accessible area and the charge 

distribution at electrode electrolyte interphase, in fact the capacity shows high dependence on 

pore size.  

The power density is related with the rate of charge storage or delivery, which is high 

for non-faradaic processes since they only involve charge movement with low extent of 
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reorganization in the system, that is, the processes have low resistance ( ). Whereas 

faradaic processes are slower and thus have higher associated . They involve electron 

transfer along with the diffusion of electrolyte ions to specific sites, and they could be 

accompanied by higher reorganization in the system, including the modification of bonds and 

phase transitions of electrode materials. [10,11,13,15] Therefore, as it is summarized in Figure 

1-6, it is expected that the power ( ) be inversely proportional to , which is influenced by 

the kinetics of faradaic processes and the velocity of electron and ion transport within the 

electrode. The last depends on electrode porosity and structure, and the electrical and ionic 

conductivity of electrodes and electrolyte respectively [10,13].  

FIGURE 1-6. SCHEME SUMMARIZING THE KEY FACTORS TO IMPROVE THE ENERGY AND 
POWER DENSITY OF ELECTROCHEMICAL ENERGY STORAGE SYSTEMS. 

 
SOURCE: Author. 

The device voltage ( ) is another important factor that contributes to the increasing of 

the energy and power density of these devices, which depends on electrode redox reactions 

and is limited by the stability of the electrolyte. Thus, increasing the operation voltage is 

regarded as a promising strategy to improve the energy and power density. It can be achieved 

by selecting a proper electrolyte with a large operating voltage, for instance, the development 

of organic electrolytes, ionic liquids, and solid electrolytes with high operating voltage and ionic 

conductivity is an active research line to improve EESs. In the light of the aforementioned, 

some ways to increase the power and energy density attainable in EES are the increasing of 

the operating voltage and conductivity of the electrolytes, and the improvement of i) porosity, 

ii) structure and iii) composition of the electrode materials. The strategies for electrode 

development are summarized in the Figure 1-7 and described in the following paragraphs.  
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FIGURE 1-7 - STRATEGIES FOR CONSTRUCTION OF HIGH-PERFORMANCE ENERGY 
STORAGE ELECTRODE MATERIALS.  

 
a) Porous electrodes. b) nanostructured electrodes. c) 2D layered materials. d) Coordination polymers 
and redox organized films. e) Hybrid materials. f) Pseudocapacitive materials.   

SOURCE: Author. a) adapted from LIU et al. [63] b) adapted from LIU et al. [64] c) adapted 
from KAJITAMA et al. [65] f) adapted from FLEISCHMANN et al. [15]      

One of the main proposals in electrode development research area is optimize the 

porosity of the electrodes. As is shown in Figure 1-7a, the main idea is to synthesize electrodes 

with hierarchical interconnected porous structures and pore size tuned to fit the size of ions of 

the electrolyte which may improve the ion transport and increase the surface area exposed, 

therefore, the electrode performance at high rates. [10,13,53,66,67] Some of the proposals to 

increase surface area are the developing of electrodes based on porous carbons or 

hierarchical metal organic frameworks (MOFs), and the use of conductive foam supports and 

porous templates to growth active materials on them. [10,13,53,66,67] A valuable concept in 

the design of porous electrodes is the structural hierarchy. That is, materials exhibiting 

structure on more than one length scale, so the materials are composed from structural 

elements with structures itself. [63,68,69] So, the materials should exhibit meso-, micro- and 

nanopores as illustrated in Figure 1-8. 

Besides, the construction of tailored structures that facilitate the ions transport toward 

active sites is other proposal. [10,67,70–72] Nanostructured and layer-structured materials are 

some ideas to obtain shortened transport pathways and higher accessible active sites by mass 

unit, as indicated in Figure 1-7b and c. [62,64] As illustrated in Figure 1-7c, 2D materials such 

as graphene composed by sheets held together by weak van der Waals interactions can be 

used to create electrodes consisting of an arrangement of layers of atomic dimension with 

inserted ions.[70–72] The interlayer space may work as a channel with higher ionic transport 
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efficiency, whereas the layers may offer high density of redox active or intercalation sites and 

high electrical conductivity, leading to better performance at high rates. However, a drawback 

of this materials is the restacking of the layers, which decreases the ionic transport efficiency 

and the accessibility to layer sites. [72–76]  

FIGURE 1-8- ILLUSTRATION OF HIERARCHICAL POROSITY: SCANNING ELECTRON 
MICROSCOPY IMAGES OF THE CROSS SECTION OF CALCINED 3D HIERARCHICAL 
POROUS C/SnOX COMPOSITE DERIVED FROM MEDULLA OF SUAEDA GLAUCA 
STEMS.  

 

 
a) High-density array of parallel channels (diameters of ~50 μm). b) Magnification in a channel with 
abundant micropores across the cell wall and surrounded by micropores (~5 μm). c) Magnification in 
the channel sidewall showing abundant micropores (~1–5 μm). d) Further closeup view of cell wall 
structure revealing a high density of nanopores (~1–10 nm). 

SOURCE: adapted from DUAN et al. [68,77] 

Likewise, electrodes with tailored structures could be fabricated using molecules or 

units with nanostructures. The synthesis of functional materials from nanoscale units requires 

contributions from nanotechnology and supramolecular chemistry, it has been called 

“nanoarchitectonics”. [78,79] The materials fabricated in this way enable the control of their 

properties and functionalities through the design of the shape formed during the assembly of 

the atoms or molecules. So, an active material with organized structures at nanoscale can be 

synthesized, such as nanowires and nanosheets (see Figure 1-7b), which favor the exposition 

of active sites and shorten the charge transport pathways.      

Other example is the fabrication of nano-architected materials through the design of 

the constituent units and the control of their assembly. So, redox coordination compounds 

could be used as constituent unit since they present a rich electrochemical behavior that can 

be tuned by ligands and redox active metals chosen. In turn, the designed moieties could have 

properties facilitating the assembly to form coordination polymers or organized films (see 

Figure 1-7d). [80–82] Those films can be grown using layer-by-layer, Langmuir-Blodgett, self-

assembly and film deposition methods. [78–81,83,84] The obtained structures may present 

advantages in the charge transport owing to the electronic coupling and the organization of 

constituent molecules. [82,85] However, special care should be paid to the structure stability 
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and the design of effective ionic pathways that facilitate the interaction of redox centers with 

balancing counter-ions. 

Despite the optimizing of porosity and structure of the electrodes is an effective way 

to increase the power density, the energy density is not profoundly increased. Unless the 

electrode includes “faradaic materials”.  As is the case of many layered materials or organized 

redox films which present chemical adsorption, intercalation, or redox reactions. In fact, the 

developing of new electrode materials with pseudocapacitive properties and hybrid materials 

combining a capacitive and pseudocapacitive material are other strategies to improve the 

energy storage electrode performance. [13–15,52] Since pseudocapacitive electrode materials 

encompasses fast faradaic processes which may have higher  than the EDL formation 

process, and higher velocity than the processes involved in typical batteries. Therefore, the 

development of materials with pseudocapacitance could be promising to obtain EESs with 

improved energy and power density.  

Pseudocapacitance is promising to obtain EESs with improved energy and power 

density. The main pseudocapacitive materials developed up to date are conducting polymers 

and the metal oxides, being RuO2 an MnO2 the pseudocapacitive metal oxides more 

recognized. Their capacity arises from fast and reversible charge transfer reactions involving 

the double bonds in polymer networks or the change of metal oxidation state with the 

concomitant doping/adsorption of a counter-ion [86–88]  The presence of structural water, 

porosity and nanostructures is crucial because the structure may facilitate ion transport and 

provide an interconnected network with more accessible sites. [13,86,87] The main drawbacks 

of these materials is their poor stability and the poor electronic conductivity. [86–90] Some 

additional details about the pseudocapacitive materials developed up to now is offered in the 

chapter 2.  

The use of conductive and mechanically stable compounds is proposed to increase 

the electrical conductivity and the stability of the electrodes, it could be linked at nanoscale 

level to fabricate a hybrid material. [15,59,70,91] Moreover, the hybrid materials are very 

attractive because of the possibility of using a pseudocapacitive or “Faradaic” material and a 

capacitive one, and thus, exploit two different mechanisms for charge storage. Even more 

interesting, hybrid materials show improved properties due to synergy between materials. [59]  

The hybrid materials more studied up to now are those composed by nanocarbons and a 

pseudocapacitive material. Carbon nanostructures offer high surface area and conductivity, 

whereas the pseudocapacitive material contribute to increase the electrode capacity with their 

faradaic processes. However, the synthesis of hybrid material does not always result in better 

performance, since there are other critical factors such as electron transfer across the 

interfaces within hybrid material which should be optimized in the electrode design. 

[13,14,44,53,59,67]   
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Summarizing, the improvement of electrodes for EES devices can be achieved 

considering several aspects in the electrode design and fabrication such as i) the design and 

synthesis of materials with optimized porosity to increase exposition of active centers and favor 

charge transport. ii) the design of structures, such as nanosheets and nanowires, organized 

thin films and layered structures. They favor the exposition of active material, the electronic 

conduction, intercalation mechanism and ion transport, iii) the search for new materials that 

enable pseudocapacitive mechanisms, particularly the presence of fast redox or intercalation 

reactions (iv) the combination of materials exhibiting different desirable properties to obtain a 

material with improved properties due to the synergy between them. Considering all the 

previous, and particularly that the pseudocapacitive materials are characterized by the 

presence of fast redox reaction accompanied with counter-ion doping/adsorption into material 

structure. This work considers metal complexes, such as triruthenium acetate clusters as a 

new energy storage electrode chemistry.  

Triruthenium clusters are a kind of material exhibiting fast redox reaction which can 

be harnessed to store energy, but they scarcely explored as energy storage electrodes. They 

have general formula [Ru3O(CH3CO2)6L3] with L indicating a ligand group (N-Heterocycles, 

thiols, CO, H2O and other Lewis base). [18–20,23,92] The interest in triruthenium clusters as 

energy storage material arises from its rich electrochemical behavior, exhibiting 4 or 5 

electrochemically reversible and monoelectronic redox pairs in a potential range from 2.5 to -

1.5 V measured with standard hydrogen electrode (SHE). [19,22,23] Also, the values of redox 

potential peaks obtained in cyclic voltammetry depend on the electron transfer properties of 

axial ligands L. [21] Also, it is observed electronic delocalization in the Ru3O core facilitating 

electrical conduction. [16,17]  

So, this work aimed to develop electrodes with high capacity at high rates based on 

triruthenium clusters using some design strategies as the fabrication of organized/ 

nanostructured films and their hybridization with other materials.  [Ru3O[(CH3CO2)6]Py2L], Py 

is pyridine and L an appropriate ligand which allows the fabrication of organized structures or 

the integration with other materials. For example, amphiphilic ligands allow to obtain 

amphiphilic clusters that self-organize on water surface. Ligands with thiol and amino groups 

allow to integrate the triruthenium cluster with highly conductive materials as gold and carbon 

nanostructures. All these electrodes may have high performance owed to the contribution of 

fast faradaic processes of triruthenium clusters and the designed electrode structures.   
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1.4 OBJECTIVES 

1.4.1 Aim  

Develop electrodes based on triruthenium acetate clusters with high capacity at high 

rates and apply it in electrochemical capacitors. 

1.4.2 Objectives 

(1) Evaluate the electronic and electrochemical properties of three different 

asymmetric triruthenium acetate clusters [Ru3O[(CH3CO2)6]Py2L] with L: 1) 4-

aminopyridine, 2) 4-mercaptopyridine and 3) 4-(4-dodecyloxyphenylazo) 

pyridine using cyclic voltammetry, spectroscopic techniques, and density 

functional theory.  

(2) Synthesize novel hybrid nanomaterials by the immobilization of 4-aminopyridine 

derivative ruthenium clusters on graphene using an adapted route for covalent 

functionalization of graphene oxide. 

(3) Develop strategies to fabricate thin film electrodes with different structures 

based on triruthenium clusters and their hybrid materials with graphene on 

conducting substrates using as base the Langmuir-Blodgett, dip-coating, and 

drop-coating methods which may be favorable to fabricate film from material 

dispersions.  

(4) Evaluate the energy storage performance of the electrodes fabricated with 

typical electrochemical methods, calculating the specific capacitance and the 

capacitance retention at high discharge rates. 

(5) Demonstrate the functioning of the energy storage electrode materials based 

on triruthenium clusters in a single cell supercapacitor device measuring the 

device capacitance at different discharge rates.  

(6) Explain the electrochemical properties of materials synthesized using electronic 

structure calculations and macroscopic models based on electrochemical 

kinetic theory.  
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2 DESIGN OF ENERGY STORAGE ELECTRODES 

This project aims to develop electrodes based on triruthenium cluster, which seems 

promising as energy storage material. Previously, it was outlined some strategies to achieve 

highly efficient energy storage electrodes which could be used in this work, stating that i) the 

pseudocapacitive materials and the hybrid materials are promising. ii) The assembly of 

nanoscale units to prepare organized and porous structures should be an effective strategy to 

obtain efficient electrodes. So, this section deepens some key points to this work. First, a 

literature review about pseudocapacitance concept is presented wrapping up the 

understanding of pseudocapacitive mechanisms. Then, some pseudocapacitive material 

proposals are reviewed remarking the key factors in their electrochemical behavior and 

pointing out strategies to get better electrodes. Finally, the strategy of material hybridization 

and electrode structure design are reviewed emphasizing in 2D layered structures and the 

Langmuir-Blodgett (LB) technique as powerful method for controlling nanoscale components 

organization within a 2D plane. 

2.1 PSEUDOCAPACITANCE 

The concept of pseudocapacitance in the energy storage field was originally used by 

Conway [93] to describe surface Faradaic processes exhibiting a capacitive electrochemical 

response. Currently, the development of new materials with behavior between that of batteries 

and capacitors can blur the limit between capacitor and batteries leading to wrongly consider 

some materials as pseudocapacitive. Therefore, a material should be labeled as 

pseudocapacitive with care. Truly pseudocapacitive materials exhibit symmetrical charge-

discharge curves roughly triangular, symmetric redox peaks with little to no separation in the 

voltammograms, so the voltammograms are roughly rectangular-shaped; and peak current 

with linear trend respect to the scanning rate (characteristic of surface-controlled processes) 

as is shown in Figure 2-1. [55] Additionally, the Nyquist plots resulting from electrochemical 

impedance spectroscopy may show capacitive behavior, that is a line close to the vertical at 

low frequencies, and an arc-line at high frequencies characteristic of interfacial charge transfer 

processes. [55]  

The pseudocapacitive behavior is typically attributed to highly reversible 

electrochemical reactions with no diffusion limitations, then the electrochemical characteristics 

helping to identify it are the electrochemical reversibility and the predominance of “surface-

controlled” kinetics. [15] As observed in Figure 2-1 symmetric cyclic voltammograms and 

charge-discharge profiles evidence the electrochemical reversibility and absence of diffusion 

limitations. Other way to quantify the contribution of “surface-controlled” processes, that is 
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processes without diffusion limitations, is to track the changes of total charge stored  (as 

estimated by cyclic voltammetry) with the sweep rate. [55] It allows to estimate the charge 

stored owed to diffusion-controlled ( ) and surface-controlled ( ) processes to  since the 

former may be proportional to , so . [94]  

 When  tends to 0 (so )   can be calculated, whereas when   could 

be estimated (see how in section 3.4.1 page 65) since all processes, capacitive and diffusive, 

may occur at low scan rates. Similarly, the relationship between current  and the scan rate  

is given by the sum of the capacitive ( ) and diffusive ( ) currents (

). [14,95,96]  is proportional to the sweep rate (current flowing in a capacitor).  

follows the Randles−Ševčiḱ equation.  vs.  data at determined potentials can be fitted to this 

model to estimate the capacitive and diffusive contributions to the total current in the electrode. 

In a more simplified approach, the current is written as a power law ( ). Electrodes 

dominated by capacitive/surface processes should exhibit  values close to 1, and the 

electrodes dominated by diffusion-controlled processes should exhibit  values close to 0.5. 

[97]  -Values between 0.5 and 1 indicate a transition area with mixed control or finite-length 

diffusion which should be considered carefully. [15,95,98,99] However, values between 0.85 

and 1 indicate that surface/capacitive processes are predominant. [15,55]  

FIGURE 2-1- TYPYCAL BEHAVIOR IN THE ELECTROCHEMICAL CHARACTERIZATION OF A, D) 
CAPACITIVE, B, E) PSEUDOCAPACITIVE AND C, F) BATTERY-LIKE ELECTRODES.    

 

a-c) Typical charge-discharge profiles and d-f) typical cyclic voltammograms.  
SOURCE: reprinted from MATHIS et al.[55] 
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The pseudocapacitive behavior is typically attributed to reversible electrochemical 

reactions occurring in electrode species, so that there are no diffusion limitations in the solid 

electrode structure or the electrochemical interface. [15,57] Typically, the processes occurring 

in the pseudocapacitive materials are i) monolayer adsorption, ii) surface redox reaction or iii) 

intercalation without solid state diffusion limitations. [15,56] Pseudocapacitance for these 

processes was defined in terms of some property  proportional to the charge accepted , 

which is a function of electrode potential . So, a capacitance  could be mathematically 

defined as a quantity proportional to the derivative of  respect the potential ( . 

[56] For example, Conway developed an expression for adsorption pseudocapacitance 

considering that the electro-sorption of species on electrode surfaces can be described by a 

Langmuir-type isotherm (i.e. H+ on Pt). Therefore, for a generic electro-sorption of a cation A+ 

on a surface site M (A+ + M + e-  MAads) the following relationship arises [100]:   

          2.1 

 is the concentration of the cation in solution,  is the surface coverage of MAads,  

is the ratio of the forward and reverse reaction rate constant, is the Faraday constant,  is 

the ideal gas constant,  is the electrode potential, and  is the temperature. Systems that can 

be thermodynamically described in the way above shown can exhibit adsorption 

pseudocapacitance if they are fast with no mass transfer limitations. So, these processes are 

electrochemically reversible and remains in quasi-equilibrium. In fact, rearranging equation 2.1 

an expression with the form of the Nernst equation can be derived: 

         2.2 

 is the equilibrium potential of the electro-sorption process and  is the standard 

potential of the redox couple, if the charge required for the formation of A monolayer on M in 

process is  the pseudocapacitance  can be defined as: 

      2.3 

This result indicates that a purely Langmuir-type electro-sorption process exhibit a 

pseudocapacitance  which is function of .  initially must increases when  increases to 

reach the maximum when s zero (so  = 0.5) and must decrease with further  increasing 

(  approaches to 1). The  is only spread out over a small range of  (120 mV), so a single 

process of adsorption have no practical energy storage application. [56] A factor which can 

spread  out on a wider range of potential is the lateral repulsive interaction between 

adsorbates as  increases.[15,56,93] It can be described by introducing a lateral interaction 

parameter  which modifies the adsorption energy  with a term proportional to coverage 
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as in the Frumkin isotherm ( ). Also, the deposition of adsorbates at successive 

states giving rise to multiple peaks can lead  to spread out on a wider range of potential. 

Conway generalized his approach to other mechanisms by replacing the surface 

coverage with the lattice occupancy (for intercalation) or oxidized/reduced molecule 

concentration (for surface redox). [56] Additionally, it is remarkable that the essential 

thermodynamical aspect in his approach to pseudocapacitance is the relationship of potential 

to the activity relation . This aspect is dominant for highly electrochemically reversible 

processes, so the critical difference of pseudocapacitive redox processes as compared to 

batteries is their high degree of kinetic reversibility and the absence of mass transfer 

limitations.[57] In fact, some nanostructured materials that undergo redox or intercalation 

reactions exhibited electrochemical features of pseudocapacitance, which is attributed to short 

diffusion length and to the presence of most of active sites on the surface, so the time required 

to ion diffusion is small.[15] But the same material could exhibit a battery-like behavior when 

is fabricated as thicker electrodes.[101]   

Further research on materials exhibiting pseudocapacitance should be conducted to 

deepen the understanding of pseudocapacitance fundamentals. This task requires modeling 

and theory along with experimental studies involving in-situ characterization, which can reveal 

key factors in the mechanism of operation of these materials. This understanding should assist 

the design of new electrode materials for EES devices with improved efficiency. The next 

section presents some materials exhibiting pseudocapacitance, such as transition metal 

oxides, which are model materials for the understanding of pseudocapacitance. Rather than 

present an exhaustive list of pseudocapacitive materials, the materials are presented briefly 

mentioning the current understanding of the functioning mechanism. 

2.2 DEVELOPMENT OF MATERIALS FOR ELECTRODES  

2.2.1 Pseudocapacitive Materials 

One of the main pseudocapacitive materials developed up to date are the metal 

oxides (MOx). RuO2 an MnO2 are the pseudocapacitive metal oxide most recognized, RuO2 

have high theoretical specific capacitance (2000 F g-1 [13,87]) that arises from fast and 

reversible charge transfer reactions between Ru2+ and Ru4+ while H+ ions are adsorbed on the 

surface. MnO2 also have relative high theoretical specific capacitance (1100 F g-1) that arises 

from redox reactions between Mn3+ and Mn4+ and the ion intercalation or adsorption. 

[13,44,86,87]  The presence of structural water and presence of nanostructures is crucial for 

high performance of metal oxides. In fact, the RuO2·nH2O capacitance in acidic electrolytes 

varied with the water content [102,103] and the presence of nano-crystallites favors the 
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reactions mediated by RuO2 surface. [104,105] As above mentioned, the structure may provide 

an interconnected network facilitating the charge transport (electronic and ionic) and the sites 

accessibility.[13,44,86,87] A probable advantageous structure is that formed by interconnected 

MOx nano-crystallite with significant electronic conductivity surrounded by water as shown in 

Figure 2-2. That structure may favor the electron and proton conductivity.  Precisely, the main 

drawback of MOx are their poor electronic conductivity. [10,86,87]  

Another transition metal oxides such as V2O5 [106–110], and spinel crystal structure 

oxides with formula AB2O4 are also important for EES. V2O5 is an interesting material because 

of several oxidation states of vanadium and its low cost, but its durability is limiting. [106] 

However, its durability is improved synthesizing it as nanotubes [107] or nanosheets [108]. The 

AB2O4 compounds such as Mn3O4,[111,112] Fe3O4,[113,114]  Co3O4 [115–117] and NiCo2O4 

[118,119] offer a robust crystalline structure with three dimensional diffusion pathways, their 

capacity arises from reactions involving the redox pair M3+/2+.[86,112] However, Co3O4 and 

NiCo2O4 can exhibit battery-type behavior due to the formation of oxyhydroxides (involving 

phase transitions) during the charge storage process. [86,119] The low electronic conductivity 

and the lack of available accessible sites of AB2O4 materials can hinder the performance of 

this material, [116,117] so composite materials [116] and layered structures [117] are proposed 

to improve its performance. Moreover, the preparation of these materials in nanoscale form is 

expected to emphasize their pseudocapacitive behavior over the battery-like behavior. [86]  

FIGURE 2-2- SCHEMATIC OF RUO2·H2O HYDROUS STRUCTURE AND ITS INFLUENCE ON 
MATERIAL CAPACITANCE.  

 
The scheme shows as the loss of the hydrous structure leads to lowered material capacitance and 
remarks the improved charge transport in hydrous structure. 

SOURCE: adapted from FLEISCHMANN et al.[15] and YOSHIDA et al.[104] 
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Conducting polymers are widely explored as electrode material for supercapacitors. 

They have a backbone chain of alternating double- and single-bonds, so overlapping -orbitals 

create a system of delocalized electrons, which result in interesting electronic properties. They 

present reversible redox reactions involving generally double bonds in polymer networks, and 

simultaneous polymer doping with a counter-ion. Conducting polymer commonly admit 1 

dopant counter-ion per 2 or 3 monomers. [88] The conducting polymers most studied as 

pseudocapacitive electrodes are polythiophene, polypyrrole and polyaniline (PAni). [88,90] 

The main drawback of conducting polymers is their poor durability caused by swelling and 

shrinking of conducting polymers when dopant counter ions are inserted [88,90,120].  

Other organic polymers bearing redox active groups such as carbonyl [121] (i.e. 

quinones,[122–125] imides [126–129]) have been described. These polymers are structures 

grafted with active sites, where redox reaction may occur with the concomitant counter-ion 

doping and electron transport through the polymer. Their synthesis involves the preparation of 

a polymerizable group with a redox-active group followed by the polymerization. [89] 

Additionally, the synthetic versatility of these materials allows to design electrodes with high 

density of redox site and significant electron conductivity through the modification of their 

chemical structure, which may result in a higher energy storage efficiency. Some other 

advantages of organic materials are the abundant sources and their suitability for flexible and 

lightweight devices. [89] Whereas the material conductivity and stability are the main 

characteristics to improve.   

Likewise, electrodes based on coordination compounds with redox properties have 

been proposed. Metal coordination materials are formed by ligands and metal atoms linked 

through coordination bonds. Coordination materials based on ferrocene,[89,130,131] 

hexacyano-metalates (HCMs),[132–134] and other complexes with ruthenium,[135] iron,[136–

138] nickel [139,140] and cobalt [141,142] have been investigated, particularly the 

“coordination polymers” with repeating coordination units extending in 1, 2, or 3 dimensions 

such as MOFs and HCMs. [132,143,144] These materials are promising since the transition 

metals in coordination compounds present electrochemically reversible reactions that can be 

harnessed in energy storage applications. Also, the choice of ligands would allow to integrate 

the compounds with other materials and obtain designed structures with high porosity, surface 

area and improved ion transport as shown in Figure 2-3 . [83,132,143,144] However, strategies 

to promote charge transport are desirable to obtain better electrodes. [143,144]  
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FIGURE 2-3- 2D CO - HEXAAMINEBENZENE - MOF STRUCTURE. 

 
The Figure illustrates the chemical structure of a metal coordination material with three-electron 
reversible reaction, remarking that the ion and electron transport is favored through the formation of 
nanopores and the electronic coupling of metal center and ligands.  

SOURCE: adapted from PARK et al. [145] 

The mixing of active material with capacitive, conductive, and mechanically stable 

compounds is proposed to increase the capacity, the electrical conductivity and the stability of 

the electrodes. But there are some critical factors for the conductivity of hybrid material 

electrodes. Such as the electron transfer across the interfaces within hybrid material, and the 

electrical integration of electrode with other cell elements, such as electrolyte and current 

collector. These issues influence the internal resistances and should be considered in the 

electrode design. [13,14,44,53,59,67] Some proposals of hybrid materials are reviewed in the 

next section. 

2.2.2 Hybrid Materials 

The hybrid materials integrate at least two materials at molecular level. They have 

drawn great attention in the last years due to the possibility of integrating a pseudocapacitive 

material with a capacitive material to exploit the two different mechanisms for charge storage 

in a single material as depicted in Figure 2-4. [59] The carbon nanocomposites have been 

largely investigated in the recent years. Carbon materials, particularly nanostructures as 

carbon nanotubes (CNTs) and graphene (G) are mostly used due to its high electrical 

conductivity, controllable porosity and structure, high surface area and ease of the integration 

with other materials (e.g. redox components)  [9,44,76,87,146]. For example, the combination 

of carbon structures with transition metals oxides or conducting polymers, such as 

CNTs/RuO2,[147] G/ RuO2,[148–150] G/MnO2,[151–153] CNTs/V2O5,[154] graphene with 

polyaniline (G/PAni)[155] and CNTs/PAni[156–158] increased the capacitance and power 
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density of the composite electrodes due to the synergy effect between the electric double layer 

and pseudocapacitive charge storage processes.  

FIGURE 2-4- SCHEMATIC REPRESENTATION OF THE HYBRIDIZATION BETWEEN CAPACITOR 
AND BATTERY – LIKE MATERIALS. 

 
SOURCE: adapted from DUBAL et al., [59] SIMON and GOGOTSI,[66] and KO et al.[159] 

Some other works have developed other composites based on carbon structures but 

combined with metal hydroxides and metal complexes. For example the combination of 

graphene with hydroxides G/Ni(OH)2[160–163] and G/NiCo(OH)2 [164–166] improved the 

performance and stability of Ni(OH)2 and NiCo(OH)2. Likewise coordination compounds have 

been combined with carbon structures obtaining CNTs/HCMs, [167,168] G/MOFs [169–172] 

and G or CNTs with metal phthalocyanine complexes. [139,173]  The combination of G and 

CNTs with metal phthalocyanine complexes resulted in an electrode with superior performance 

due to the contribution of capacitive and pseudocapacitive mechanisms of constituent 

materials. [173] Likewise the addition of graphene to MOFs with transition metals 

(manganese[169], copper[170] and nickel[171,172]) improved the electrode capacitance due 

to the contribution of porous and interconnected structure of the composite material and the 

metal redox center distributed through MOFs. Besides, CNTs improved the stability of HCMs 

getting a promising performance as battery electrode. [167]  

Metallic nanocomposites also have been studied since metallic nanostructures show  

high conductivity, high surface area and new functionalities leading to higher performance of 

the supercapacitor electrodes. [159,174–176] In fact, the deposition of silver nanoparticles on 

carbon cloth electrode led to increase its capacitance 300%, [177] and the use of gold 

nanoparticles to decorate CNTs led to performance increasing respect to bare CNTs. The 

performance increasing could be partly attributed to the small size of nanoparticles increasing 

the total surface area of the electrode. [175] Additionally, nanoporous gold substrates were 

fabricated using methods as de-alloying [178] or ligand-mediated layer-by-layer assembly of 
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gold nanoparticles. [159] Pseudocapacitive materials as MnO2 or Fe3O4 nanoparticles were 

deposited on the fabricated nanoporous gold substrates to obtain electrodes with superior 

performance owing the energy storage capabilities of metal oxides and high electrical 

conductivity provided by gold. [159,178]  

 Nanocomposites of gold and MnO2 have been described, the nanocomposites were 

designed with different nanostructures such as MnO2 nanowires decorated with gold 

nanoparticles, [179] core-shell Au-Co nanoparticles [176] and coaxial nanowires with MnO2 

nanowire coating a gold nanowire.[180] They provided clear proof that metal oxide/metal 

hybrid structures have the potential to function efficiently as energy storage electrodes. 

[176,180] Likewise, nanocomposites of gold and conducting polymers were synthesized by in-

situ polymerization on the gold nanoparticle surface. The high conductivity of the metal core 

and the thin polymer layer may promote the efficient charge transport. [174,181]  

Summarizing, the key factors of the pseudocapacitive material functioning is the 

presence of redox reaction accompanied with counter-ion doping/adsorption into material 

structure. So, the high rates of redox reaction and ion transport within electrode structure are 

important aspects for their performance. Likewise, the electrical conductivity and the surface 

area are relevant properties. Therefore, conductive materials with high surface area (hence 

high capacitance) are mixed with pseudocapacitive ones to obtain hybrid material with 

enhanced properties. However, as mentioned, the electrode architecture of hybrid materials 

requires a careful design to promote fast electron transfer in the whole hybrid material, fast ion 

transport to active sites, and high exposition of active sites. So, in addition to the materials 

chemistry, the porosity, structure, and interactions within the material should be optimized to 

obtain materials with reduced charge pathways and high surface area. Particular attention may 

be paid to the interfacial interactions, that is electrode-electrolyte and electrode-current 

collector, which are determinant in the electrode performance. [48–50]   Some of those 

mentioned structural aspects are reviewed in the next section. 

2.3 ELECTRODE STRUCTURES 

A viable strategy to obtain electrodes with better performance at high rates is promote 

the surface-controlled rather than diffusion-controlled kinetics through the nanostructuring of 

the electrode material. So that large part of the reaction sites is accessible on the near-surface 

region, which reduce the kinetic limitation. [15,101] Furthermore, nanostructures can lead to 

the suppression of phase transitions in intercalation processes and the shortening of diffusion 

length which reduce the kinetic limitations for charge storage. However, the challenge is to 

maintain the nanoscale material properties in the commercially viable thick electrodes, 

promoting the electronic and ionic transport throughout the whole electrode.  
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1D nanostructured materials such as carbon nanotubes, transition metal oxide 

nanowires and conducting polymer nanowires and nanofibers are interesting structures for 

energy storage electrodes. They can be entangled with each other enabling the possibility to 

assemble flexible composite film electrodes with high mechanical strength. Also, they can be 

used as the building blocks in electrode arrays. For example, the In2O3 nanowire-CNTs 

composite with long and flexible nanowires assembled on CNTs films forms an electrode. [182] 

CNT paper prepared by a simple filtration method was used as a matrix for MnO2 nanowires 

which was electrodeposited onto the CNT paper to obtain a free-standing electrode. [183,184] 

G-PAni nanofiber composite electrodes were fabricated obtaining a composite film with layered 

structure and higher conductivity. [185] Those electrodes show an increment of their 

capacitance which can be attributed to the high exposition of sites in 1D nanostructured 

materials and the synergic effects of the conductive carbon material and the pseudocapacitive 

material (transition metal oxide or conducting polymer).  

Besides, the 2D nanostructures or materials grown epitaxially are a promising 

structure, these 2D atomic crystals such as graphene, dichalcogenide, layered oxides, metal 

carbides or metal nitrides (MXene) exhibit a chemical unit repeating along a plane with strong 

bonds and a layered structure held by weak forces. [74] This structure is advantageous since 

each monolayer is ideally a sheet of atomic dimensions with high electronic conductivity and 

several accessible sites able to undergo redox reaction, whereas the interlayer space may 

offer a short path for ion diffusion and is used to insert counterions which can intercalate or 

adsorb on specific sites, in this way the redox reaction occurring on the layer sites is balanced. 

For example, MXenes [186–188] show high capacity even at high rates due to the set of 

properties above mentioned. It was demonstrated that a high capacitance can be achieved 

because of the interlayer composition/structure with water and cations pre-intercalated in the 

hydrogels and “clay” electrodes. [186–188] The appropriated interaction of electrolyte 

components and MXene interlayer chemistry allow to insert/disinsert ions easily, that is a 

shallow ion insertion with short diffusion path. [189]  

Another 2D materials of great interest for EES are the nanostructured and exfoliated 

transition metal dichalcogenides, particularly MoS2. [190] It is of great interest due to its layered 

structure which undergoes ion intercalation without phase transition. Graphene is other 2D 

material of great interest by its electronic conductivity and its structure which may promote 

ultrahigh specific surface area if each graphene sheet is exploited. In contrast with other 2D 

materials containing transition metals, graphene may not exhibit significant faradaic process 

(redox reaction, intercalation). However, a pseudocapacitive process attributed to interactions 

with oxygen groups was reported for graphene oxide (GO). [191] This characteristic could be 

harnessed fabricating GO partly reduced to restore their electronic conductivity without losing 

the pseudocapacitive feature.       
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The understanding of energy storage mechanism in those materials allows the design 

of different electrode structure which helps to improve the capacitance of energy storage 

electrodes. For example, it was found that the surfaces of MXene sheets have oxygen groups 

able to react with H+, additionally the fast diffusion of cations and H+ between MXene sheets 

without large lattice deformation may enable a higher rate (power) supercapacitor. [192–194] 

These factors, the redox reaction and fast diffusion, are key in MXene electrodes excellent 

performance. In this sense, structures with hydrated and cation pre-intercalated such as 

hydrogel structures may lead to improved power capabilities. Usually, thicker electrodes have 

diffusion limitations due to more entangled diffusion paths. However, the design of structure 

with long-range organization could enable fast ion diffusion in electrodes with higher thickness. 

Such as was demonstrated in previous work, electrodes with aligned or microporous structures 

exhibiting long-range organization allows certain control on ion diffusion. [187,195,196] 

A basic strategy for controlling organization within a 2D plane is the LB method, which 

is a way of making supramolecular assemblies with a controlled layered structure through the 

transfer of material monolayer formed in air-liquid interface upon the compression of the 

monolayer. The technique was first developed by Katharine Blodgett who deposit stearic acid 

on glass, transferring monolayers of the amphiphilic molecules on water surface (Langmuir 

films) to a substrate [197], so the technique became known as Langmuir-Blodgett. Usually, two 

main steps are involved: i) The preparation of the Langmuir-film, amphiphilic materials (with 

hydrophilic and hydrophobic parts) dispersed in a volatile solvent are carefully spread onto 

ultrapure water subphase lying in a Langmuir though as it is shown in Figure 2-5a. After some 

minutes, the solvent is evaporated and the amphiphilic molecules are self-organized at air-

water interface orienting the hydrophilic region towards water and the hydrophobic part away 

from water. [198–201] Typically the initial concentration is low such that there are not significant 

interactions among units, but the area occupied by molecules can be reduced, so the units can 

interact as it is shown in Figure 2-5a. 

The behavior of the film under compression is monitored recording the surface pressure 

( ) which is defined as:  with  surface tension of liquid without molecules and  

with molecules [198,199]. The recording of  variation with the area ( ), known as  

isotherm, allows to identify different regions (see Figure 2-5b). First a region analogous to “gas 

phase” with little increasing of  is observed due to separated and “non-interacting” molecules. 

Then a region corresponding to “liquid” phase with a sustained increment of  is observed with 

A decreasing due to significant interaction among molecules. Finally,  increase more sharply 

with further decrease in A due to the close-packed arrangement like in a “solid phase”. If the 

film is further compressed a discontinuity in the increment of pressure can be observed which 

indicates the collapse of the film. It is remarkable that isotherm curve depends on the condition 

of subphase-pH, temperature and the spread molecule [198]. 
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FIGURE 2-5- SCHEMATIC ILLUSTRATION OF LANGMUIR-BLODGETT TECHNIQUE. 

 
a) Steps of the fabrication, b) typical pressure-area isotherm ( ), c) types of films deposition.  

SOURCE: Adapted from HUSSAIN et al [198] and RAS et al. [202] 

ii) Langmuir film transfer to the substrate (or fabrication of LB film), it is made 

maintaining a fixed pressure at any value and submerging or emerging the substrate in the 

subphase while it is held vertically perpendicular to the Langmuir film. It is convenient to use a 

pressure value lying in solid phase to obtain well organized and packed films. Whereas the 

substrate is chosen according to the needs, and it can be treated to get hydrophobic or 

hydrophilic surfaces to influence the adherence of the molecules to the substrate. That is, if 

the substrate is hydrophilic the polar part of the molecule in the first monolayer is oriented 

toward the substrate, so the transference of first monolayer is more effective with the substrate 

emerging from the subphase. Whereas in a hydrophobic substrate is more effective begin 

submerging the substrate. Subsequent depositions can proceed during each submersion and 

emersion of the substrate, this deposition is named Y-type deposition, in which films have a 

head-to-head and tail-to-tail configuration. However, the single layers also can be transferred 

only  during immersion (X-type deposition) or only at emersion (Z-type deposition) as depicted 

in Figure 2-5c leading to head-to-tail configuration with hydrophobic (X-type deposition) or 

hydrophilic part (Z-type deposition)  in contact with the surface. [198] Ideally the LB technique 

offers the possibility to control each step of the preparation, which should result in the 

achievement of films with controlled layered arrangements.  

Considering the above described, electrodes based on redox metal complexes with 

fast redox reactions and highly conducting materials exhibiting an organized structure could 
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be constructed to promote a pseudocapacitive behavior which is promising to obtain energy 

storage devices with high energy and power density. The presence of highly accessible redox 

sites, improved ionic and electronic conductivity within the electrode are key for the electrode 

performance.[72,136] Suitable strategies to improve the electrode conductivity and obtain 

organized structures are the hybridization of conductive materials with metal complexes and 

the fabrication of organized layered films using self-assembly or LB techniques.  

These electrodes typically present low energy density (per unit of area) because of low 

material loading, so they could be suitable for energy storage units in microelectronics, 

transparent and flexible devices. In fact, some thin film electrodes for energy storage based 

on redox transition metal complexes and metal oxides have been proposed in previous works, 

such as iron based supramolecular polymer,[136] ruthenium complexes,[135] nickel 

complex,[203] and metal organic frameworks based on zirconium[204] or nickel[205]. All these 

works remark the reduction of the resistance associated to ion diffusion achieved by the 

structure of those films and the higher performance of electrodes with metal complexes 

exhibiting pseudocapacitive redox processes. [135,136,203,206–208] Herein, electrodes 

based on triruthenium acetate clusters were developed as hybrid materials and organized 

layered films. So, the next section presents a review on those metal complexes remarking their 

electrochemical properties. 

2.4 OXO-CENTERED TRIRUTHENIUM ACETATE CLUSTERS 

Triruthenium acetate clusters have interesting electronic, magnetic, and physico-

chemical properties that can be tuned through design of its structure and composition at 

molecular level. They have as general formula [Ru3O[(CH3CO2)6]L3] with L indicating a ligand 

group, it is H2O or methanol in the first step of the synthesis and can be exchanged by N-

heterocycles, thiols, CO, and other Lewis base to add some functionalities. [18,20,92] A 

general scheme of these complexes is shown in Figure 2-6, it can be observed that ruthenium 

ions seem to form a trigonal structure with an oxygen located in the center as bridging ligand 

binding the ruthenium ions at the vertices. Also, ruthenium ions are connected by three double 

carboxylate bridges which held the triangular structure. The proximity of ruthenium metals 

allows strong electronic interactions, mainly via the central oxygen atom, stabilizing a whole 

series of successive oxidation states associated with the three ruthenium simultaneously. 

[16,17] Additionally, the ligands L are bind axially to the centered oxygen atom.  

Ru-Ru and Ru-O bond lengths are not sensitive to the changes in the formal oxidation 

states of the metal ion, implying a strong electronic delocalization within the Ru3O core and 

reflecting their high stability. [19] Ru-L bond lengths are considerably higher than the Ru-O and 

Ru-Ru, indicating the lower bond strength with the ligands which may facilitate their exchange. 
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Therefore, Ru3O(CH3CO2)6 core unit has considerable stability to reaction with various ligands, 

the substitution of acetate is difficult and needs vigorous reaction conditions. [209] Whereas 

ligand substitution allow to form compounds with tuned stability of the possible oxidation states, 

so clusters may exhibit mixed valency chemistry. [19,210,211] Additionally, ligand substitution 

affords an excellent way of tuning the redox properties in the cluster and provides a feasible 

approach to design ligand-linked triruthenium cluster oligomers. [19,211,212] 

FIGURE 2-6- SCHEMATIC REPRESENTATION OF TRIRUTHENIUM ACETATE CLUSTERS. 

 
SOURCE: Author. Marvin was used for drawing, Marvin version 21.8, ChemAxon 

(https://www.chemaxon.com) 

The interest in oxo-centered ruthenium clusters as is energy storage material arises 

from its electrochemical and electronic properties. They have a rich electrochemical behavior, 

exhibiting 4 reversible and monoelectronic redox pairs in a potential range from 2.0 to -1.5 V 

measured with SHE as reference and 4 of these redox pairs are separated by 1V. [19,22,23] 

Furthermore, the introduction of redox-active axial ligands which can interact mediated by the 

Ru3O core could contribute to the design of versatile multielectron redox systems, whose redox 

peak potentials are influenced by the different interactions present in the cluster. [22] In fact it 

is found a linear relationship between redox potential ( ) of the cluster and the pKa of N-

heterocyclic ligands. [21]  

This dependence of the redox potentials indicates that the reduced form of the cluster 

is stabilized by the presence of ligands with higher electron acceptor character. Additionally, 

the stabilization is more evident at lower redox potentials (from -0.8 to -1.3 V) corresponding 

to lower ruthenium oxidation states.[21] It could be understood, considering that the metal core 

is stabilized by σ bonding and π back-bonding, the last plays a significant role to stabilize the 

lower oxidation states of ruthenium core since it can withdraw negative charge “excess” of the 

metal. Therefore, the cluster reduction at lower potentials is facilitated by π back-bonding 

effects of the ligand.  

The dependence of the  as a function of the ligand properties was studied by Alexiou 

and Toma [213] using the linear correlation with the ligand parameter  proposed by Lever 
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( ).  indicates the relative stabilization of the reduced state (metal with lower 

oxidation state) by the ligand.  involves several contributions such as the ionization energy 

in the gas phase, electronic repulsion, and solvation energy. [214] Remarkably, these studies 

showed higher  for the redox pair involving lower oxidation states of ruthenium. [19,213] It 

corroborates Lever’s appointment, that  is greater for redox couples stabilized by acids 

through back-donation. [214] Whereas  follows a trend with respect to the average oxidation 

number, that reflect the trends in successive ionization potentials of the Ru3O core identical to 

that observed for successive ionization energies of atoms. [19]  

The electronic properties of the triruthenium clusters also are very interesting, they are 

originated by the metal center interactions through the oxygen and carboxylate bridges. The 

interactions and electronic transitions have been discussed based on the qualitative molecular 

orbital scheme proposed by Cotton and Norman [18] and further detailed by Baumann et al. 

[23] for the Ru3O unit. According to this model, the Ru3O system is considered as unit with D3h 

symmetry, and the axis system at each ruthenium site (see Figure 2-7) was chosen to facilitate 

the discussion in terms of each Ru orbital. It does not lie along the coordinate axis of molecular 

orbitals which for the D3h point group is set with the C3 axis that coincides with z axis as 

illustrated in Figure 2-7.  

FIGURE 2-7- AXIS SYSTEM (X, Y, Z) USED TO CONSTRUCT THE QUALITATIVE MOLECULAR 
ORBITAL DIAGRAM OF THE RU3O UNIT AND THE LOCAL AXIS (X’, Y’, Z’) OF EACH 
RUTHENIUM ATOM.    

 
SOURCE: reprinted from NAIDEK [215] 

The central oxygen is sp2 hybridized to account the Ru3O σ-bonding. This leaves a 

single p orbital of π symmetry which interact with one dyz orbital in the metal giving rise to one 

bonding and one antibonding a2’’ molecular orbital (MO), the other two dyz orbitals yields to two 

non-bonding e’’ MOs as shown in the diagram of Figure 2-8. The dxz orbital in each metal is 

able to interact with the same type of d-orbital on each of the other two atoms giving rise to 

metal-metal orbitals, two degenerated e’(1) MOs and the non-degenerated a2’ MO. The 

formation of metal-metal orbitals is also suggested by DFT calculations performed in this work, 

in which some frontier orbitals with delocalized character are extended over the three 

ruthenium atoms (see Figure 4-4). The remaining d orbitals (dx
2
-y

2) have appropriate symmetry 
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to interact with each other, but they are far apart, such interaction remove the degeneracy of 

d orbitals yielding to e’(2) and a1’ MOs, so these orbitals involve mostly region around one of 

the ruthenium atoms. The π-axial ligands can interact with the ruthenium d orbitals at the three 

Ru sites resulting in molecular orbitals of a2’’ and e’’ symmetry as indicated in Figure 2-8. 

FIGURE 2-8- QUALITATIVE MOLECULAR ORBITAL FOR THE [RU3O[(CH3CO2)6]L3] IN D3H 
SYMMETRY. 

 
SOURCE: TOMA et al. [19] 

According to the diagram proposed, the [Ru3O[(CH3COO)6]L3] complexes with 

Ru3
III,III,IIIO oxidation state, have the electronic configuration (a2’’)2(e’(1))4(a1)2(e’(2))4(e’’)4(a2’)1 

with an empty a2’’ orbital. The broad absorption band observed in electronic spectra at low 

energies can be ascribed to the symmetry-allowed e’’  a2’’ and a1’  a2’’ intracluster 

transitions, and to the e(1)’  a2’’ electric dipole forbidden intracluster transition in D3h symmetry 

which is activated by cluster distortions. The energies of the band increase for cluster with 

lower oxidation state reflecting a gradual rise of the occupied d orbitals as the number of 

electrons increases. Another band at intermediate energies is strongly sensitive to the 

ruthenium oxidation states and the nature of the axial ligands can be ascribed to the charge-

transfer transition from the occupied RuII d orbitals of e’’ symmetry to the lowest unoccupied 

π* orbitals of the axial ligands.  

Additionally, in the case of the totally reduced Ru3
II,II,IIO cluster species, the d orbitals 

are completely filled and no metal-metal band is observed. Consequently, the interaction 

between central oxygen and the three ruthenium atoms stabilizing the system is no longer 

possible, facilitating the transfer of the oxygen ion to the proton donor species in the solvent. 

Summing up, it was shown above that the triruthenium clusters are systems presenting multiple 
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possible electronic transitions with energy in the visible and UV-vis region. The peripheral 

ligand influences greatly the energy of these transitions, conferring interesting optical 

properties for these complexes.    

The properties found for this kind of compound lead to propose different applications 

for it, from optoelectronic devices to catalysts.[19] Among the applications proposed in the 

literature are its use as heath shields, since they can absorb light in the near-infrared region 

their performance depends of the oxidation state of ruthenium in the clusters [216]. 

Optoelectronic applications as logic gates [217] where a triruthenium carboxylate cluster is 

used as acceptor of electrons from TiO2 semiconductor layer, and the electron transfer is 

modulated with optical sources [218]. Or electrochromic switching devices [219,220] used for 

smart glasses or electrochromic display devices. The mentioned application is owed to the 

redox properties and the spectra alterations of near infrared regions in the redox process. 

Also, they have been used as effective catalyst for oxidation of alcohols achieving a 

selectivity of 100% for carbonyl products [221,222], cyclohexene and cyclohexane [223], olefin 

hydrogenation [224] and hydration of nitriles reaching conversions up to 99% [225]. The 

catalyzed oxidation reactions, commonly involve the formation of radical  upon 

interaction with peroxide, also the catalytic performance can be tuned for the ligand groups L 

used [226]. Their photochemical properties also have been harnessed to design controlled 

photo-releasers of molecules as NO which could be used as therapeutical or antimicrobial 

agent. [227]     

Summarizing triruthenium-acetate clusters exhibit reversible redox reactions with 

tunable redox potential using of different ligands (such as N-heterocyclic compounds). Also, 

they exhibit strong electronic coupling and delocalization conferring interesting electronic 

properties. These properties are appealing and could be exploited for its use in supercapacitor 

electrodes. So, this project aims to develop electrode materials based on 

[Ru3O(CH3CO2)6Py2L], L is an appropriate ligand which allows the fabrication of organized 

structures or the integration with other conductive components leading to hybrid materials. For 

example, mercaptopyridine (SHPy) and aminopyridine (NH2Py) ligands allow to integrate the 

triruthenium cluster with highly conductive materials as gold and carbon nanostructures, 

respectively. 4-(4-dodecyloxyphenylazo) pyridine (AzoPy) allows to obtain an amphiphilic 

cluster with self-assembly properties. All these electrodes may have high performance owed 

to the contribution from fast faradaic processes of triruthenium cluster, the capacitive 

contribution of carbon and the designed electrode structures.   
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3 MATERIALS AND METHODS 

Figure 3-1 shows the steps followed in this work. First, it was necessary to synthesize 

the ruthenium complexes, the graphene and hybrid nanomaterials based on ruthenium. After, 

thin films electrodes were fabricated with the materials synthesized using drop casting and 

Langmuir Blodgett (LB) techniques. The materials and the electrodes fabricated were 

characterized with spectroscopy and microscopy techniques and tested as electrodes for 

energy storage. Finally, a single energy storage cell was constructed and tested. Details of 

complexes and hybrid nanomaterial synthesis and characterization are described in the 

following sections.  

FIGURE 3-1- FLOW DIAGRAM FOR EXPERIMENTAL ACTIVITIES CARRIED OUT DURING THE 
PROJECT. 

 
SOURCE: Author. 

3.1 MATERIALS SYNTHESIS 

All reagents and solvents were of analytical grade purchased from commercial sources. 

Precursor reagents employed for triruthenium cluster synthesis were ruthenium chloride 

(RuCl3, Sigma-Aldrich, 45−55% Ru content), sodium acetate (Sigma-Aldrich, >99%), acetic 

acid (Dinamica), pyridine (Carlo Erba, >99.8%), 4-aminopyridine (Sigma-Aldrich, >99%), 

phenol (Sigma-Aldrich, >99%), 1-bromododecane (Sigma-Aldrich, >97%) and 4-

mercaptopyridine (Sigma-Aldrich, 95%). Pyridine (Py) ligand was treated with potassium 

hydroxide and distilled. For reduced graphene oxide (rGO) synthesis were used the graphite 

(Nacional Grafite; 99.84%; Graflake 99.58%), NaNO3 (Vetec, 99%), H2SO4 (Biotec, 95–98%), 

KMnO4 (Synth) and H2O2 (Neon). For the graphene functionalization N-hydroxy-succinimide 

(NHS) and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) were obtained from Sigma-

Aldrich with 97% and 99% purity respectively. 

3.1.1 Synthesis of Triruthenium Clusters  

Briefly, the synthesis route for [Ru3O(CH3CO2)6Py2L] is illustrated in Figure 3-2. The 

ligand L is one of the following 4-aminopyridine, 4-mercaptoyridine or 4-(4-
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dodecyloxyphenylazo) pyridine (L=NH2Py, SHPy or AzoPy). The route requires i) the synthesis 

of ruthenium acetate and the replacement of all ligands by Py ii) after one Py ligand is changed 

by methanol according to the methods followed previously in our group [23,219], iii) finally the 

methanol ligand is changed by the ligand of interest  NH2Py, SHPy or AzoPy. The AzoPy ligand 

was synthesized previously in our group and the other ligands were obtained from commercial 

suppliers.  

FIGURE 3-2- SCHEME OF TRIRUTHENIUM CLUSTER SYNTHESIS STEPS 

 
i) synthesis of [Ru3O(CH3CO2)6Py3] and ii) [Ru3O(CH3CO2)6Py2CH3OH] iii) and for 
[Ru3O(CH3CO2)6Py2L]. 

SOURCE: Author. Marvin was used for drawing, Marvin version 21.8, ChemAxon 
(https://www.chemaxon.com). 

3.1.1.1 Synthesis of Ru3O(CH3CO2)6Py3    

Triruthenium acetate cluster [Ru3O(CH3CO2)6(CH3OH)3] was previously synthesized 

from reaction of RuCl3 (1.0170 g, 4.9031 mmol) with 54% excess sodium acetate (1.2500 g 
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15.237 mmol) dissolved in a round bottom flask using a mixture of 25 mL ethanol and 25 mL 

acetic acid and maintained with constant reflux for 4 hours and 30 minutes. The obtained 

mixture was filtered to remove excess reagents sedimented after left it resting overnight. The 

solvent of filtrate was removed using a rotary evaporator obtaining an oily liquid which was 

washed with methanol and again evaporated, the washing with methanol was done 4 times 

until a dry solid was obtained. Finally, solid was suspended in methanol, precipitated with the 

addition of acetone, filtered, washed with diethyl ether, and dried in desiccator containing 

. 0.9820 g of solid was obtained (1.2760 mmol, 77.5% yield).  

After, CH3OH ligand was substituted by Py from the reaction of the 

Ru3O(CH3CO2)6(CH3OH)3 (0.9820 g, 1.2760 mmol) and excess pyridine (4.0 mL, 49 mmol) 

dissolved in 19 mL of methanol (MeOH) in a round bottom flask and maintained under reflux 

for 20 minutes. Then 4 mL of hydrazine (N2H4) was slowly added while the mixture was stirred 

for 15 minutes and cooled in ice bath. After left at rest, an olive-green solid corresponding to 

[Ru3O(CH3CO2)6Py3] was recovered by filtration, washed with diethyl ether, water and 

methanol and dried in desiccator containing CaCl2. 0.6120 g of an olive-green color powder 

was obtained (0.6719 mmol, 56% yield). 

3.1.1.2 Synthesis of Ru3O(CH3CO2)6Py2CH3OH  

A solution of [Ru3O(CH3CO2)6Py3] (0.6120 g, 0.6719 mmol) in a mixture with 24 mL of 

benzene and 8 mL of methanol contained in a round-bottom flask was bubbled with carbon 

monoxide for 6 hours. It was generated after dripping sulfuric acid contained in a two-necked 

round-bottom flask containing formic acid with the aid of a burette as is shown in the Figure 

3-3. The CO generated replaced one pyridine ligand of the cluster, and the color of mixture 

was changing from olive-green to navy blue. The solvent in the mixture was removed by rotary 

evaporation until reach ¾ of initial volume and left at rest in the freezer by 2 hours. Then solid 

was recovered by filtration, washed with diethyl ether, and dried in desiccator with CaCl2, 

obtaining 0.2900 g (0.3373 mmol, 50% yield).  

The obtained solid was suspended in 19 mL of DCM and bubbled with Cl2(g), generated 

from the reaction between KMnO4 and HCl, to oxidize the triruthenium cluster allowing to 

replace the CO by solvent molecules which led the suspension to change from dark blue to 

green. The experimental set-up used for Cl2(g) bubbling was like the used for CO(g) bubbling. 

The suspension solvent was removed by rotary evaporation, then solid was resuspended in 

14 mL of MeOH and heated under reflux for 30 minutes. Finally, 0.2290 g of NH4PF6 (1.4052 

mmol) dissolved in 4 mL of CH3OH was added, the mixture was left at rest overnight in the 

freezer. 0.2965 g of [Ru3O(CH3CO2)6Py2CH3OH]+PF6
-
 (0.2939 mmol, 87% yield), which we 
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named MeOHRu, was recovered by filtration, washed with diethyl ether and dried in desiccator 

containing CaCl2. 

FIGURE 3-3- DIAGRAM OF THE BUBBLING PROCESS 

 
SOURCE: Author. 

3.1.1.3 Synthesis of [Ru3O(CH3CO2)6Py2NH2Py]+PF6
-  

[Ru3O(CH3CO2)6Py2NH2Py]+PF6
- (NH2Ru) was synthesized based on the synthesis 

procedure of similar compounds [23]. Briefly, MeOHRu (0.0662 g, 0.0656 mmol) and excess 

NH2Py ligand dissolved in 21 mL of 6:1 DCM:MeOH solvent. The obtained mixture was stirred 

during 30 hours at room temperature in the dark, then 0.0340 g of NH4PF6 (0.2086 mmol) was 

added and the mixture was stirred for further 18 hours. After, 20 mL of diethyl ether was added, 

and the mixture was left at rest in the freezer for 24 hours. The solvent of the mixture was 

partly removed using a rotary evaporator without heat, and finally 0.0580 g of NH2Ru (0.0542 

mmol, 78% yield) was recovered by filtration, washed with diethyl ether, and dried in desiccator 

containing CaCl2.  

3.1.1.4 Synthesis of [Ru3O(CH3CO2)6Py2AzoPy]+PF6
- 

[Ru3O(CH3CO2)6Py2AzoPy]+PF6
- was synthesized according to previous work [215]. 

Briefly, MeOHRu (0.0703 g, 0.0697 mmol) dissolved in 17 mL of DCM was mixed with ~3.8 

times excess ligand 4-(4-dodecyloxyphenylazo) pyridine (0.0922, 0.2509 mmol) dissolved in 

30 mL of DCM in a round bottom flask. The system was kept under reflux for 24 hours in the 

dark, after NH4PF6 (0.0338 g 0.2074 mmol) dissolved in 10 mL of ethanol was added and the 

mixture was maintained with constant reflux for further 1 hour. Then, the solvent of the mixture 

was removed by rotary evaporation. The solid product was purified by column 

chromatography, using α-cellulose column and a mixture of hexane with acetone (9:1 v/v) as 
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eluent. The eluent removes excess of ligand AzoPy and other impurities, so a descending 

yellow substance was observed. The remaining solid product was eluted with DCM and the 

solution was evaporated and the remaining solid was dried at desiccator with silica gel and 

CaCl2 obtaining 0.0734 g of product (0.0546 mmol, 81% yield). 

3.1.1.5 Synthesis of [Ru3O(CH3CO2)6Py2SHPy]+PF6
- 

[Ru3O(CH3CO2)6Py2SHPy]+PF6
- was synthesized according to the synthesis procedure 

of similar compounds [228]. MeOHRu (0.0787 g, 0.0780 mmol) dissolved in 5 mL of DCM was 

mixed with excess ligand SHPy (0.0870 g, 0.7827 mmol) dissolved in 10 mL of MeOH in a 

round bottom flask. The mixture was stirred and maintained in an ice bath for 48 hours. After 

that, the mixture was filtered through celite to remove ligand excess, then the filtered was 

evaporated in a rotary evaporator without applying heat and filtered again through celite. After, 

hexane was added to the mixture and left at rest 15 minutes, it was observed the formation of 

two phases a yellow phase at the upper part and a dark green phase at the bottom, the yellow 

part was poured in a beaker. The procedure was repeated two times more, then the green 

phase was left at rest overnight. 0.0600 g of solid was recovered by filtration, washed with 

hexane and dried in desiccator containing CaCl2.  

3.1.2 Synthesis of Graphene-Triruthenium Cluster Nanocomposite  

Graphene-triruthenium cluster hybrid material was synthesized in three steps. First, 

graphene oxide was covalently functionalized with NH2Py, after it was reduced and finally the 

triruthenium cluster was coordinated to functionalized reduced graphene oxide.  

Functionalization and reduction of graphene oxide was carried out by Grupo de Catálise e 

Cinética with a method similar to the described in [229–231]. Briefly, GO was obtained using 

a modified Hummers method [232]. Then, GO was functionalized using the couple agents EDC 

(2.85 g, 15 mmol) and NHS (1.7 g, 15 mmol) which were added to 50 mL of GO dispersion 

(0.05 mg mL-1) and stirred in an ice bath for 2 hours. After removing the ice bath, NH2Py (1.05 

mmol) was added and stirred for 24 hours, so a solid was recovered by filtration and washed 

with distilled water. Some of the remaining oxygen groups of functionalized GO were removed 

reducing with NaBH4 (480 mg) which was added to the solid dispersed in 25 mL of distilled 

water and stirred during 24 h at room temperature. The final solid was dried in an oven at 70° 

C and the sample was named rGO-NH. In this compound aminopyridine is bonded to graphene 

through amide bond between carboxyl groups in GO and amine group in NH2Py as is shown 

in Figure 5-1. 
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After, the hybrid material was synthesized mixing 5 mL of rGO-NH dispersion (1 mg 

mL-1) in distilled water and 5 mL of MeOHRu dispersion (4 mg mL-1, 0.020 mmol) in methanol. 

The obtained mixture was stirred for 48 h. at room temperature. Then solid was recovered by 

successive centrifugation steps at 4000 RPM, the liquid phase was replaced by 8 mL of 

methanol upon each centrifugation step. Finally, the solid phase (rGO-NHRu) was isolated and 

dried at desiccator. The precursor MeOHRu was used since methanol is a labile ligand which 

can be replaced as ligand by pyridine groups anchored to graphene sheets, resulting in the 

linking of ruthenium center to pyridinic nitrogen as is shown in Figure 3-4.  

FIGURE 3-4- SCHEME ILLUSTRATING THE HYBRID MATERIAL STRUCTURE AND SYNTHESIS 
ROUTE. 

 
SOURCE: Author. Avogadro2 was used for drawing, Avogadro2 in version 1.91, 

(https://www.openchemistry.org/projects/avogadro2/). [233] 

3.2 ELECTRODES AND SINGLE CELLS FABRICATION 

Thin film electrodes were fabricated using drop-casting, dip coating and Langmuir-

Blodgett technique with the materials synthesized. Drop-casting method was used to fabricate 

thin films of rGO-NHRu, rGO-NH and NH2Ru. Langmuir-Blodgett technique was used to 

fabricate thin films of amphiphilic triruthenium complex AzoRu which can self-assemble in the 

water-air interface. Langmuir-Blodgett technique also was used to fabricate graphene oxide 

films, since GO also has amphiphilic character. It is composed of a largely hydrophobic basal 

plane with hydrophilic edges. So, it could mimic molecular surfactants, in fact, stable thin films 

of GO at water-air interface and toluene-water interface have been fabricated. In this case, 

organic solvent non soluble in water helps to ‘‘pick up’’ GO from its aqueous dispersion.     
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3.2.1 Drop casted films 

A glassy carbon disc electrode with 0.3 cm of diameter (area 0.07 cm2) was cleaned 

rinsing it with abundant distilled water and drying with a fresh lab wipe. After the electrode was 

polished with carbon diamond suspension on a pad surface. Finally, the electrode was 

submerged on distilled water and gently shake to remove residual particles and dried at 70 °C 

for 15 minutes. After, rGO-NHRu, rGO-NH and NH2Ru were drop casted on the glassy carbon 

disc electrode. For that, active material was suspended in distilled water (1 mg mL-1) by 

ultrasonic bath for 25 min. Then, 5 μL of dispersion were deposited onto a glassy carbon disc 

previously cleaned and dried in an oven at 70 °C for 10 minutes, after 5 μL more were 

deposited and dried at 70 °C for 30 minutes.  

3.2.2 Langmuir Blodgett films 

The preparation of the LB films of GO was carried out based on the suggested in 

previous works [234,235], methanol was added to aqueous graphene oxide dispersion in order 

to obtain 1:4 H2O:methanol ratio reaching ~0.08 mg mL-1 GO dispersion. The films were 

prepared using a Nima Technology 311D trough system, 1.8 mL of GO dispersion was spread 

onto an ultrapure water subphase dropwise using a glass micro-syringe, so GO LB film was 

fabricated using Z-type deposition method, that used upward stroke at pressure of 10 or 20 

mN m-1 and a dipping speed of 5 mm min-1 for GO.  

Whereas 50 L of AzoRu (0.5 mg mL-1) in DCM was spread on water surface, so the 

triruthenium cluster LB films were fabricated using a Y-type deposition method that involved 

the monolayer transfer during each immersion and emersion of the substrate at pressure of 23 

mN m-1 and a dipping speed of 10 mm min-1. The deposition pressures were chosen 

considering the pressure-molecular area ( ) isotherms at 25 °C and the dipping speeds 

were chosen based on the conditions reported on other works. [219,236]  

The electrode containing the hybrid material was fabricated by the LB method to deposit 

the layers of graphene oxide and the dip-coating method to deposit the triruthenium cluster. 

As is shown in Figure 3-5 the film was grown in a layer-by-layer fashion, first one graphene 

oxide layer was deposited using the Langmuir-Blodgett technique and the film was dried at 65 

°C for 3 minutes, then one triruthenium cluster layer was deposited by dip coating method 

immerging the film in a MeOHRu dispersion in methanol for 5 minutes, after the film is dried at 

65°C for 2 minutes, washed with water and dried at 65 °C for 3 minutes. It is expected the 

triruthenium cluster coordinate with oxygen groups swapping the methanol ligand to obtain the 

hybrid LB film. The process is repeated to grow the film depositing the desired number of 

layers.  



62 
 

Finally, the films were reduced immerging it in an aqueous solution of ascorbic acid (2 

mg mL-1) at 90 °C during 75 minutes obtaining rGO and rGORu LB films. Ascorbic acid is a 

mild and environmental friendly reductant that could match hydrazine efficiency for graphene 

oxide reduction. [237,238] The materials were deposited on different substrates such as tin-

dopped indium oxide (ITO), quartz, gold or silicon to conduct different characterizations of the 

films. The substrates were previously cleaned with alternated washings of DCM and 

isopropanol, and finally treated with isopropanol to create hydrophilic sites at the surface.        

FIGURE 3-5- SCHEME ILLUSTRATING THE FABRICATION OF THIN FILM ELECTRODES BASED 
ON GRAPHENE AND TRIRUTHENIUM CLUSTER. 

  
SOURCE: Author. 

3.2.3 Single cell fabrication 

The asymmetric flexible all-solid-state supercapacitors were assembled in a sandwich-

type style. ITO coated Polyethylene terephthalate (PET) film was used as substrate for the 

fabrication of LB films of rGO and rGORu with 12 ML and AzoRu with 18 ML. The approximated 

dimension of the region with deposited material was 0.8 0.8 cm. The number of layers were 

chosen so the charge stored in each electrode were similar, as recommended for the 

construction of supercapacitors ( ). [70,239,240] According to previous results that is 

expected that the stored charge ranges between 0.32 and 0.38 mC cm-2. “acid boric 

crosslinked” PVA-KCl gel (B-PVA-KCl) was used as electrolyte, the as prepared B-PVA-KCl 

film was placed between the electrodes and wetted with a water drop, after verifying that the 

film was completely wetted and retained its mechanical integrity the two electrodes were 

sandwiched together face to face with care to avoid direct electrical contact between electrodes 

as illustrated in the scheme of Figure 3-6d. The assembly was wrapped with parafilm and held 

together with a paper clip during the experiments. Some photos of the single cell device are 

shown in Figure 3-6e and f. 

B-PVA-KCl electrolytes were prepared according to procedures found on literature. 

[241–243] 0.5 g of PVA was dispersed on 10 mL of distilled water and the mixture was stirred 

for 20 minutes and kept at 60° C. 0.12 g of KCl and 0.03 g of H3BO3 were dissolved in 1.5 mL 
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and added dropwise on the PVA dispersion and stirred for further 15 minutes at 60°C. Heater 

was turned off and the stirring was maintained for 10 minutes. Care should be taken with the 

stirring and solvent evaporation to avoid bubble formation during gelification. The gel obtained 

was used to fabricate films with blade casting technique. A drop of B-PVA-KCl was poured on 

a cleaned glass surface with adhesive tape as guides, with a blade the drop was spread on 

the surface delimited with the adhesive tape as shown in Figure 3-6a. The gel was dried 

overnight at room temperature obtaining a thin flexible electrolyte easy to hand as shown in 

Figure 3-6b and c. A piece of B-PVA-KCl film with the required dimensions (it was a little bigger 

than electrode dimensions) were cut just before of device assembly and wetted to restore their 

binder and conductive properties. Care may be taken with the handling and wetting of the film, 

since film tends to roll up on itself and too much water can damage the film.   

FIGURE 3-6- PHOTOGRAPHIES OF ELECTROLYTE AND SUPERCAPACITOR DEVICES.  

 
Photographs of a) fresh B-PVA-KCl electrolyte film b) and c) dry and bended B-PVA-KCl electrolyte 
film. d) scheme of the single device showing electrical contacts. Photographs of e) single cell device 
and f) the same device bended.    

SOURCE: Author. 

3.3 MATERIALS AND ELECTRODES CHARACTERIZATION 

3.3.1 Structural characterization 

Elemental analysis of triruthenium clusters was performed in a 2400 CHN Series II 

Elemental Analyzer from Perkin-Elmer-USA at the analytical center of the Institute of 

Chemistry at Universidade de Sao Paulo. Mass spectra of triruthenium cluster were recorded 

using a Thermo Scientific LTQ XL linear ion trap mass spectrometer using electro spray 

ionization (ESI-MS). Hydrogen-1 nuclear magnetic resonance spectroscopy (1H-NMR) of 

triruthenium cluster was performed using a Bruker DPX 200 MHz (4.7 tesla) spectrometer and 
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deuterated chloroform or methanol with tetramethylsilane as solvents. Fourier-transform 

infrared spectroscopy (FTIR) of ruthenium complexes, graphene and hybrid materials were 

acquired in the range from 4000 to 400 cm-1 with 4 cm-1 of resolution using the FTIR Bruker 

Vertex 70 spectrophotometer and the materials prepared as powders dispersed in KBr pellets. 

The spectra of LB films were acquired from 4000 to 600 cm-1 with 8 cm-1 of resolution using 

the same spectrophotometer and the Bruker A518 accessory for grazing incidence at 80° and 

a polarization accessory. Ultraviolet-visible spectra of ruthenium complexes dispersed in DCM, 

graphene and hybrid materials dispersed in water and LB films on quartz were obtained from 

190 to 1100 nm using the UV-vis HP Agilent 8453 spectrophotometer and a quartz cuvette 

with 1 cm of pathlength. The values of extinction coefficient (ε) of ruthenium complexes were 

calculated using the Beer-Lambert law, five spectra acquired consecutively with different 

concentrations and ε was obtained as the slope of absorbance vs. concentration curve.   

Raman spectra of drop-casted thin films, and AzoRu LB film were obtained in a Witec 

alpha300 R confocal Raman imaging system using a 633 nm excitation laser, the laser beam 

was focused on the sample using objective magnification 100× in three different points. The 

morphology and distribution of Ru in the drop casted electrode with graphene and the hybrid 

material was studied with SEM and EDS, which were performed in a TESCAN VEGA 3 SEM 

system. It was used 12 kV voltage to obtain the SEM images, and 30 kV voltage and an Oxford 

accessory to obtain EDS spectra. The samples were prepared by drop casting on Cu adhesive 

tape (same as described in section 3.2). Raman and SEM techniques were carried out at CME 

– Centro de Microscopia Eletrônica at UFPR. X-ray diffraction (XRD) measurements of thin 

films were recorded at x-ray diffraction laboratory of chemistry department-UFPR on a 

Shimadzu XRD-6000 diffractometer using Cu-K  radiation (1.5418 ), in glancing angle mode 

at 40 kV and 30 mA with a step of 0.02° and scanning during 5 s per point on aluminum 

substrate. 

X-ray photoelectron spectroscopy (XPS) measurements of functionalized graphene 

and hybrid material powder samples were performed at physics department of Universidade 

do Estado de Santa Catarina on a K-Alpha ThermoScientific system using Al Kα radiation and 

an X-ray spot of 300 μm. Measurements in three different points were performed in each 

sample to check uniformity, and a flood gun was used to avoid charging of the sample. Survey 

spectra were obtained in the range 0.0−1350.00 eV with an energy step size of 1.00 eV and a 

pass energy of 200.00 eV, and high-resolution spectra of the N 1s (392.00−410.00 eV) region 

were acquired with an energy step of 0.10 eV and a pass energy of 50.00 eV. All spectra were 

charge-corrected to the C 1s main peak at 284.8 eV. The N1s peaks were fitted with Gaussian 

functions and a least square algorithm, and the fittings were acceptable, as indicated by the 

determination coefficients of 0.984 and 0.970 for rGO-NHRu and rGO-NH respectively.   
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3.3.2 Electrochemical characterization 

Cyclic voltammetry (CV) was performed for solution of triruthenium clusters dissolved 

in acetonitrile with concentration 0.001 mol L-1 and tetrabutylammonium perchlorate 0.100 mol 

L-1. It was used a platinum disc with 3 mm diameter as working electrode, a platinum wire as 

counter-electrode and Ag/Ag+ reference electrode prepared with an Ag wire and AgNO3 0.01 

mol L-1 in acetonitrile. The acetonitrile used in these experiments was treated with calcium 

hydride and distilled in presence of calcium hydride just before use. The potential values were 

converted to SHE based on “internal reference redox system” which is assumed to be 

independent of the solvent as is explained in [244]. Additional measurements were performed 

in narrower regions to explore the different redox peaks.  

Electrochemical impedance spectroscopy (EIS), CV and charge discharge (CD) 

measurements of the fabricated electrodes were carried out using a potenciostat/Galvanostat 

Ivium Compactstat and a three-electrode cell. It was used a platinum wire as counter-electrode, 

Ag/AgCl electrode prepared with Ag wire and NaCl 3 mol L-1 in water as reference electrode 

and the thin films electrodes as working electrodes. An aqueous solution of KCl 0.5 mol L-1 was 

used as supporting electrolyte. All samples were cycled for at least 20 CV cycles to check 

stability prior to performance test, and the test was replicated in new electrodes. 3 CV and CD 

cycles were performed at different scan rates ( ) or charging/discharging currents respectively, 

the scan rates and charge/discharge currents were chosen in order to test discharge times 

from 1-5 s to 90-120 s. EIS was carried out at frequency range from 10-2 to 105 Hz at chosen 

fixed potential and potential amplitude of 0.01 V.  

3.4 ESTIMATION OF ENERGY STORAGE PROPERTIES 

3.4.1 Cyclic Voltammetry 

It provides information about: 

Voltage window, Electrolyte degradation or electrode oxidation usually restricts the 

voltage window. CV allows to measure the voltage window by testing different voltage limits 

and observing that is obtained a signal without including any undesired irreversible 

reactions.[245]   

Capacity, the dominating process in the electrode (or device) determine the shape of 

the voltammogram obtained, a typical squared voltammogram is usually obtained for 

capacitive electrodes, whereas peaks and increasing currents is obtained for electrodes with 

redox processes. Some materials with charge transfer processes present a roughly squared 

voltammogram, these materials are pseudocapacitive. [245] The specific charge stored  is 

calculated from cyclic voltammetry integrating the area below the curve: 
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          3.1 

With  the electrode mass or area, since it is recommended to present the values 

obtained as specific quantities.  is obtained in coulombs by mass or area unit, the quantity 

can be expressed in mAh dividing by 3.6 (1mAh = 3.6 C). Additionally, a common procedure 

is to suppose that the charge stored during anodic and cathodic sweep is similar, so calculate 

the area enclosed by the cyclic voltammogram and divide the obtained value by two. The 

specific capacitance   can be calculated for capacitive materials as: 

           3.2 

Kinetics, when redox peaks are present, it can be analyzed parameters as the 

difference between cathodic ( ) and anodic ( ) redox peak potentials , ratio between 

current peaks and current peaks dependence on . The last parameter allows to determine if 

the reversible redox process is diffusion controlled, verifying the  dependence on . For 

hybrid energy storage materials, it is useful to analyze the  dependence on  assuming a 

power-law relationship. . The  value is calculated as the slope from a linear fit of  

vs.  data.  is calculated as the sum of the anodic and cathodic current peaks or at 

specified potential. Electrode is dominated by capacitive/surface processes when  is close to 

1, and by diffusion processes when  is close to 0.5. [55,97] 
Trassati et al. [94] proposed to analyze the pseudocapacitive energy storage process 

by dividing the charge storage capacity in two contributions, one associated to the more 

accessible sites ( ) and other to the less accessible sites ( ) which depends on diffusion and 

is proportional to .  

          3.3 

Diffusion controlled current contributing to  is  so:    

       3.4 

Consequently, 

          3.5 

A plot of   vs.  allows us to estimate the  as the intercept of the fitting to the 

linear plot of   vs.  data. Note that  is the value of  when , that is, when 

. Care must be taken since not ever  vs  provides a linear plot for all values of 

 as pointed out by Shao et al. [246] In this case, it should be considered the linear region 

that includes the high scan rates of interest.  increases with  decreasing, at the limit when 

, all the possible charge is stored ( ). So, extrapolating to   an appropriate function 
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of  on ,  can be estimated. From the last equation is expected that , so it is 

proposed:  

         3.6 

 corresponds to the intercept calculated from the linear fit of   Vs.  data. Note 
that . Finally, it is possible to calculate  subtracting  to .         

           3.7  

A related analysis [14,95,96] proposed to divide the total current obtained at determined 

potential value in two contributions: 

          3.8 
        

According to this model a plot of  vs.  should be linear and provides 

estimations of  and . These values calculated in all the potential range allowed us to 

quantify the total contribution of diffusion limited and capacitive processes, the  contribution 

to the total current can be defined as: 

)        3.9 

3.4.2 Charge-discharge measurements 

It provides information about: 

Capacity, the shape of charge discharge curves indicates the dominating process in 

the electrode. A linear shape is characteristic of capacitive processes whereas curved features 

is characteristic of faradaic processes. Electrodes with redox processes exhibit a potential  

almost constant during charging/discharging when redox process occurs, then it changes 

abruptly when electrode is charged/ discharged. [245] Specific charge stored in an electrode 

with mass/area m can be calculated from discharge part of CD curve as: 

           3.10 

The specific charge stored is expressed in  units dividing  by 3.6 . 

The specific capacitance   of materials with linear discharge curve, can be calculate as: 

            3.11 

Cyclability, Cycles of charge discharge are repeated several times (usually 4000 cycles 

or more) using a determined charge/discharge current, the capacity variation with each cycle 

is monitored.     
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3.4.3 Electrochemical Impedance Spectroscopy (EIS) 

EIS is a powerful analytical technique which allows covering a large timescale (various 

frequency regimes). Electrochemical processes have different characteristic time constant, so 

the electrochemical response in determined frequencies regimes is dominated by some 

processes according to their characteristic time constant. Therefore, the contribution of 

different processes could be inferred with EIS.  Moreover, it is performed on systems at 

stationary state using small sinusoidal perturbations, that is, a signal with a bias 

potential/current and small amplitude is applied at several frequencies after to stabilize the 

system. So, a usual electrical analysis can be performed and presented as indicated below. 

Nyquist and Bode plots, The results are commonly presented with Nyquist and Bode 

plots. The Nyquist plot presents the imaginary impedance ( ) vs. the real impedance ( ), 

whereas the Bode plot presents the impedance modulus vs. frequency and phase vs. 

frequency. The plots help in the qualitative discussion regarding the frequency response of the 

system since they allow to identify processes with different time scale dominating the cell 

response and the characteristic time constants for the transitions between the processes.    

 Equivalent Circuit, the results can be analyzed using an analogous electrical circuit 

behaving like the studied electrochemical cell to understand processes occurring at the 

system. The experimental data are fitted to the circuit model, so one could get reasonably good 

fittings with many equivalent circuits. For that reason, this modeling tool should be used with 

care to maintain a reasonable relationship between equivalent circuit and the electrochemistry 

of the system. One should use appropriate equivalent circuit models for extracting associated 

resistive, charge transfer, diffusive, and capacitive parameters for a given electrochemical cell. 

In this work EIS results were fitted to a simple equivalent circuit model consisting in a Randles 

circuit in series with a constant phase element, and the EIS Spectrum Analyser software was 

used to find the better parameter values.[247] 

Complex capacitance, another way to analyze impedance data is to calculate the 

complex capacitance . It was calculated assuming that the impedance measured in the 

system is completely attributed to an unique capacitive element so  can be expressed in 

terms of the impedance  as in equation 3.12  [248,249]: 

        3.12 

So  is expressed as in equation 3.13 

      3.13 

  and  are the real and imaginary part of the capacitance from equation 3.13 

we can define those terms as follows: 
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          3.14 
       

          3.15 

  at low frequencies gives the capacitance value of the whole system which should 

be comparable with the obtained with galvanostatic measurements. Whereas  could be 

related with energy dissipation [248,249], also, the maxima in the  plot points out the 

critical frequencies at which the impedance associated to capacitive and resistive processes 

are comparable. So, this characteristic frequency indicates the system transition from a 

behavior mostly resistive at high frequencies to one mostly capacitive at low frequencies 

because of the reaching of the electrolyte full access in the electrode. Also, it is the frequency 

of the median charge storage and can be defined as a merit factor, as higher the frequency, 

more suitable the electrode is for high-power applications.   

3.5 SOFTWARE 

Density functional theory (DFT) calculations were performed with Orca version 4 [250] 

using the Ahlrichs split valence basis set (def2-SVP) [251] and the triple zeta valence basis 

set (def2-TZVP) for ruthenium atom [251]. The spin-unrestricted wave function for the open-

shell structures, effective core potentials for Ru atoms[252], the RI-J approximation for 

Coulomb integrals [253] and COSX approximation for the Hartree-Fock exchange integration 

step, and Grimme’s DFT-D3 dispersion correction [254] was used. The BP86 functional was 

used for a first geometry optimization and so the PBE0 [255] hybrid functional was used to 

further geometry optimization step, frequency calculations, single-point energy calculation and 

simplified time-dependent DFT (sTD-DFT).  Additionally, a larger integration grid was used for 

single-point energy calculation and sTD-DFT for higher accuracy in derived properties. The 

orca_asa program [256] was used for the quantum-assisted simulation of resonance Raman 

intensities, which proceeds via normal mode vibration scan and use the independent mode, 

displaced harmonic oscillator model for the prediction of resonance Raman intensities.  

Besides, the set of equations that constitutes the model for electrochemical behavior 

simulation and some further analysis of datasets requiring data fitting was performed with 

MATLAB, the codes are made available as appendix.  Whereas graphics and further data 

analysis of experimental data were prepared with Origin 8 software. Graphics with 2D 

representations of molecules were prepared using marvinsketch, whereas the 3D 

representations of molecules were prepared using visual molecular dynamics or Avogadro and 

Inkscape. 
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4 TRIRUTHENIUM CLUSTERS PROPERTIES 

Triruthenium actetate clusters, Ru3O(CH3CO2)6Py2AzoPy, Ru3O(CH3CO2)6Py2NH2Py 

and Ru3O(CH3CO2)6Py2SHPy were synthesized. The reacting mixture change its color respect 

to precursors, and it was separated to isolate the compound of interest. As it is shown in next 

sections, the structural characterization indicates its formation.  

4.1 STRUCTURE AND CHEMISTRY OF TRIRUTHENIUM CLUSTERS  

AzoRu was successfully synthesized as suggested by the structural characterization. 

The mass spectra of AzoRu obtained with the electrospray ionization in positive mode revealed 

a positive ion with m/z = 1199.60 which is the mass expected for [Ru3O(CH3CO2)6Py2AzoPy]+ 

(see Figure A-1 in Appendix A), also were observed low intensity peaks at  m/z = 1120.71 and 

m/z = 832.60 which were attributed to the cluster without a pyridine ligand 

([Ru3O(CH3CO2)6PyAzoPy]+)  and AzoPy dissociated ([Ru3O(CH3CO2)6Py2]+ respectively. 

Also, a composition of 41.12%C, 4.27%H and 5.41%N was found with the elemental analysis 

which are close enough to the theoretical composition as indicated by the relative errors below 

6.56%.  

The NH2Ru ESI-MS in the positive mode revealed a cation with m/z = 926.53 which 

is the mass expected for [Ru3O(CH3CO2)6Py2NH2Py]+ (see Figure A-2 in Appendix C). This 

cation can be broken into a cation with m/z = 846.56 attributed to the triruthenium cluster with 

a Py dissociated (Figure A-3). This molecule can be subsequently broken mainly into a cation 

with m/z = 767.58 attributed to the dissociation of the other Py ligand, and cations with m/z = 

531.78 and 437.81 (Figure A-3)  attributed to the loss of 4 acetate ligands in addition to the Py 

ligand and the further loss of NH2Py ligand respectively. A composition of 29.71%C, 3.02%H 

and 5.56%N was found with the elemental analysis which are close enough to the theoretical 

composition as indicated by the relative errors below 6.36% suggesting the successful 

synthesis of the desired compound. 

The 1H-NMR of AzoRu in deuterated chloroform (CDCl3) (Figure A-5) exhibited a wide 

peak from 1.231 to 1.454 parts per million (ppm) attributed to the hydrogens in CH2 part of 

dodecyl chain of AzoPy which should have similar chemical environment. Furthermore, 

considerably large peaks were observed at 4.873 and 4.989 ppm attributed to hydrogens of 

the acetates indicating two different chemical environments for the acetates, one between 

AzoPy and Py ligands and other between two Py groups. Also, it was noted that the chemical 

shift of hydrogens in pyridine groups were significantly lower than in free pyridine molecules, 

particularly those closer to Ru3O core (shift from 8.78 to 0.72 ppm for AzoPy ligand and from 

8.54 to -0.124 ppm for Py). It indicates that the chemical environment is more shielded for the 
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ligands in the complex. Interestingly, this shift to lower ppm is observed for paramagnetic 

complexes with charge +1, which is consistent with magnetic interactions between the acetate 

and the unpaired spin density localized within the Ru3O core. [23] 

Similarly, the 1H-NMR of NH2Ru in CDCl3 solvent with 18 μL of deuterated dimethyl 

sulfoxide (CD3)2SO (Figure A-6) exhibited considerably large peaks at 4.333 and 4.129 ppm 

attributed to hydrogens of methyl group in acetates which have two different chemical 

environments. Also, the chemical shift of hydrogens in pyridinic groups of the complex were 

lower than in the free ligands, particularly those closer to Ru3O core (shift from 7.987 to 0.934 

ppm for NH2Py ligand and from 8.54 to -0.178 ppm for Py), due to the interaction of the ligands 

with the unpaired electron within the Ru3O core. Summarizing, the results suggest that AzoRu 

and NH2Ru were formed as indicated by the two peaks for acetate (characteristic of 

asymmetric clusters), and the shifting of the ligand peaks to lower ppm respect to free ligands. 

The SHRu ESI-MS in positive mode revealed several peaks (Figure A-4), the most 

intense corresponds to a positive ion with m/z = 941.50, which is the mass expected for 

[Ru3O(CH3CO2)6Py2SHPy]+ with SHPy ligand deprotonated. Also, a less intense peak is 

observed at 974.40 which was attributed to the same cation associated to a methanol molecule 

respectively. Other intense peaks are observed at 832.59 and 753.62, the former was 

attributed to the cation with the SHPy ligand dissociated and the last may results from the 

further dissociation of Py ligand. Both peaks are close to peaks with lower intensity at 862.53 

and 785.50 respectively which may result from the mentioned fragments but associated to a 

methanol molecule. The peaks at 1051.39 and 1081.34 were attributed to the triruthenium 

cluster with 4-4’-Dipyridyl disulfide (DPyDS) instead of SHPy and the same compound but 

associated to a methanol molecule respectively.  

The 1H-NMR of Ru3O(CH3CO2)6Py2SHPy in methanol CD3OD solvent is depicted in 

Figure A-7. It was observed three large peaks at 0, 3.304 and 4.915 ppm corresponding to the 

reference compound TMS, CD3OD and water respectively. Also, the considerably large peaks 

at 4.443 and 4.601 pp, were attributed to hydrogens of methyl group in acetate, the two peaks 

indicate two different chemical environments for acetate groups, one between SHPy and Py 

ligands and the other between two Py groups as it is pointed out in the structure embedded. 

The other peaks were assigned considering the spectra of SHPy and Py ligand. In general, the 

peaks in cluster spectrum are shifted to lower values with respect to free ligands spectra, 

indicating that these hydrogens have higher electronic shielding in the clusters. The peaks in 

SHPy shifts from 7.65 and 7.45 to 7.58 and 7.16 ppm respectively. Also, it is noted that the 

shifting of peak attributed to free ligands is larger for hydrogen closer to Ru center, indicating 

that the chemical environment change is more significant close to Ru center. For example, the 

hydrogens closer to Ru in Py suffer a high shifting from 8.54 to 0.22 ppm.  
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Also, it was observed peaks located from 8.25 to 8.42 ppm, similar peaks were found 

at 8.54 ppm in the 1H-NMR spectrum of SHPy with a lower intensity than the peaks attributed 

to SHPy. They were attributed to the presence of DPyDS since it is reported a peak in 8.55 

and 7.25 ppm for DPyDS in CDCl3.[257] The presence of this compound sounds reasonable 

since it can be formed through interaction between sulfurs in thiol group to form disulfide. So, 

the peaks were attributed to DPyDS coordinated to Ru cluster. The other peak of DPyDS 

probably was overlapped with peak of SHPy at 7.17 ppm.  

The FTIR spectra of triruthenium clusters are shown in Figure 4-1, MeOHRu (a), 

AzoRu (b), NH2Ru (c), and SHRu (d). Bands common to all complexes are indicated with black 

labels and the characteristic bands of each complex are indicated with colored labels. Bands 

were assigned according to literature[258] and DFT calculations, the detailed assignation can 

be seen in the Appendix A. The band at 846 and 562 cm-1 observed in the spectra of cationic 

compounds were attributed to PF6
- counterion. The characteristic large band at ~1425 cm-1 

present in all spectra was attributed to CH3, C-C in acetate groups, and CH accompanied 

by collective ring vibrations in Py ligands. According to DFT calculations, CH3 is located at 

~1400 cm-1, C-C in acetate groups at ~1425 cm-1 and ring stretching in Py ligand is located 

between 1450 and 1470 cm-1. Furthermore, the ring stretching in pyridyl and phenyl groups of 

AzoPy are located between 1443 and 1490 cm-1, these vibrations have a relatively high 

contribution respect to the other vibrations in the same region, which could explain the band 

shifting to 1429 cm-1 and the wider band in AzoRu spectra (Figure 4-1b) respect to the other 

complexes. 

FIGURE 4-1 - IR SPECTRA OF SYNTHESIZED TRIRUTHENIUM CLUSTERS  

 
a) precursor of [Ru3O(CH3CO2)6Py2MeOH]PF6 (purple), b) [Ru3O(CH3CO2)6Py2AzoPy]PF6 (green), c) 
[Ru3O(CH3CO2)6Py2NH2Py]PF6 (blue) and d) [Ru3O(CH3CO2)6Py2SHPy]PF6 (red). Spectra of samples 
prepared as KBr pellets were recorded in transmittance mode.  

SOURCE: Author. 
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The band around to 1600 cm-1 observed in all the complexes corresponds to 

symmetric ring stretching in pyridinic ligands, this band is slightly modified in the other 

complexes due to other close vibrations in the NH2Py, AzoPy or SHPy ligands. Some other 

vibrations in pyridinic ligands also contribute to other bands observed in the spectra, for 

example the pyridine ring stretching contributes to the band at 1547 cm-1 which also have 

contributions of C-O in carboxylate. The -CH vibration mode of pyridines contributes to the 

band at 683 cm-1 which is mainly attributed to Ru-O in the Ru3O core, CH in pyridinic ligands 

contributes to the band at 1219 cm-1 as well as the band located between 1022 and 1070 cm-

1 which also have contributions of the ring breathing vibration mode of pyridinic ligands. 

Besides, the AzoRu spectrum (Figure 4-1b) exhibited two peaks in 2939 and 2865 

cm-1 which are attributed to C-H in methyl and methylene groups of the long chain of AzoPy 

ligand. Whereas peaks in 1261 and 1157 cm-1 are attributed to C-O-C in phenyl-ether group, 

CH in Py and CH2 vibrations. The NH2Ru spectrum (Figure 4-1c) showed two peaks in 3498 

and 3393 cm-1 which were attributed to N-H and a peak in 1636 cm-1 corresponding to NH2 

bending in NH2Py. Besides, the peak in 1215 cm-1 has contributions of CH in NH2Py in 

addition to the CH in Py. The SHRu spectrum (Figure 4-1d) exhibited peaks at 1597, 1570 

and 1102 cm-1 attributed to ring deformation in SHPy and DPyDS, and C-S in SHPy 

respectively.  

4.2 ELECTRONIC PROPERTIES OF RUTHENIUM CLUSTERS  

Spectroscopy in the UV and visible region of the different complexes solution in DCM 

was performed. The spectra showed composite absorption bands, which must be originated 

from a series of closely spaced molecular electronic transitions. All the spectra, depicted in 

Figure 4-2, showed a wide band extended between 800 and 550 nm, which is a characteristic 

band of triruthenium clusters with charge +1. [23] This band was ascribed to several intra-

cluster transitions (IC) in the Ru3O core, the maximum extinction coefficient value was 

observed at  685 nm for MeOHRu, 688 nm for NH2Ru, and 695 nm for AzoRu and 

SHRu as is indicated with the corresponding labels in the Figure 4-2. The little differences in 

 confirms that the influence of the ligands in this band is small since those electronic 

transition involves mainly d-orbitals in triruthenium clusters. The spectra also exhibited a band 

in the high energy region with maximum in 239 nm for MeOHRu, 243 nm for NH2Ru, 247 nm 

for AzoRu and 248 nm for SHRu, this band was attributed to intraligand (IL) electronic 

transitions involving pyridine groups of ligands, including  transition. 

MeOHRu and NH2Ru spectra (Figure 4-2a and c) lack of evident band in the region 

from 500 to 300 nm, but the absorption increased in this region and showed some shoulders 

attributed to the sum up of several closely spaced electronic transitions involving metal ligand 
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charge transfer (MLCT). In contrast, AzoRu (Figure 4-2b) exhibited a large band with  at 

381 nm, similar to the obtained in previous work for the same compound [215,219]. As it was 

proposed in that work, the band in 381 nm is associated with intra-ligand transitions (IL) and 

MLCT. DFT calculations revealed that from 489 to 390 nm the excited states are composed 

for electronic transitions involving MLCT from Ru3O core to Py ligand. Also, the transition with 

the largest oscillator strength is located at 359 nm and arises from IL transition from phenylazo 

group to  orbitals in the ligand. Additionally, we found that from 330 to 310 nm the excited 

states involved the IL transition from phenyl group to  orbitals and MLCT from Ru3O core to 

Py ligands. SHRu (Figure 4-2d) also exhibited a band with a defined maximum at 326 nm, this 

band is ascribed to IL and MLCT transitions. MLCT probably occurs around 400 nm, as was 

suggested in previous work[23], and the IL transition in SHPy probably occurs close to 326 

nm, since the UV-vis of SHPy exhibit a band with  at 338 nm.  

FIGURE 4-2 – UV-VIS SPECTRA OF TRIRUTHENIUM CLUSTERS DISPERSED IN 
DICHLOROMETHANE 

 
a) [Ru3O(CH3CO2)6Py2MeOH]PF6 (purple), b) [Ru3O(CH3CO2)6Py2AzoPy]PF6 (green), c) 
[Ru3O(CH3CO2)6Py2NH2Py]PF6 (blue) and d) [Ru3O(CH3CO2)6Py2SHPy]PF6 (red). 

SOURCE: Author. 

4.3 ELECTROCHEMICAL PROPERTIES OF RUTHENIUM CLUSTERS  

Electrochemical behavior of triruthenium clusters was characterized through cyclic 

voltammetry of the compounds in acetonitrile solution. The results of second scan between -

1.34 and 1.76 V with scan rate ( ) of 100 mV s-1 are shown in Figure 4-3. MeOHRu, AzoRu, 

NH2Ru and SHRu exhibited three or two redox peaks (labeled as I, II and III) separated 
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approximately by 1V, some of them exhibited a distorted redox peak at low potential values. 

MeOHRu (a) have three peaks with half-wave potential ( ) of 1.290 (I), 0.260 (II), and -0.990 

V (III), which were attributed to redox pair MeOHRu+/2+, MeOHRu0/+ and MeOHRu1-/0 

respectively.  was calculated as the average of anodic and cathodic potential peak (

). The difference between oxidation and reduction potential peak ( ) was on 

average 0.080 V for the process I and II and 0.085 V for the process III. The  of process III 

could be affected by the parasitic reduction current observed at low potentials. Also, the 

variation of oxidation and reduction peak current (  and ) with the  was analyzed. The  

vs.  data was fitted to a power model ( ), the results (Table 4-1) revealed that the value 

of  of all peaks were close to 0.5 as is expected for reversible and quasi-reversible redox 

processes of electroactive species in solution, which should be only limited by 

diffusion.[14,96,97]    

FIGURE 4-3 – CYCLIC VOLTAMMOGRAM OF TRIRUTHENIUM CLUSTERS IN ACETONITRILE  

 
Voltammograms at 100 mV s-1 of a) [Ru3O(CH3CO2)6Py2MeOH]PF6 (purple), b) [Ru3O(CH3CO2)6Py2 
AzoPy]PF6 (green), c) [Ru3O(CH3CO2)6Py2NH2Py]PF6 (blue) and d) [Ru3O(CH3CO2)6Py2SHPy]PF6 
(red) dispersed in acetonitrile (0.001mol L.1) with tetrabutylammonium perchlorate (0.100 mol L-1) as 
supporting electrolyte.     

SOURCE: Author. 

AzoRu voltammogram (Figure 4-3b) have three redox peaks with  at 1.230 (I), 

0.210 (II), and -0.785 V (III), which were attributed respectively to redox pair AzoRu+/2+, 

AzoRu0/+ and AzoRu1-/0.  was 0.085 V (I), 0.070 V (II) and 0.100 V (III), the higher  of 

process III can be related with other redox process observed at lower potentials. The process 
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is probably related with a reaction in the ligand AzoPy which present a redox process with 

 -1.0 V, also we can observe separately a reversible peak at  = -1.27 V when the 

potential window was accordingly reduced. Also, the  values obtained from  vs.  data fitting 

were close to 0.5 for all the peaks (Table 4-1). Besides, NH2Ru voltammogram (Figure 4-3c) 

have three redox peaks with  = 1.165 (I), 0.125 (II), -1.160 V (III) the oxidation and reduction 

peaks were similar. The processes were attributed to NH2Ru+/2+, NH2Ru0/+ and NH2Ru1-/0.  

was on average 0.090 V (I and II) and 0.100 V (III). Also, the  value obtained from  vs.  

data fitting were close to 0.5 for all the peaks.  

TABLE 4-1 B-VALUES FROM CURRENT PEAK VARIATION WITH SCAN RATE FOR THE 
TRIRUTHENIUM CLUSTERS. 

Complex Process I Process II Process III 
NH2Ru 0.55 0.6 0.50 
AzoRu 0.56 0.53 0.47 
SHRu 0.58 0.74 --- 

MeOHRu 0.60 0.59 0.57 
SOURCE: Author 

Finally, SHRu voltammogram (Figure 4-3d) showed two well defined redox peak with 

 at 1.240 (I) and 0.220 V (II). The processes I and II could be attributed to SHRu+/2+ and 

SHRu0/+,  is on average 0.070 V and the oxidation peak showed a shoulder which was not 

observed when the potential window was reduced to study each peak separately. So, it could 

be related with processes occurring at lower potentials. The results of SHRu were not 

discussed deeply since the structural characterization suggested presence the undesired 

species in the sample, so the synthesis with other conditions is recommended. Summarizing, 

the described results suggest that all the complexes exhibited electrochemically reversible 

redox processes. Since the  ranges from 0.07 and 0.10 V independent of the scan rate 

from 15 to 400 mV s-1. Additionally, the  variation is roughly proportional to  as is expected 

for electrochemical reversible processes of electroactive species in solution.  

Besides, the  of the redox processes changed significantly with the exchange of 

axial ligands in the triruthenium cluster compounds, as was previously pointed out by other 

authors, evidencing an important influence of the ligands in the stability of the different redox 

states of the complexes. As can be seen in Table 4-2 the  of Process III had the higher 

variation, and AzoRu exhibited the highest  (-0.785 V) of all the compounds studied, 

demonstrating that the reduction of the neutral complex is the most favorable. AzoRu1- is more 

stable than the other  compounds, which could be explained by the higher -back-bonding 

effect of AzoPy, because it has higher  acceptor character than the other ligands studied and 

it can be reduced at relative low potentials (  -1.0 V). [215] Whereas NH2Ru presented 

the lowest , revealing that NH2Ru1- is less stable character than the other  compounds. 
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As general trend, NH2Ru exhibited the lowest  potentials as compared to the other 

triruthenium clusters as listed in Table 4-2.  

TABLE 4-2 HALF-WAVE POTENTIAL OF TRIRUTHENIUM CLUSTERS. 
Complex Process I (V) Process II (V) Process III (V) 
NH2Ru 1.165  0.125 -1.230 
Py3Rua 1.220 0.190 -1.080 
AzoRu 1.230 0.210 -0.785 
SHRu 1.235 0.220 --- 

MeOHRu 1.290 0.260 -0.990 
a Ru3O(CH3CO2)6Py3 

SOURCE: Author 
DFT calculations of the electronic structure of triruthenium clusters revealed that the 

lowest unoccupied molecular orbital (LUMO) of AzoRu was located in AzoPy ligand as it is 

shown in Figure 4-4. Confirming that it offers accessible antibonding -states to stabilize 

reduced species through -back-bonding mechanism. Whereas antibonding -states with 

lower energy than pyridine ligands are absent in NH2Py ligand, so reduced states in NH2Ru 

are less stable.  Even more it seems that -states of pyridine ligands of NH2Ru were higher in 

energy than in other compounds as noted in Figure 4-4 and Table 4-3. MeOHRu exhibited 

similar electronic structure that the symmetric cluster Ru3O(CH3CO2)6Py3 (Py3Ru) which could 

explain the little shift in the  of process III. Besides SHRu exhibited an unoccupied orbital 

located in the SHPy ligand (LUMO+1) with lower energy than antibonding -states of pyridine 

suggesting that SHPy ligand could offers accessible antibonding -states to stabilize reduced 

species through -back-bonding mechanism. However, this cannot be confirmed by 

experimental data since the compound generated during redox process III was not clearly 

observed. Summarizing this trend confirms that -back-bonding is an important mechanism in 

the stabilization of the reduced cluster in each redox pair, hence higher  acceptor character 

of ligands should lead to higher redox potentials.          

TABLE 4-3 ENERGY AND LOCATION OF FRONTIER MOLECULAR ORBITALS ACCORDING TO 
DFT CALCULATIONS  

 NH2Ru 
Energy in eV  

Py3Rua 

Energy in eV 
AzoRu 

Energy in eV 
SHRu 

Energy in eV 
MeOHRu 

Energy in eV 
HOMO-2 -5.00 (Ru3) -5.10 (Ru3) -5.17 (Ru3) -5.15 (Ru3) -5.16 (Ru3) 
HOMO-1 -4.92 (Ru3) -4.97 (Ru3) -5.01 (Ru3) -4.96 (Ru3) -5.02 (Ru3) 
HOMO -4.91 (Ru3) -4.97 (Ru3) -5.00 (Ru3) -4.95 (Ru3) -4.93 (Ru3) 
LUMO -2.63 (Ru3O) -2.60 (Ru3O) -2.64(AzoPy) -2.58 (Ru3O) -2.53 (Ru3O) 

LUMO+1 -0.98 (Py) -1.02 (Py) -2.60 (Ru3O) -1.05 (SHPy) -1.02 (Py) 
LUMO+2 -0.94 (Py) -1.01 (Py) -1.04 (Py) -1.02 (Py) -0.99 (Py) 

a Ru3O(CH3CO2)6Py3. In parenthesis the fragment where is located the molecular orbital. 
SOURCE: Author 

It is worth mentioning that the highest occupied molecular orbital (HOMO) of all neutral 

compounds studied is mostly located in the ruthenium atoms, as well as other occupied 

molecular orbitals (HOMO-1 and HOMO-2). The lowest unoccupied molecular orbitals are 
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located in the ruthenium atoms and the central oxygen atom, or pyridinic ligands. This 

electronic structure explains the rich optical behavior of this kind of material which can have 

different electronic transitions involving IC transitions among d-states in ruthenium atoms, 

MLCT transitions, and intraligand transition between -states of pyridinic ligands.      

FIGURE 4-4- FRONTIER MOLECULAR ORBITAL DIAGRAM OF THE DIFFERENT TRIRUTHENIUM 
CLUSTERS AS CALCULATED FROM DFT 

    
SOURCE: Author 

AzoRu, and SHRu complexes present one electrochemically reversible redox process 

in the range from 0 to 1 V vs. SHE, which could be harnessed in energy storage electrodes. 

So, electrodes based on those complexes were fabricated taking advantage of their specific 

properties. In addition to the highly reversible redox peak, NH2Ru have an amino group which 

facilitate the chemical interaction with graphene oxide and the fabrication of hybrid material 

with ruthenium clusters. Whereas AzoRu have amphiphilic properties because of its long 

hydrocarbon chain, so it can auto-organize in water-air interfaces allowing the construction of 

organized films which could enhance their performance as energy storage electrode. 
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5 HYBRID MATERIALS: GRAPHENE MODIFIED WITH TRIRUTHENIUM 
CLUSTER 

As was mentioned in chapter 2, electrode materials exhibiting high double layer 

capacitance (high surface area) and electron transfer processes should result in energy 

storage devices with higher performance. Therefore, hybrid materials combining capacitor-like 

materials, as nanocarbons, [9] and redox components with pseudocapacitive behavior are 

suitable strategy to achieve higher performance.[59,259] The μ-oxo centered triruthenium-

acetate clusters is an interesting class of compounds with reversible and fast redox reactions,  

strong electronic coupling among ruthenium atoms,[19,22,260] and ligands which could be 

easily exchanged through substitution reactions to build molecular materials. [211] So, an 

hybrid material with triruthemium cluster and graphene was synthesized based on previous 

experiences of graphene oxide functionalization of Grupo de Catálise e Cinética at UFPR 

trough formation of highly stable amide bonds including groups as imidazole [261], thiols 

[230,262] and pyrrole. Several works combining carbon materials with pseudocapacitive or 

battery like materials (i.e. conducting polymer, metal oxides, MOFs) have been synthesized. 

However, as far as we know, energy storage electrodes based on carbon nanostructures with 

triruthenium cluster have not been described yet.  

FIGURE 5-1- SCHEME ILLUSTRATING THE HYBRID MATERIAL STRUCTURE OF GRAPHENE AND 
TRIRUTHENIUM CLUSTER. 

 
SOURCE: Author. Avogadro2 was used for drawing, Avogadro2 in version 1.91, 

(https://www.openchemistry.org/projects/avogadro2/). [233] Partly reprinted from [263] 

This chapter describes the novel electrode material based on reduced graphene oxide 

modified with triruthenium cluster chemically attached to graphene by 4-aminopyridine 

(NH2Py) ligand. As is shown in Figure 5-1 NH2Py binds to graphene oxide (GO) forming an 

amide group with carboxyl groups in GO resulting in a functionalized graphene which was 

subsequently reduced (rGO-NH). Then, the triruthenium cluster is linked through N-pyridyl of 
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NH2Py resulting in the nanomaterial (rGO-NHRu). The electrochemical performance of 

material was tested and compared with isolated blocks (rGO-NH and NH2Ru) to explore its 

function as energy storage electrode. 

5.1 STRUCTURE OF GRAPHENE MODIFIED WITH TRIRUTHENIUM CLUSTER 

The functionalization of graphene oxide with 4-aminopyridine (rGO-NH) is mainly 

evidenced in the FTIR spectra (see Figure 5-2) by the presence of bands at 3292, 1540 and 

1371 cm-1 attributed to N-H in amide group, C-N in aromatic and aliphatic part of amide bond 

respectively. Moreover, it is not observed the band associated with N-H in amine group 

observed in NH2Ru spectrum at 3505 cm-1 and 3402 cm-1. These results evidenced the 

formation of amide bond upon functionalization of graphene with 4-aminopyridine.  
Additionally, the bands at 1640 cm−1 can be partly attributed to -CO remaining in the reduced 

graphene. The rGO-NH and rGO-NHRu FTIR spectra were very similar, but rGO-NHRu 

spectrum had a change in the band around 1425 cm-1, which can be associated with the C-

H and C-C in acetate bridges of ruthenium cluster, in fact NH2Ru spectrum presents an 

intense band around 1425 cm-1. 

FIGURE 5-2- IR SPECTRA OF TRIRUTHENIUM CLUSTER, GRAPHENE AND GRAPHENE-
TRIRUTHENIUM CLUSTER HYBRID MATERIAL.  

 
Spectra of NH2Ru, rGO rGO-NH and rGO-NHRu samples prepared as KBr pellets were recorded in 
transmittance mode. 

SOURCE: Author 

The differences mentioned above slightly suggest that triruthenium cluster was linked 

with functionalized graphene. In order to further investigate the vibrational structure, Raman 

spectra (Figure 5-3), were acquired with 632.8 nm excitation laser, which coincides with the 

intracluster band present in the triruthenium cluster. [18,23,264] The rGO-NH spectrum (Figure 

5-3a) presented two intense bands at 1325 and 1580 cm-1 named as D and G, from the simple 

molecular view of carbon material corresponds to the bond stretching of all pairs of sp2 carbon 
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atoms and to a breathing mode of sp2 carbon atoms in rings, respectively. [265] The D band is 

a Raman forbidden vibrational mode that becomes active in the presence of defects in the 

graphene honeycomb structure due to vacancies, heteroatoms or symmetry broken in the 

edges of flakes. [265–268] 2b shows that D band is more intense than G band suggesting the 

presence of a large number of defects in the sample. The functionalized rGO structure is 

characterized by nanometric “graphene islands” surrounded by defect areas [266] and 

remaining oxygenated groups present at the borders. This characteristic is probably 

responsible for the D band intensification observed in the spectra of Figure 5-3a.  

FIGURE 5-3- RAMAN SPECTRA OF TRIRUTHENIUM CLUSTER, GRAPHENE AND GRAPHENE-
TRIRUTHENIUM CLUSTER HYBRID MATERIAL. 

 
a) complete spectra from 100 to 2400 cm.1 obtained with a 632.8 nm laser excitation, b) zoom in the 
region between 300 and 800 cm-1  

SOURCE: Author. Reprinted from [263] 

In addition to the D and G band, rGO-NHRu spectrum presented two bands at 490 and 

619 cm-1, which also are present in NH2Ru spectrum. However, the former band is shifted to 

503 cm-1 in NH2Ru as is clearly displayed in Figure 5-3b. The bands observed are result of the 

intensifying of core-cluster related vibrations by Raman resonant effect, since the laser 

excitation wavelength (632.8 nm) coincides with a broad absorption band which promotes 

electronic transitions involving ruthenium atoms as was above described (see Figure 4-2c). 

The bands were attributed with the aid of quantum-based resonant Raman simulation. The 

band at 490 cm-1 is attributed to Ru-N (N is the pyridinic nitrogen of NH2Py) and the band at 

619 cm-1 to Ru-O (O is the central oxygen), which is reasonable since it is expected the Ru-

N bond be weaker than Ru-O bond. Therefore, the band shifting to lower energies in rGO-

NHRu could be explained by the weakening of Ru-N bond due to the amide bond in rGO-

NHRu. 

The presence of ruthenium cluster also was evidenced by high-resolution XPS 

spectrum of the N1s band (Figure 5-4). The N1s band in rGO-NHRu is located at slightly lower 

binding energies respect to rGO-NH, which is probably related to the presence of pyridyl 
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nitrogen in a higher amount than amide nitrogen. The N1s band was fitted to three gaussian 

functions using MATLAB (see code in annex) to separate both components, two of those 

functions correspond to pyridinic and amide nitrogen, and the other one is a baseline curve.  

The fittings are good enough as indicated by the determination coefficients of 0.970 and 0.984 

for rGO-NH and rGO-NHRu respectively. The two Gaussian functions are located at 399.1 and 

399.8 eV in the rGO-NH sample, the former was attributed to pyridyl nitrogen[269–271] and 

the latter to amide nitrogen.[269,272] The two peaks have a similar intensity and wide, so the 

ratio between the areas of N-pyridyl and N amide peaks is close to 1 (0.98). In rGO-NHRu, the 

peak positions are similar to those of rGO-NH (399.6 and 399.3), but the peak associated with 

N amide is less intense, therefore the area of the N-pyridyl peak is 3.10 times of the N-amide 

peak, which indicates that the amount of N-pyridyl is approximately 3 times the amount of N-

amide in rGO-NHRu.   

FIGURE 5-4- HIGH RESOLUTION XPS SPECTRA OF N1S BAND OF GRAPHENE AND GRAPHENE-
TRIRUTHENIUM CLUSTER HYBRID MATERIAL. 

 
XPS N1s band of a) rGO-NH and b) rGO-NHRu. 

SOURCE: Author. Reprinted from [263] 

XPS survey spectra showed in revealed ruthenium presence of 2 at.% (or 13 wt.% ) in 

the hybrid material rGO-NHRu as is shown in Figure 5-5, the composition estimation could 

have some uncertainty due to the overlapping of Ru 3d and C 1s region (see Figure 5-5). rGO-

NHRu XPS survey spectra also exhibited bands corresponding to C, O, N, F and Cl the last 

two elements may correspond to counterions of the cationic triruthenium cluster. EDS analysis 

also evidenced the presence of ruthenium in the hybrid nanomaterial, the Table 5-1 summarize 

the results of EDS and XPS spectra obtained from different areas of the sample. It shows that 

rGO-NHRu contains approximately 9.2 % wt. of Ru, assuming that all the ruthenium is present 

as triruthenium cluster, it means that 28.0% of total weight of rGO-NHRu corresponds to the 

triruthenium cluster. Whereas rGO-NH exhibited bands corresponding to C, O and N. The 

estimated composition from the exploratory XPS and EDS spectra are also shown in Figure 

5-5. In rGO-NH the O:C ratio estimated with XPS (1:1) is higher than that estimated by EDS 
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(3:8). Besides, in rGO-NHRu the Ru:C ratio estimated with XPS (1:34) is higher than that 

estimated by EDS (1:61). So, content of oxygen groups and ruthenium was higher in the 

surface of material.   

FIGURE 5-5- XPS SURVEY SPECTRA OF GRAPHENE AND GRAPHENE-TRIRUTHENIUM 
CLUSTER HYBRID MATERIAL 

 
SOURCE: Author. Reprinted from [263] 

TABLE 5-1- CHEMICAL COMPOSITION OF GRAPHENE-TRIRUTHENIUM CLUSTER HYBRID 
MATERIAL FROM EDS AND XPS. 

  EDS XPS 
areas clear points dark points  

Element %wt. #atoms %wt. %wt. %wt. #atoms 

rGO-NHRu 

C 66.1 61 56.6 65.6 50.3 34 
O 24.7 17 26.5 23.5 16.4 8 
N --- --- --- --- 7.8 5 
Ru 9.2 1 15.4 8.8 12.6 1 

 C 55.1 8 --- --- 42.2 6 
rGO-NH O 24.5 3 --- --- 39.1 6 

 N --- --- --- --- 7.0 1 
SOURCE: Author 

The SEM image of obtained with backscattered electrons (BSE) is shown in Figure 5-6. 

It exhibited little clear areas distributed in all the sample with higher ruthenium content than the 

dark ones. As was determined by punctual EDS, clear areas contain an average of 15.4% wt. 

of Ru and dark areas 8.8 %. Both zones contain Ru, so it seems that Ru is distributed in all 

sample. In contrast the BSE image of rGO-NH (Figure 5-6b) do not shows that little clear areas, 

and the contrast observed between clear and dark zones is due to morphology. In fact, SEM 

image obtained with secondary electrons (SE) of rGO-NH (Figure 5-6a) also exhibited 

coinciding jagged features and clear zones. Whereas rGO-NHRu image do not exhibit so many 

jagged features neither that contrast between dark and clear zones. It evidences that rGO-NH 

material has an irregular texture and rGO-NHRu sample seems more compact. So, it could be 

expected a higher surface area in the rGO-NH film.  
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FIGURE 5-6- SEM IMAGES OF GRAPHENE AND GRAPHENE-TRIRUTHENIUM CLUSTER HYBRID 
MATERIAL 

 
SEM Image of rGO-NH obtained with secondary electrons and b) backscattering electrons. c) SEM 
Image of rGO-NHRu obtained with secondary electrons and d) backscattering electrons. The SEM 
images were obtained using an electron beam energy of 12 keV.  

SOURCE: Author. reprinted from [263]. 

The XRD patterm of reduced graphene oxide functionalized with aminopyridine (rGO-

NH) exhibited peaks at 19.5°, 22.2° and 24.2° corresponding to interplanar spacings of 4.55, 

4.00 and 3.73  (see Figure 5-7). These peaks were previously described in other works 

reporting properties of graphene functionalized with cysteamine and pyrrole derivative. 

[262,273,274] Functionalization of graphene oxide led to the modification of the large 

interplanar spacing of 7.89   (peak at 11.2°) observed for graphene oxide and the appearance 

of three new peaks between 18° and 25°, suggesting new structural organizations due to the 

chemical modification. Presumably, new 3D structural organization is formed because of 

interactions involving other functional groups, in fact it was reported that GO functionalized 

with aminopyridine [275] and 2,6-diaminopyridine [276] exhibited heavily stacked structure, 

which was attributed to physical cross-linking of graphene layers after the functionalization. 

[276] The diffractogram of ruthenium cluster modified graphene rGO-NHRu exhibited no 

significant changes, the only notable difference is the less intense and wider peak at 22.2° as 

compared with rGO-NH indicating less organized structure and irregular stacking. 
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FIGURE 5-7- X-RAY DIFFRACTOGRAM OF GRAPHENE AND GRAPHENE FUNCTIONALIZED WITH 
TRIRUTHENIUM CLUSTER.  

        

5.2 ENERGY STORAGE IN DROP-CASTED ELECTRODES BASED ON GRAPHENE 

MODIFIED WITH TRIRUTHENIUM CLUSTER  

5.2.1 Electrochemical Behavior of Graphene-Triruthenium cluster Electrodes 

The electrochemical performance of the electrodes fabricated by drop casting of rGO-

NH, NH2Ru and rGO-NHRu was tested with cyclic voltammetry (CV), charge-discharge (CD) 

measurements and electrochemical impedance spectroscopy (EIS). The voltammogram at 

scan rate of 50 mV s-1, and the fourth CD cycle profiles at 1 and 0.25 A g-1 are shown in Figure 

5-8. The CD profile (Figure 5-8a and b) of NH2Ru (dotted blue line) presented a linear shape 

at potentials higher than 0.2 V and a curved variation around 0.2 V since it is required more 

charge to change the potential at that value due to redox reaction. The voltammogram (Figure 

5-8c) of NH2Ru showed a redox peak with  = 0.14 V which was attributed to 

[Ru3O(CH3CO2)6Py2NH2Py]+1/0  redox reaction. Whereas, from 0.3 to 1 V the voltammogram is 

flat.  

The rGO-NH CD profile (dashed line) was triangular shaped and voltammogram 

presented a rectangular shaped curve evidencing that its behavior is mostly dominated by 

double layer capacitance. But a feature like a broad redox peak at  = 0.270 V was also 

observed, this peak was attributed to a pseudocapacitive process arising from redox reactions 

of oxygen surface groups with hydrogen ions (CxO + H+ + e-  CxOH), especially epoxy and 

alkoxy ones. [277,278] Also, it was suggested a similar redox reaction involving alkali metal 

atoms and epoxy groups to form a stable complex. [191] This peak was observed before by 

other authors in graphene [191]  and nano-porous carbons. [279,280] This pseudocapacitive 
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process was noticed in the CD profile as a slightly curved feature at potentials lower than 0.4 

V (Figure 5-8a and b). Furthermore, rGO-NH reached higher currents than NH2Ru at potentials 

higher than 0.6 V, where both voltammograms are almost flat, revealing the higher double-

layer capacitance of rGO-NH.  

FIGURE 5-8- ELECTROCHEMICAL BEHAVIOR OF TRIRUTHENIUM CLUSTER, GRAPHENE AND 
GRAPHENE-TRIRUTHENIUM CLUSTER ELECTRODES. 

 
a) Charge discharge profiles at 0.25 A g-1 and b) 1 A g-1. c)  voltammogram at 50 mVs-1. d) capacity 
calculated from discharge curve at different specific discharge currents. Results for triruthenium cluster 
NH2Ru (dotted blue line), aminopyridine functionalized graphene rGO-NH (dashed black line) and 
graphene-triruthenium cluster (rGO-NHRu) are shown.   

SOURCE: Author 

The rGO-NHRu CD profile (Figure 5-8a and b purple line) shows a roughly triangular 

shape which is asymmetrical, similar profiles were obtained for other electrode materials 

combining redox and capacitive materials [154,281]. The asymmetrical feature is consistent 

with the steeps in reduction and oxidation currents observed in the voltammogram. The 

oxidation current could be related with tiruthenium cluster oxidation. The reduction current at 

potential lower than 0.4 V resembles the peak of rGO-NH at same potentials and could be also 

related with presence of oxygen groups and the further increment of the reduction current at 

lower potentials could be partly attributed to redox process in ruthenium cluster. Furthermore, 

redox processes of rGO-NHRu were more evident at low scan rates and discharge currents 

as can be observed in Figure 5-9. The anodic current increased at lower potentials when lower 

scan rates were used. Also, at low specific current (Figure 5-8a) a CD cycle last more for rGO-
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NHRu, whereas at high specific current (Figure 5-8b) last more for rGO-NH. Hence, the 

capacities calculated from discharge curve at different specific currents were higher in rGO-

NHRu only at specific discharge currents lower than 0.5 A g-1 as show in Figure 5-8d. 

Additionally, Figure 5-8d shows that the rGO-NHRu  and NH2Ru capacity decreased 

significantly with the increase of discharge current. These trends illustrate that rGO-NHRu 

charge storage is limited by slow processes probably related with redox process diffusion 

limited by ions transport through the electrode. 

Our results suggest that the triruthenium cluster combined with graphene lead to an 

electrode with improved capacity at low specific discharge current (11.1 Fg-1 at 0.25 A g-1) as 

compared with rGO-NH. At high specific discharge current the capacity is limited (5.1 F g-1 at 

2 A g-1) probably due to charge transport process limitations. The performance is poor 

compared to other G/Metal oxides or G/MOFs materials, that report a significant performance 

improvement with respect to the component materials and capacitances ranging from 125 to 

758 Fg-1. [148,151,170–172] This large range in the capacitances values resulted from several 

factors. For hybrid materials using metal oxides is reported that capacity increases with the 

metal oxide load and the specific surface area.[148,151] Likewise. the improved performance 

of hybrid materials with MOFs were attributed to the high surface area and the nickel or copper 

content. [170–172] Considering this, the dense and less porous rGO-NHRu morphology with 

respect to rGO-NH, and the structure with only 9% ruthenium content are important factors 

that accounts for rGO-NHRu low performance. 

5.2.2 Analysis of Charge Storage on Graphene-Triruthenium cluster Electrodes 

The analysis of the current variation with  in CV (see Figure 5-9) also suggests some 

charge transport limitations in the hybrid material. The current dependence on  was analyzed 

assuming a power-law dependence of  on  ( ) as indicated in section 3.4. Also, the 

charge storage capacity contributions from surface sites ( ) and the less accessible sites 

( ) was estimated according to the proposed by Trassati et al. [94] (see section 3.4). For 

rGO-NHRu, it was analyzed the dependence of  on at 0.24 V (flat region in the CV) and 0.9 

V (steep anodic current region in the CV). At 0.24 V the material had capacitive behavior 

( =0.92) and at 0.9 V the process was limited by diffusion ( =0.63) and the calculated  

was 47% as is shown in Figure 5-10. Likewise, redox peak of NH2Ru became broader and 

separation between oxidation and reduction peak ( ) became larger with  increment (from 

0.09 to 0.14 V) as is observed in Figure 5-9a. Also, the value of  was 0.7, and the  was 

57% as is shown in Figure 5-10. Therefore, the charge storage mechanism may be also limited 

by diffusion processes. Besides, the  of rGO-NH had a minimum increment of 0.05 V when 

 was increased from 0.02 to 0.4 V as is observed in Figure 5-9c,  value was close to 1, and 



88 
 

 was just 14% as is shown in Figure 5-10, then charge storage mechanism of graphene 

is not limited by diffusion processes.  

FIGURE 5-9- ANALYSIS OF CURRENT VARIATION WITH THE SCAN RATE IN CYCLIC 
VOLTAMMETRIES OF GRAPHENE AND GRAPHENE-TRIRUTHENIUM CLUSTER.  

 
a) Cyclic voltammetry and b) log  vs log  plots for NH2Ru. c) and d) for rGO-NH. e) and f) for rGO-
NHRu. The log  vs log  plots use the peak currents of the materials, or the current reached at 0.24 
and 0.9 V in the case of rGO-NHRu. 

SOURCE: Author. Reprinted from [263] 

It should be noted that rGO-NH reached an average specific capacitance of ~8.8 F g-1 

(average considering all specific discharge currents tested), which is lower than other 

graphene materials reported, which ranges from 75 to 150 F g-1. [148,151,276] However, rGO-

NH showed an excellent capacitive performance with insignificant loss of capacitance at high 

discharge rates. The performance of graphene materials varies significantly depending on the 
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experimental conditions. For example, higher values of capacitance are reported when acid 

electrolyte is used in the electrochemical experiments. [148,276] Furthermore, the aggregation 

of graphene sheets during electrode fabrication leads to lower ion accessible surface area and 

longer ion diffusion paths, diminishing the capacitance [282,283] as was demonstrated in other 

studies in which graphene with higher specific surface area and improved porosity had higher 

capacitance than graphene with compact structure. [283] We noticed by SEM images that the 

graphene materials synthesized in this work are compact and probably with lower accessible 

surface area than other described in the literature. [148,151,276,282,283] Also, some studies 

reported that rGO functionalized with aminopyridine has a disordered structure, [275] and 

exhibits significant lower surface area than rGO  (21.5 vs. 295.4 m2 g-1). [276]  

FIGURE 5-10- ESTIMATED INNER AND OUTER CAPACITANCE OF TRIRUTHENIUM CLUSTER, 
GRAPHENE AND GRAPHENE-TRIRUTHENIUM CLUSTER ELECTRODES. 

  
The capacitance values shown correspond to the total capacitance achieved at very low scan rates or 
specific discharge currents. 

SOURCE: Author. 

5.2.3 EIS of Graphene-Triruthenium cluster Electrodes 

EIS was carried out at 0.24 V to obtain additional insights on the electrochemical 

processes occurring at electrodes. At 0.24 V, the triruthenium cluster (C+/0) redox peak may 

occur. The Nyquist plot presented in Figure 5-11 suggest the presence of processes with 

different characteristic time constants. At very high frequencies, resistive processes, related 

with ionic (electrolyte) conductivity, electronic conductivity and contacts of all components, of 

the cell dominate the EIS response [284–286]. The real impedance value ( ) is directly related 

with the resistance of the processes mentioned. Triruthenium cluster have higher resistance 

(  =96 Ω) than rGO-NH and rGO-NHRu, which presented similar resistances ( = 40 Ω). A 

small arc line was observed at high frequencies, which is associated to the double layer 

capacitance and resistive process due to charge transfer at interface. The small arc line 

suggests small charge transfer resistances at 0.24 V.    
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rGO-NH and rGO-NHRu exhibited an evident 45° line at intermediate frequencies, 

whereas such line was absent in the NH2Ru Nyquist plot. It indicates that ions diffusion is more 

important in graphene materials than in NH2Ru, since 45° line in the Nyquist plot is associated 

to the ion transport in the porous network of the electrode.[284–286] At low frequencies a tilted 

line close vertical was observed due to a capacitance that dominates the spectrum.[284–286] 

This line began at relative higher frequencies (ca. >20 Hz), which is characteristic of very thin 

film electrodes. However, lower frequency was observed in the Nyquist plot of rGO-NH, 

indicating that this material has longer diffusion paths than NH2Ru and rGO-NHRu.  

FIGURE 5-11- NYQUIST PLOT OF TRIRUTHENIUM CLUSTER, GRAPHENE AND GRAPHENE-
TRIRUTHENIUM CLUSTER OBTAINED AT 0.24 V (VS. SHE). 

 
A zoom in the high frequency region is shown in the inset figure. Frequencies at which transition 
between resistive to capacitive response are pointed out in the inset.  Circuit model proposed is shown 
at right top of the figure, the data from model is shown as solid lines.  

SOURCE: Author. 

A simple equivalent circuit model was proposed to rationalize the different responses 

of the materials (see inset in Figure 5-11). The proposed circuit shown in the inset of Figure 

5-11 have three elements connected in series: i) a resistance  associate to electrolyte 

conductivity, electronic conductivity and contacts of all components;  is evidenced at very 

high frequencies. ii) A parallel arrangement of a constant phase element , representing the 

electrical double layer, and a resistance , representing the charge transfer process. Which 

is associated to interfacial processes and evidenced at high frequencies in the initial arc of the 

Nyquist plot. iii) A constant phase element  that represents the low frequency capacitive 

behavior as result of a quasi-stationary state with non-consuming species. That is, the diffusion 

layer has a length comparable with the characteristic physical dimensions of the electrode, 

[285,287] and the diffusion layer is no longer "semi-infinite" within the experimental frequency 

range.[287] 
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Interestingly, fitting results indicated: i)  was higher in rGO-NH (2.6∙10-5Ω-1sn) than 

rGO-NHRu (1.7∙10-5Ω-1sn), whereas the values of n are similar. So, we can infer that rGO-NH 

has higher accessible area than rGO-NHRu. ii)  was higher for rGO-NH (5.5∙10-5Ω-1sn) than 

for rGO-NHRu (2.5∙10-5Ω-1sn) and NH2Ru (1.9∙10-5Ω-1sn) suggesting longer ion paths in rGO-

NH which is probably related with a rougher surface. Also, it is remarkable that the response 

due to  and  is almost unnoticed in NH2Ru plot indicating that the values of double layer 

capacitance and charge transfer resistance are very low at 0.24 V. More accurate fitting was 

achieved considering only  and , the results of the fitting are shown in Table 5-2. 

TABLE 5-2- ESTIMATED PARAMETERS OF CIRCUIT MODEL FOR TRIRUTHENIUM CLUSTER 
GRAPHENE AND GRAPHENE-TRIRUTHENIUM CLUSTER ELECTRODES. 

 NH2Ru rGO-NH rGO-NHRu 
RS ( ) 96.5 40 36 

RCT ( )  256 256 
QC (Ω-1sn) 

αC 
1.9 10-5 

0.86 
5.5 10-5 

0.71 
2.5 10-5 

0.85 

QD (Ω-1sn) 
αD 

 2.64 10-5 
0.70 

1.74 10-5 
0.70 

  

In addition to storage capacity, the electrochemical stability of the electrode is another 

important parameter. Cycling stability was tested during 5000 cycles of charge discharge at 

constant current of 3 Ag-1 between 0 and 0.75 V cutoff potentials. NH2Ru exhibited a slight 

decay of the capacity after 5000 cycles retaining 90% of the initial capacity. On the other hand, 

rGO-NH and rGO-NHRu retained their charge capacity practically unaltered even after 5000 

cycles, being superior in this aspect than other hybrid materials [169,170,288]. Summarizing, 

the hybrid material consisting of rGO covalently functionalized with aminopyridine and 

coordinated to the triruthenium cluster exhibited capacitive behavior. Its capacity arises from 

double layer and pseudocapacitive processes present in rGO-NH and the redox reaction of 

triruthenium cluster. However, the coordination with ruthenium cluster apparently leads to a 

more compact structure, likely due to interplay of charges in the cluster and graphene flakes 

which contributes to aggregation. The modification in the structure limits its storage capacity 

at higher specific discharge currents, since nanomaterials morphology is the main factor that 

rules their performance. Consequently, the hybrid material studied in this chapter should have 

a promising usage as energy storage electrode if enhancements in its structure would be 

provided, such as increments in the porosity and surface area.[283] Further studies are 

necessary to better characterize how the electrodes fabrication could leads to higher ion 

accessible surface area and more effective ion diffusion paths.   
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6 ELECTRODE STRUCTURES: LANGMUIR BLODGETT ELECTRODES OF 
AMPHIPHILIC RUTHENIUM COMPLEXES 

As was before mentioned electrochemical energy storage devices functioning relies on 

the processes occurring in the electrode-electrolyte interface (e.g. ion transport, 

chemical/structural changes, and electron transfer across the interface),[48,50,289,290] so 

tailored interfaces would be of interest for energy storage devices. The self-assembly of 

specific molecular geometries via supramolecular chemistry could be harnessed to fabricate 

tailored interfaces.[291] For example, highly organized thin films incorporating transition metal 

complexes with desired redox properties, with high exposition of redox sites and short ion 

pathway distances. [72,136]  

Interfaces with these properties would be appealing as energy storage electrodes in 

energy storage devices for microelectronics, transparent and flexible devices. Since those 

electrodes could present a pseudocapacitive behavior due to the presence of 

electrochemically reversible redox processes not limited by diffusion within the electrode. 

[15,70] However, those electrodes typically present low energy density (per unit of area) 

because of low material loading that limits its application to microelectronics. Particularly, the 

Langmuir-Blodgett technique allow the achievement of organized interfacial structures through 

the transfer of molecules/materials previously organized on the water-air interface. 

[79,198,292] In addition to the self-assembly in the water-air interface, the compression 

process changes the organization of the materials, hence the properties of the 

film.[79,198,292] 

6.1 STRUCTURE OF RUTHENIUM COMPLEXES LANGMUIR-BLODGETT FILMS 

Langmuir-Blodgett films fabrication involves the compression of the film with a moving 

barrier forcing the interaction and reorganization of the molecules within the monolayer. The 

behavior of this monolayer during the compression was monitored by recording the surface 

pressure ( ) and the area per molecule.  isotherms of AzoRu for several barrier speeds 

are shown in Figure 6-1. The behavior observed is similar to the found previously for the same 

complex. [219] Some differences were observed probably due to the lower temperature used 

in previous work (20 °C) as compared with the actual work (25 °C). 

It was observed a slight increase of the surface pressure from ~220  per molecule, 

indicating some interactions between cluster moieties. The pressure increment is higher from 

~160  as result of stronger interaction because of shorter distance between triruthenium 

clusters. A plateau at 13.5 mN m-1 was observed from ~96  to ~80 , it was attributed to 

the coexistence of two phases during the transition from a liquid-like phase, in which molecules 
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have more freedom to move around in the monolayer, to a condensed phase with molecules  

organized in a close-packed arrangement. [293] The condensed phase was characterized by 

a sharp increment of surface pressure with the area, characteristic of monolayers with low 

compressibility. It is worth to remark that the monolayer film formed at the liquid–air interface 

was very stable, it collapsed at more than 35 mN m-1. Furthermore, the isotherms at different 

barrier speeds were overlapped in great part, only little changes are observed when pressure 

start to increase in the liquid-like phase as shown in Figure 6-1. 

FIGURE 6-1-  ISOTHERM FOR AMPHIPHILIC TRIRUTHEMIUM CLUSTER AT DIFFERENT 
BARRIER SPEEDS. 

 
The area per molecule of 73 is pointed out in the figure. The inset shows the part of the molecule 
which is probably in contact with water and its dimensions according to molecule geometry from DFT.  

SOURCE: Author. 

Based on the  curve, we decided to deposit films at surface pressure of 23 mN 

m–1, condition in which AzoRu film is stable and highly packed. The estimated average area 

per molecule in the condensed phase was 73 ± 2 , which is close to the estimated area of 

the molecule in contact with water (74 ) if aromatic group in AzoPy ligand is normal to the 

surface. The area was calculated from the optimized geometry of complex in gas phase (Figure 

6-1– Inset) obtained with DFT. The characterization of LB films fabricated on gold substrates 

with infrared reflection absorption spectroscopy (IRRAS) also suggested that aromatic rings in 

AzoPy ligand are normal to the surface. This technique allows to identify vibrations with dipole 

moment perpendicular to metal surface, since only the electric field perpendicular to the 

surface do not vanish near to metal. [294] Recording the p- polarized light (incidence 

perpendicular to the surface) orientation of molecules could be inferred.  

The IRRAS spectra (p- polarized and non-polarized) of LB film with 13 “monolayers” 

(ML) on gold substrates is shown in Figure 6-2a, along with the spectrum of the AzoRu powder. 

Bands around 1140, 1258, 1429, 1500, 1601, 2851 and 2928 cm-1 were observed as in powder 

spectrum, but some bands are intensified in the film spectrum obtained using p- polarized light. 

For example, the bands around 2928 and 2851 cm-1 corresponding to C-H in the long chain 
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of ligand AzoPy have lower relative intensity in the film spectrum. This can be explained by 

partial alignment of the dipole moment of the vibration with metal surface normal plane 

resulting of the hydrocarbon chain in a titled position. The band at 1258 cm-1 is sharper and 

shifted to 1265 cm-1 in the film spectrum. This band result from several vibrations in AzoPy 

ligand, such as νC-O-C stretching in phenyl ether group, δCH in pyridyl and phenyl groups and 

τCH2 in the long chain of AzoPy. According to DFT calculations the τCH2 vibrations are located 

at 1250 cm-1 and δCH at 1265 cm-1, so the sharpening and shifting of the band can be related 

to lower contribution of τCH2 vibrations with respect to δCH vibration. Then, the plane of pyridyl 

and phenyl rings are probably aligned to the normal plane whereas the long chain is titled.  

FIGURE 6-2- INFRARED REFLECTION ABSORPTION AND RAMAN SPECTRA OF AMPHIPHILIC 
TRIRUTHENIUM CLUSTER LB FILM. 

 
a) Infrared reflection absorption spectra of triruthenium cluster LB films, the non-polarized and p- 
polarized signals are shown. Infrared spectrum of powder sample is shown as a reference and the 
asterisks indicates the vibrations corresponding to the bands labeled in powder sample spectrum b) 
Raman spectrum of amphiphilic triruthenium cluster LB film obtained with Laser excitation of 632.8 nm. 
c) Scheme illustrating the orientation of the AzoRu cluster in the film. 

SOURCE: Author. 

Additionally, the band around 1429 cm-1 is sharper and have other significant peak at 

1450 cm-1 in the film spectrum. The band result from δCH3 and νC-C in acetate groups, and 

ring stretching of pyridyl and phenyl groups of AzoPy ligand. According to DFT calculation the 

δCH3 vibration is located at 1401 cm-1, νC-C in acetate groups is located at 1428 cm-1 whereas 

ring stretching in AzoPy ligand L is located at 1443 cm-1. Then the sharpening and the peak at 

1450 cm-1 can be explained by a higher contribution of νC-C in AzoPy corroborating to the 
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alignment of phenyl rings plane with the normal plane. Furthermore, the bands around 1601 

cm-1 and 1500 cm-1 seem more intense in film spectrum. These two bands result from 

contributions of ring stretching in pyridine ligands and pyridyl and phenyl group of AzoPy. It 

reinforces that the plane of pyridyl and phenyl rings should be aligned to the surface normal.  

Raman spectrum obtained with laser excitation of 632.8 nm is shown in Figure 6-2. 

Some intense bands at 693, 1023, 1142, 1176, 1412, 1448 and 1600 cm-1 were observed. It 

was notorious the presence of more intense Raman bands as compared with NH2Ru spectrum 

(see Figure 5-3), which is attributed to azobenzene group presence leading to enhanced 

Raman scattering. [295]. The band at 693 cm-1 was attributed mainly to νRu-O in the Ru3O 

core. The others band were attributed mostly to vibrations in pyridinic ligands, particularly 

AzoPy ligand. Band at 1023 cm-1 was mainly attributed to ring breathing mode and CH in 

pyridinic ligands. The CH vibration in Py and AzoPy also contributes to the bands at 1142 

and 1176 cm-1. Whereas the bands at 1412 and 1448 cm-1 were attributed to the νC-C in 

acetate groups and ring stretching in AzoPy ligand. Likewise, band at 1600 cm-1 also is 

attributed to the ring stretching in AzoPy ligand.     

    The UV-vis spectra of AzoRu dispersed in dichloromethane and LB films deposited 

on quartz (Figure 6-3) were similar but lower intensity of band at 382 nm in the film spectrum 

was observed. The main electronic transition involved is azo( )  phen( ), which have a 

transition moment parallel to long axis of phenylazo group. The reduction in peak intensity is 

a second order effect arising from weak interactions of transition moments organized side-by-

side. [296–298] Therefore the lower band intensity at 382 nm was partly attributed to weak 

interactions between phenylazo groups organized side-by-side but with a significant distance 

between them due to the presence of large Ru3O core.  

FIGURE 6-3- UV-VIS SPECTRA OF AMPHIPHILIC TRIRUTHENIUM CLUSTER LB FILM. 

 
UV-vis spectra of amphiphilic triruthenium cluster LB film and dissolved in dichloromethane, the spectra  
were normalized to the highest peak for better comparison of peak shifting and relative intensities. 

SOURCE: Author. 
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Another factor contributing to lower intensity could be the exciting electric field 

propagating along normal plane with respect to the surface, so the electronic transitions with 

dipoles parallel to the surface are disfavored. Besides the bands at higher and lower 

wavelengths exhibited a bathochromic shift of 12 and 8 nm respectively, the wide band at 696 

nm was attributed to intracluster transitions and the band at 247 nm is associated with  →  

in pyridine ligands. According to the exciton model illustrated in Figure 6-4, [298–300] the 

strong interaction between the transition dipole moment of two different chromophores lead to 

lower energy (bathochromic shift) when its orientation favors the attractive interaction between 

dipoles and a band is observed if the net moment is different to zero. So, dipoles should be 

collinear as in the named J-type aggregates (see Figure 6-4). Whereas higher transition 

energies (hypsochromic shift) are expected when its orientation favors the repulsive interaction 

between dipoles and an absorption band is observed if the net moment is different to zero. So, 

dipoles should be side by side with the same orientation as in H-type aggregates.    

FIGURE 6-4- SCHEME OF EXCITON MODEL SHOWN THE DIFFERENT GEOMETRICAL 
ARRANGEMENTS OF TRANSITION DIPOLES AND THEIR ENERGIES. 

 
Dotted line indicates that the state is not allowed since the total dipolar moment  is zero. 

SOURCE: Author. Based on [298] 

According to this model, the Ru3O cores in the films should be aggregated in a such 

way that they are close, and their transition dipole moments are mainly collinear. However, 

that dipole moments probably are not frequently aligned, since the band shifting observed in 

the spectra at Figure 6-3 is small. The characterizations suggest that mostly of the AzoRu 

molecules in each layer of film are organized with the aromatic groups of AzoPy aligned with 

the surface normal and with significant distance between them since the Ru3O core acts as 

spacer between the ligands. Moreover, the Y-type deposition process was used (deposition 

during both submersion and emersion) starting with the substrate emersion, so it is expected 

a tail-to-tail and head-to-head configuration with the Ru3O cores, which are expected to be 

more hydrophilic than the AzoPy tails, facing the substrate.   



97 
 

However, the shape of the transfer ratio shows that the material deposited during 

emersion is significantly higher than during submersion, suggesting that most of the material 

is deposited when substrate upstroke. Therefore, we can expect lower “coverage” in layers 

formed when substrate lifted down, those layers may have some of the tails inserted between 

molecules of previous layers as suggested previously, [215] inducing some disorder in 

molecules organization with only some parts within the film exhibiting a tail-to-tail and head-to-

head configuration. This configuration may propitiate interaction between transition dipole 

moment as that of J-type aggregates, which is slightly evidenced in UV-vis spectra. Moreover, 

the proximity of Ru3O cores may lead to strong repulsive interactions when there are several 

neighbors oxidized molecules because of their positive charge, so a mixed presence of both 

reduced and oxidized molecules could be thermodynamically favored.   

6.2 ENERGY STORAGE IN LANGMUIR-BLODGETT FILMS OF AMPHIPHILIC 

TRIRUTHENIUM CLUSTERS  

6.2.1 Electrochemical Behavior of Amphiphilic Triruthenium Cluster Electrodes. 

The electrochemical performance of the AzoRu electrodes fabricated by LB technique 

was tested by cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS). 

The voltammograms at 50 mVs-1 for AzoRu LB films with different number of layers (Figure 

6-5) exhibited a faradaic process related to the redox pair [Ru3O (C2H3O2)6 (Py)2 AzoPy]+/0. The 

redox peaks were wide, the estimated peak width at half of peak current varied from 0.20 V to 

0.25 V as the number of layers increased. The wide peaks could be partly explained by the 

interactions between oxidized and reduced molecules within the film as is described by the 

model proposed in this work which is presented in the next chapter (page 106). Also, it was 

observed a notorious increment in the anodic peak potential as the number of layers increased, 

a similar result was reported previously by Naidek et al.[219] Whereas the cathodic peak 

potential presented a strange trend, it was shifted from 0.17 V to ~0.21 V as the number of 

layers increases, from 13 ML a further increase of the number of layers led to shift the potential 

to lower potentials ~0.16 V for 32 ML. Additionally, a further increase in reduction current at 

lower potential was observed in some voltammograms, suggesting the presence of other 

reduction current at these potentials, which may affect the cathodic peak position and shape. 

The described trend could be explained by variations in  and  with the number 

of layers.  goes from 0.18 V for films with 1 ML to 0.26 V for films with 18 ML or more as 

is shown in Figure 6-5 (red circles). These values are different to the value estimated for the 

compound in solution (0.21 V), the  shifting could be explained by the presence of sites 

with different redox potential or the difference in the stability of the reduced and oxidized 
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molecules in the film. Oxidized molecules may be less stable in thicker films due to their 

cationic nature, so the reduction process is more favorable hence redox potential is higher in 

thicker electrodes. It was additionally discussed in next chapter with the aid of a mathematical 

method (see page 106). On the other hand, goes from 0.03 V for 1 ML to 0.21 V for 32 

ML as is shown in Figure 6-5 (black circles). Note that even in electrodes with 1 ML there are 

some limitations in the charge transfer between molecules and the substrate. Since electrodes 

with surface modified by permanently absorbed redox molecule should not present peak 

separation ( ) in the ideal case. Also, the results suggests that redox reaction is limited 

by charge transport in thicker films, which is probably related to electron transfer process 

between triruthenium clusters in the film.  

FIGURE 6-5- CYCLIC VOLTAMMOGRAM OF LANGMUIR BLODGETT ELECTRODES AND SOME 
VOLTAMMOGRAM PARAMETERS. 

 
(a) Cyclic voltammogram at 50 mV s-1 for electrodes with different number of monolayers (ML). (b) 
Half wave potential  and potential difference between peaks  variation with number of layers. 

SOURCE: Author. Partly Reprinted from [301] 

Summarizing, the electrochemical response of AzoRu films was influenced by 

interactions modifying the stability of oxidized and reduced molecules in the film. It can be 

remarked that i) oxidized molecules in layers far from substrate are less stable because of the 

repulsive force between oxidized molecules (cationic) or counter-ion intercalation in the 

oxidized film. So, the reduction process is more favorable hence redox peaks are shifted to 

higher potential in thicker electrodes. ii) The interaction between reduced and oxidized 

molecules is more favorable leading to wide redox peak. iii) The  increases significantly as 

the film thickness increases, indicating limitations in charge transfer within the film. 

Despite those limitations in the charge transport, AzoRu films could be interesting for 

energy storage electrodes because of wide redox peaks which could confer a capacitor-like 

behavior to an electrode entirely based on a redox reaction. The capacitances were calculated 

from CV at different scan rates. Figure 6-6a shows that capacitance by mass unit decreased 

with scan rate, the decreasing was moderated from 15 to 100 mVs-1 and higher from 100 to 
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200 mVs-1. Also, the capacitance by mass unit decreased with the number of layers, the 

decreasing seems more significant from 13 ML as is clearly visualized in Figure 6-7b, here is 

shown the capacitance per unit of area which increase with the number of layers as expected, 

but that increment is lower from 13 ML. This trend indicates that the effective quantity of 

material in the electrodes lowers as the thickness increases, indicating that the permeation of 

electrolyte to all sites of electrode is more difficult and some molecules could be electrically 

isolated hindering its contribution to energy storage. Probably, the loss of organization in the 

multilayers films results in a less effective use of electrode mass. 

FIGURE 6-6- CAPACITANCE OF THE ELECTRODES WITH DIFFERENT NUMBER OF DEPOSITED 
MONOLAYERS AND THEIR VARIATION WITH THE SCAN RATES.  

 
(a) Capacitance of the electrodes with different number of deposited monolayers calculated from cyclic 
voltammetry at different scan rates. (b) Average specific capacitance (per unit of area and mass unit) 
and its variation with the number of layers. 

SOURCE: Author. Partly reprinted from  [301] 

6.2.2 Analysis of Charge Storage on Amphiphilic Triruthenium Cluster Electrodes. 

The comparison between the molecule loading ( ) obtained from the area below 

oxidation peak in the CV and from the  isotherm tests observed in Figure 6-7 confirms 

that thicker electrodes have less effective use of electrode mass, since the electrochemical 

active molecules  is lower than the expected if all molecules in the film reacts. The analysis 

of variation of peak current ( ) with  reveals that it varies linearly from 10 to 100 mVs-1 for 

electrodes with few layers (up to 13 ML), which is characteristic of capacitive behavior [55]. 

This trend deviates as the number of layers further increases, for electrodes with 32 ML the 

peak current deviates from this linear behavior at  higher than 50 mVs-1 as is observed in 

Figure 6-7b. It indicates that some diffusion processes limit the current in thicker electrodes, 

the  value estimated by data fitting to  (considering all scan rates tested) was lower 

for thicker electrodes,  varied from 0.84 for 1 ML film to 0.56 for 32 ML film, confirming the 

higher contribution of diffusion limited processes to the current in thicker electrodes. [14,96,97] 
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When only the scan rate values up to 100 mV s-1 were considered, we found that the values 

of  are close to 1 for electrodes up to 13 ML, thicker electrodes have values close to 0.80. 

FIGURE 6-7- COMPARISON OF MOLECULE LOADING WITH THE ELECTROCHEMICALLY ACTIVE 
MOLECULES AND ANALYSIS OF CURRENT PEAK VARIATION WITH SCAN RATE.  

 
a) Surface concentration of the electrochemical active molecules  obtained from integration of oxidation 
peak in cyclic voltammograms compared with the expected loading obtained from surface pressure  
vs. area plots.  b) Current peak variation with scan rate for 1 ML film and 32 ML film. 

SOURCE: Author. 

In other analysis of current peak variation with scan rate [14,95,96] is proposed to divide 

the total current obtained at determined potential value in two contributions 

 as was shown in equation 3.8 of methods section. The values estimated depends on the 

potential and we noticed that at some potentials the points corresponding to higher scan rates 

deviates from the linear trend. The estimation of these values in all the potential range allowed 

us to estimate the total contribution of diffusion limited and capacitive processes. The Figure 

5a show the total current (experimental voltammogram) and the “capacitive current” ( ) 

for the electrode with 32 ML. It is noticed that between 0 and 0.4 V there are an important 

contribution from diffusion limited current to the total current, in contrast from 0.4 V the total 

current has only capacitive contribution. It is better observed in Figure 6-8b, where the  

contribution to the total current ( ) is depicted for electrodes with 

different thickness. It is also noticed a lower capacitive contribution in the 0 to 0.4 V range for 

electrodes with higher thickness. This trend reinforces the performance deterioration for thicker 

electrodes because of charge transport limitations.  
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FIGURE 6-8- CAPACITIVE CURRENT CONTIRBUTION TO CYCLIC VOLTAMMOGRAM. 

  
a) Cyclic voltammogram of LB film with 32 ML at 50 mVs-1 showing the “capacitive current iC”. b) The 
estimated contribution of capacitive current at 50 mV s-1 for films with different thickness.  

SOURCE: Author. 

Specific capacitance of 204 Fg-1 (or 1.02 mF cm2) was obtained for the electrode with 

18 monolayers of AzoRu at 50 mV s-1 which is a value higher or similar than the reported for 

other thin film electrodes involving ruthenium complexes (31.3 F g-1[206] and 95.3 F g-1[135]), 

iron based metallo-supramolecular polymer (131 F g-1 [136]), and metal organic frameworks 

(90 F g-1 [204]). But it is lower than the reported for a cobalt complex hybridized with polypyrrole 

(412.7 F g-1 [203]). We report the capacitance values despite we have a faradaic electrode, 

considering that the voltammogram is close to that of a pseudocapacitive material (roughly 

squared with wide and symmetric peaks) within determined potential window (from 0.05 to 

0.35 V). When the separation between the redox peaks is low and potential window is delimited 

around to redox peaks values, the voltammogram becomes closer to a capacitor-like 

voltammogram[55]. It should be remarked that the capacitance value makes sense only for 

electrodes with capacitive behavior which exhibit only one capacitance value (or with small 

deviations) in all the potential window. In this case, the electrodes at scan rates from 10 to 100 

mV s-1 could be considered pseudocapacitors in a potential window from 0.05 to 0.3 V or 0.35 

V (redox peak width) as was shown by the analysis of current peak variation with the scan rate. 

Further analysis of the charge storage processes within electrodes was performed using EIS, 

which is discussed next. 

6.2.3 EIS of Amphiphilic Triruthenium Cluster Electrodes. 

The Figure 6-9 shows the EIS results for the AzoRu film of 8 ML at several potentials, 

which are pointed out in the voltammogram (Figure 6-9a). The potentials chosen were 0.22 V 

and 0.31 V which are close to  (0.265 V), and 0.06 V and 0.54 V which are far from . 

When the periodic perturbation in the potential is applied, some electrochemical processes 

occur, such as charge reorganization and transfer across the film-solution interface, ion 
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diffusion within the film and electron transfer reaction within the film. The last occurs if the 

potential perturbation values are enough to change the redox sate of the molecules in the film. 

Those processes have distinct and characteristic time constants, so different frequency 

domains [249,285,287]. 

FIGURE 6-9- EIS RESULTS OF FILM WITH 8 ML AT 0.06 V, 0.22 V, 0.31 V AND 0.54 V.   

 
a) cyclic voltammetry pointing out the potentials tested 0.06 V, 0.22 V, 0.31 V and 0.54 V, (b) Nyquist 
plot with an inset showing high frequencies region (c) capacitance and (d) complex capacitance plots 
vs. frequency with insets showing high frequency region.    

SOURCE: Author. Reprinted from [301] 

Figure 6-9b shows the real ( ) and imaginary ( ) part of impedance at several 

frequencies. Two regions were identified, the first characterized by an initial arc-line starting 

with  close to zero at very high frequencies and finishing at determined frequency with 

the transition to the second region which is characterized by a tilted line close to vertical, the 

mentioned features are more evident in the inset of Figure 6-9b for potentials close to the 

AzoRu0/+ half-wave potential (blue and green line). The approaching to the real axis at very 

high frequencies indicates that the response is dominated by a resistive element attributed to 

charge transport in electrolyte. [249,285,287] The initial arc-line at high and intermediate 

frequencies is associated to the capacitive process of charge reorganization at interface in 

parallel to resistive processes associated with the redox reaction [249,287]. Consequently, the 

increasing of the real impedance in that arc-line is only evident when the potential tested is 

close enough to E1/2 (blue, green, and red lines) whereas at potentials far from E1/2 the resistive 



103 
 

process is not observed. A little perturbation at 0.54 V should not leads to significant reduction 

of the molecules which should be completely oxidized at that potential.  

At low frequencies, a tilted line close vertical was observed in Nyquist plot indicating 

that the phase shift is close to 90 degrees. This capacitive behavior was attributed to the 

reaching of a quasi-stationary state with non-consuming species. That is, electroactive species 

and ion concentrations are stationary, and the diffusion layer has a length comparable with the 

characteristic physical dimensions of the electrode. So the diffusion layer is no longer "semi-

infinite" within experimental frequency range and the electrode acts as blocking surface (non-

consuming or adsorbing species). [285,287] This characteristic was observed for all the 

potentials tested, but when the potential was close to E1/2 the titled line began at lower 

frequencies (as low as 2.7 Hz). Additionally, the titled line deflects on real axis at very low 

frequencies when the potential tested is far from AzoRu0/+ half-wave potential. This phase shift 

decreasing suggests the presence of a resistive process, perhaps a leaking current or ion 

transfer to the film. 

The real ( ) and imaginary ( ) part of the complex capacitance was calculated 

using equation 3.15 and are shown in Figure 6-9c and d respectively.  gives the 

capacitance value of the whole system, whereas  could be related with energy 

dissipation. [248,249] Also, the maxima in the  plot points out the critical frequencies at 

which the system transits from a mostly resistive behavior at high frequencies to one mostly 

capacitive at low frequencies. A local maximum in  at high frequencies was observed 

between 500 and 1500 Hz (see inset in Figure 6-9d) which was attributed to non-Faradaic 

processes (EDL rearranging). Peak frequency  points out a characteristic time constant 

/ . Interestingly the peak attributed to EDL exhibited a time constant  significantly higher at 

0.06 V (2 ms vs. 0.7 ms) indicating the presence of a high time constant value process, maybe 

ion exchange at film interface since at this potential the film is totally reduced. Likewise, the 

capacitance value is higher at 521 Hz, it is 0.09 mF cm2 at 0.06 V, 0.05 mF cm2 at 0.22 and 

0.31 V, and 0.03 mF cm2 at 0.54 V. These results revealed that this process has higher 

capacitance. 

When the potential is close enough to the half-wave potential of AzoRu0/+, another 

maximum is observed in  around 0.4 Hz corresponding to a time constant value of 

2700 ms. It could be attributed to the Faradaic process within the film, the capacitance value 

at that frequency region increases significantly when potentials are close to half-wave potential 

corroborating the important contribution of redox reaction to the charge storage. Interestingly 

at 0.06 V it is observed a shoulder around 4.5 Hz corresponding to  of 223 ms, suggesting 

again the presence of other process at lower potentials (positive polarization).  

The EIS measured at 0.31 V for electrodes with different number of deposited layers is 

shown in Figure 6-10. The results for all the electrodes are similar to the previously described, 
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it is observed an initial arc-line starting close to the real axis (  close to zero) at very high 

frequencies and finishing at determined frequency with the transition to the second region 

which is characterized by a tilted line close to vertical (see Figure 6-10a and b). But the initial 

arc-line is more evident and the transition to the second region is observed at lower frequencies 

in thicker electrodes, indicating that the characteristic time of total consumption of the species, 

is higher for thicker electrodes. The shifting of the maximum  to lower frequencies (or 

higher ) as the number of layer increase (see Figure 6-10d) confirms that the Faradaic 

process needs longer times to occur in thicker electrodes. These results could be related with 

higher difficulty for electron diffusion through thicker films.  

FIGURE 6-10- EIS MEASURED AT 0.31 V OF FILMS WITH DIFFERENT NUMBER OF LAYERS  

 
(a) Nyquist plot with the equivalent circuit proposed for data interpretation, (b) inset of Nyquist plot at 
higher frequencies (c) capacitance and (d) complex capacitance plots vs. frequency. The Figure b) 
show the results from fitted circuit model as lines. 

SOURCE: Author. Reprinted from  [301] 

EIS results were fitted to an equivalent circuit model exhibited in the inset of Figure 7a 

using the EIS Spectrum Analyser software. [247] The model consists in a resistance RS in 

series with an ”interfacial” impedance and a constant phase element QR. RS is associated to 

electrolyte conductivity, electronic conductivity, and contacts of all components The interfacial 

impedance consists in a parallel array of a constant phase element QC, representing the non-

faradaic processes (EDL), and a resistance quantifying the strength of electronic coupling of 

the redox sites to the substrate and QR represent the capacity attributed to the redox reaction. 

The impedance of the constant phase element is defined as Q-1 , which is equal to 
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capacitor impedance when n=1, so it could be considered as a non-ideal capacitance when 

the  value is higher than 0.75 and lower than 1.   

The results of the fitting are provided in Table 6-1, it is worth to remark that the  value 

varied from 0.85 to 0.90 for the constant phase element representing the redox capacitance, 

also the QR value increased for higher thickness (1 ML: 1.2, 2 ML: 2.6, 8 ML: 7.4, 13 ML: 11 

and 32 ML: 51 μΩ-1 sn), indicating the higher redox capacity of the thicker electrodes. Despite 

the QR value is not exactly the capacitance value, it is expected that the trend found would be 

maintained for the capacitance values since the n values are similar.  The RS is low and similar 

for all the electrodes (131 - 144 Ω), and RCT oscillates between 21 000 and 43 000 Ω as 

thickness increases but their parameter estimation errors are considerably high (higher than 

10%), probably the data without completely defined initial arc-line contributed to the poor 

determination of this parameter.  

TABLE 6-1- ESTIMATED PARAMETERS VALUES OF CIRCUIT MODEL ELEMENTS AND THEIR 
RESPECTIVE ESTIMATION ERRORS. 

Electrode RS(Ω) QC(μΩ-1sn) nC RCT (kΩ) QR (μΩ-1sn) nR 

 %error %error %error %error %error %error 

1 ML 89 3.9 2.3 5 0.87 0.9 43 15 1.2 3 0.90 0.4 

2 ML 132 10 2.0 7 0.81 0.9 25 17 2.6 7 0.88 1 

8 ML 142 11 1.4 6 0.86 2 27 13 7.4 11 0.90 2 

13 ML 161 11 1.3 7 0.82 1 21 13 11 13 0.85 3 

32 ML 143 9 5.4 5 0.71 0.8 7 10 51 7 0.87 3 
The fitting was performed with Levenberg-Marquard algorithm for nonlinear least squares as 
implemented in EIS spectrum analyzer. [247] 

SOURCE: Author. 

Summarizing, AzoRu LB film electrodes store energy mainly through redox reaction. 

The heterogeneous electron transfer and charge transfer between molecules is fast enough to 

lead to pseudocapacitive behavior at determined condition, as it is expected for electroactive 

molecules with fast redox reaction bounded to the surface. Additionally, the redox peak of 

AzoRu LB electrodes is significantly wide, so the pseudocapacitve behavior is extended in a 

relevant potential window and could be harnessed. However, this behavior is deteriorated at 

high scan rates (higher than 100 mV s-1) and for thicker electrodes as evidenced by the larger 

 and the larger characteristic time constant . It was attributed to ion transport limitations 

and higher difficulty for electron transfer through thicker films. Those limitations led to lower 

capacitance at high rates and lower gravimetric capacity in thicker films. Therefore, electrodes 

with improved charge transport within the film should lead to thicker redox film with better 

performance at high scan rates. The next chapter offer additional insights in electrochemical 

behavior of AzoRu LB film electrodes through mathematical modeling.       
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7 UNDERSTANDING ELECTROCHEMICAL BEHAVIOUR OF THIN FILMS 
BASED ON IMOBILIZED REDOX MOLECULES 

A mathematical model was developed to aid in the interpretation of AzoRu CV results, 

the model describes an electroactive film on a conductive substrate conformed by  number 

of layers with the same quantity of molecules, which present a monoelectronic redox reaction 

at a determined potential. 

7.1 MODEL DEVELOPMENT 

The system here studied, shown in Figure 7-1, consists in a conductive substrate with 

 layers of molecules which undergoes the reaction written in equation 7.1   

         7.1 

FIGURE 7-1- SCHEME OF FILM ELECTRODE MODEL WITH EIGHT LAYERS. 

 
The axis , in which diffusion occurs, is shown along with the boundaries. The substrate is shown as a 
gray rectangle and each layer of the film as a green rectangle. Each layer is considered as a finite 
“volume” of thickness  and with a node point located at centre of the “volume”. An inset of one layer 
is shown along with the equations of the molar fluxes ( ) in the boundaries of that layer which is defined 
as the diffusion coefficient ( ) times the gradient of  concentration ( ) along  axis. 

SOURCE: Author. Reprinted from [301] 

The molecules are in fixed positions in each layer, the electrons and counterions could 

be diffused through the film, rather along thickness direction ( direction) generating an 

apparent diffusion of  specie. For example, if all the species are initially reduced, upon 

application of appropriated potential difference to the system, the reduced species just outside 

of the current collector are oxidized. The charge gradient generated acts as a driving force 

promoting the electron diffusion towards the support. This phenomenon was considered as the 
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diffusion of reduced species from the film to the support instead of generation/consumption of 

species in that way was considered the dependence of the electron transfer reaction in each 

layer on the redox states of the adjacent layers.  

7.1.1 Mass Balance 

A matter balance of reduced species  was applied in determined control volume 

, considering that only the diffusion along the direction is significant to describe the 

electrochemical behavior of the system and non-generation or consumption of species in the 

layer. So, the moles entering or leaving the volume control is expressed as the molar flux  

times the area  crossed by the flux. And the balance can be derived as in Equation 7.2 

considering that the flux is described by the Fick’s law ( ) and surface concentration 

can be defined as : 

 , with   

   note that         7.2 

The solution of the partial differential equation 7.2 requires boundary conditions and 

one initial condition. The formers were determined by mass balance in the first layer ( ) 

and the last layer ( ).  In  there are generation or consumption of  and no flux of  

in the  boundary. The reaction rate  in moles per unit of area, is described as a first 

order reaction with and  as the rate parameters for reduction and oxidation reactions 

respectively and using the surface concentration just outside of the current collector (  = 0). 

Then, the  balance can be written as in equation 7.3.  

, with   

        7.3 

with            7.3’ 

Whereas the condition in  is determined by a balance in the last layer, which 

involves no flux of in the boundary. So, the balance can be written as in equation 7.4.  

, with    

          7.4 

Additionally, one initial condition is required to define completely the problem. The initial 

condition first is assumed to be a fraction of  as is written in equation 7.5, then a stationary 
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value of  is calculated simulating the application of a constant potential with value equal to 

the initial potential value of the CV, finally CV is simulated.  

          7.5 

7.1.2 Constituent Equations and Additional Considerations 

The partial differential equation problem specified by expressions 7.2-7.5 depends on 

 and  (see equation 7.3). So, we need one more equation to solve the problem. The 

equation is given by the total mass balance, we can expect that the total concentration of 

molecules in each layer  remains constant. Then, the surface concentration of reduced ( ) 

and oxidized ( ) species are related as in equation 7.6:    

            7.6 

 Additionally, kinetic and diffusion parameters need to be specified. The diffusion 

parameter is assumed as a constant value . The one monolayer thickness , required in 

equations 7.3 and 7.4, was estimated from the optimized geometry obtained with DFT, as the 

“vertical” distance between CH3 in the long chain tail of AzoPy ligand and CH3 in the acetate 

opposed to the AzoPy ligand, so the film thickness  is obtained multiplying ∆x by the number 

of layers. Whereas kinetic parameter is an Arrhenius type expression modified to include the 

effects of overpotential ( ) on the energy barrier for electron transfer, just like in 

Butler-Volmer kinetics (see equation 7.7). Below is shown the equation defined for an 

electroactive specie in solution with one step electron transfer:   

    

        7.7 

Typically,  and  are related to the energy barrier for reduction and oxidation 

reactions when the electrode potential is  (at equilibrium), the barrier is defined as the energy 

difference between the transition state and the reactants ( ).  and  are related to 

the frequency of attempts of those reactions.  indicates how much the reduction reaction is 

affected by , and  is the reaction rate constant when the interface is at equilibrium ( ) 

and  = . These expressions were modified to describe the redox reaction of molecules 

fixed in a film. Then, the energy barriers for reduction ( ) and oxidation ( ) are redefined 

to include the interaction between neighbor molecules and with the substrate, interactions 

arising when molecules are in the film, such as is shown in Figure 7-2.  
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FIGURE 7-2- SCHEME SHOWING PARAMETERS CONSIDERED IN KINETIC MODEL AND IN 
CHARGE TRANSPORT DESCRIPTION 

 
SOURCE: Author. Based on  [301]  

Interaction with substrate, in a first approximation we consider that the activation energy 

is modified by the interaction energy of the molecule (R or O) with the substrate . So, the 

activation energy for molecules fixed to the substrate (  or ) is as equation 7.8: 

   

          7.8 
The equation 7.8 could be rationalized assuming that  is the energy activation for 

the electroactive specie in solution. So, when molecules are fixed to the substrate, reactants 

energy (and hence the energy barrier) is changed by a value equal to reactant adsorption 

energy. Note that an attractive interaction of O with substrate (negative ) which stabilize 

it leads to the increase of energy barrier for the reduction reaction .  

Also, when we consider the equilibrium case ( ) we can derive with the aid 

of equations 7.7 and 7.8: 

    7.9 

Equation 7.9 show that the potential in which  is shifted according to the 

difference between adsorption energies of oxidized and reduced molecules 

. Note that if the oxidized molecules are more stable (more negative ), the potential 

is shifted toward negative values. In contrast if the reduced molecules are more stable the 

potential is shifted toward positive values.  

Lateral interactions, Lateral interactions change the stability of oxidized and reduced 

molecules within the film. It is reasonable to think that the energy barrier for the oxidation or 

reduction is modified by those interactions. Some isotherm models as Temkin or Frumkin 

isotherm, express that the energy of adsorption change with that interaction, hence it is function 

of the surface concentration. Assuming that the changes in adsorption energy is linearly related 

to ,  just as is assumed in other previous works, [93,302,303]  the adsorption energy within 

film can be written as in equation 7.10:    
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           7.10 

Note that  indicates how the adsorption energy of species vary with coverage changes. 

If the interaction is attractive at high  or , the Gibbs adsorption energy should be more 

negative, so  should be positive. Whereas a repulsive interaction at high  or   lead to less 

negative Gibbs adsorption energy, so  should be positive. So  can be seen as a balance of 

interactions between two O or two R molecules (“self-interaction”) and between R and O 

molecules (“crossed interaction”). When “self-interaction” is less favorable than “crossed-

interaction”  becomes negative since the interaction is less favorable at high  or . We can 

redefine the energy barrier according to the idea expressed in the equation 7.11: 

  

      7.11 

Using this definition for the energy barrier, the Butler-Volmer equations (equation 7.7) 

can be modified as in equation 7.12 

  

   

with  and    7.12 

Summarizing, the kinetic parameters above defined depends on ,  which are 

parameters defined for Butler-Volmer kinetics;  and  account the interaction with 

substrate;  accounts the interactions between molecules. Also, they are function of the 

temperature , the overpotential  and the surface concentration . Molecules within the film 

interacts permanently with the substrate but the interaction of molecules in “external” layers 

should be screened by “internal” layers. So, in a first approximation the interactions are 

accounted by  calculated as the mean value of all layers in the film ( . 

The electrochemical response depends on the electron flux from the film to current 

collector which, according to Faraday law, is proportional to the generation of  and 

consumption, which can be expressed in terms of surface concentration  variation as in 

Equation 7.13. As can been noted the current from oxidation is defined as positive, that is, 

when electrons flow from the film to the current collector (working electrode). 

        7.13 

The model presented was expressed in terms of dimensionless variables , 

, and . With  the total time of duration of electrochemical experiment. The 

dimensionless equations were discretized in the spatial domain to implement the 
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computational simulation of the model conveniently. In this process emerged a dimensionless 

factor . It is a dimensionless quantity relating the mean squared displacement traveled by 

the charge during the whole time of the experiment ( ) and the squared length of one 

monolayer ( ), which we named . An analogous expression could be defined 

to the whole film dividing for the length  of the film instead of , so . Considering 

that the  for one cycle in the cyclic voltammetry is defined as two times the potential window 

divided by the scan rate . Then,  depends on the scan rate, 

film thickness and diffusion coefficient for the charge and is a parameter which allows to 

compare the charge transport rate within the potential perturbation rate. 

7.2 RESULTS FROM MODEL AND ANALYSIS 

7.2.1 Effects of Main Parameters on Electrochemical Behavior  

The model proposed describe the shifting in , the peak width and the separation 

between peaks through parameters such as ,  and .  The shifting in  depends on 

the difference between the adsorption energy of reduced and oxidized species (

). As it was above demonstrated (see equation 7.9), the  shifting is negative 

when the adsorbed oxidized species in the film are more stable than adsorbed reduced 

species. So, we can expect voltammogram peaks are shifted to lower potentials as is shown 

in Figure 7-3a. This shifting is consequence of the stability of molecules in the film, as the 

oxidized species are more stable the reduction of the species is more difficult so we need lower 

potentials to reduce the surface species (see red line in Figure 7-3 ), we also noticed that the 

parameters used lead to electrochemically reversible case and the surface coverage is the 

same as the expected for the Nernstian case. In contrast, the  shifting is positive when the 

adsorbed reduced species in the film are more stable than adsorbed oxidized species 

indicating that it is easier to reduce the oxidized species.  

The interactions between oxidized and reduced molecules within the film could lead to 

wider or narrower peaks in the voltammogram, since it leads to a dependence of the 

electrochemical reaction kinetics on the surface concentration. [93,303,304] When the reaction 

is fast enough (behaves as electrochemically reversible reaction) the parameter accounting 

by the interactions among molecules have a great effect on the peak width. A negative value 

indicates that the “crossed interaction” is energetically more favorable than the “self-

interaction”, so we can expect that the surface concentrations of reduced and oxidized species 

tend to be similar in a wider potential window as can been seen in the Figure 7-3d (red line), 
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consequently the peak in voltammogram is wider. In contrast, a  positive value indicates that 

the “crossed interaction” is energetically less favorable, so we can expect that the potential 

window with similar coverage of reduced and oxidized species be narrower as can been seen 

in the Figure 7-3d (green line), consequently the peak in voltammogram is narrower. It 

indicates that controlling the interactions between the molecules on the film would change the 

electrochemical response from a voltammogram with sharp redox peaks to a more “squared 

shaped” voltammetry.    

FIGURE 7-3- SIMULATED CYCLIC VOLTAMMOGRAM AND COVERAGE IN ONE MONOLAYER 
VARYING ADSORPTION ENERGY, INTERACTION BETWEEN MOLECULES AND THE 
CHARGE DIFFUSION PARAMETERS. 

 
a) Cyclic voltammogram and b) coverage for electrode of 1 ML varying the adsorption energy 
difference . c) Cyclic voltammogram and d) coverage for electrode of 1 ML 
varying the interaction parameter between molecules . e) Cyclic voltammogram and f) coverage for 
electrode of 13 ML varying the electron diffusion parameter Kn. 

SOURCE: Author. 
 

Finally, the description of charge transport within the whole film and the kinetic 

parameter  allows to account part of the peak separation .   A relatively small  value 

led to non-ideal   values even in 1 ML film and low scan rates, whereas the electron diffusion 

parameter have important effects in  for thicker electrodes. The dimensionless parameter 

 which compare the mean squared displacement of the charge and the dimension 

of electron allows to rationalize the trends in . The  is proportional to the diffusion 

parameter  and inversely proportional to the scan rate ( ). So, lower  leads 
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to lower displacement hence lower , consequently the charge could be no transported fast 

enough to species in the layers far from substrate as compared with the experiment time. So, 

we can expect that  increases as the value decreases, lower  values indicate that the 

displacement of charge in the time of the experiment is shorter and getting closer to the film 

thickness. Therefore, in the cathodic sweep, the electron diffusion from substrate to all the 

layers is slow respect to the potential perturbation and the quantity of reduced species ( ) in 

the last layer would look delayed in the potential respect to the first layer as is observed in 

Figure 7-3 (red line). Whereas at high ,  in the last layer would be similar to that in the 

first layer as is observed in Figure 7-3 (green line).  

7.2.2 Interpretation of Experimental Results According to the Model  

The results previously described allows us to explain and reproduce the main 

experimental findings making educated guesses for the model parameters shown in Table 7-1. 

The theoretical voltammogram shown in displayed current and potential peaks similar to the 

experimental values. Also, the peaks width is like the experimental, the wider peaks is partly 

explained by the favored interaction between oxidized and reduced molecules within the film 

respect to the interactions between oxidized molecules (negative ). The oxidized molecules 

are cations which probably have repulsive interactions between them. Despite of the 

reproduction of peak widths some differences are evidenced in the slope of the anodic and 

cathodic peaks, probably related with capacitance which were no included in our model and 

charge transport issues which could be better described. Charge transport was described by 

the homogeneous parameter , but the films have inhomogeneities due to aggregates and 

molecules filling the spaces between neighboring molecules. Those factors may change the 

electron transfer between molecules of adjacent layers.   

TABLE 7-1- PARAMETER VALUES FOR SIMULATION OF VOLTAMMOGRAMS SHOWN IN FIGURE 
7-4.   

Parameter Value Parameter Value Parameter Value 
 8 s-1  954  0.21 V 
 0.5  0.23 nmol cm-2  0 V 

 -1.25  2.6 10-7 cm  0.62 V 
 -6.9 kJ  -0.4 kJ  0.05 V s-1 
 -5.0 kJ  -5.0 kJ  298 K 

 

The Figure 7-4 shows that simulated  and  followed a trend very similar to the 

experimental one. Therefore, the experimental trend in  was attributed to the variation in 

adsorption energy of the molecules in the first monolayer with respect to the subsequent 

deposited layers. In the first monolayer the oxidized molecules would be more stable than the 

reduced molecules, that is, the interaction of positively charged oxidized AzoRu with ITO 
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substrate is stronger than that of the neutral reduced molecules, it led to  of 0.18 V which 

is lower than  of species in solution 0.21 V. Whereas in the subsequent layers the oxidized 

molecules would be less stable than the reduced molecules probably because of higher effect 

of electrostatic repulsion between ruthenium clusters groups or counter-ion intercalation in the 

oxidized film. Then  increases as the number of layers increases getting closer 

asymptotically to a value of 0.26 V. 

FIGURE 7-4- EXPERIMENTAL AND THEORETHICAL CYCLIC VOLTAMMOGRAM OF LB FILMS OF 
AMPHIPHILIC TRIRUTHENIUM CLUSTER 

 
Cyclic voltammogram at 50 mV s-1obtained a) experimentally and b) theoretically for the electrodes 
with different number of monolayers (ML). Comparison between experimental and theoretical variation 
of c)  and d) . 

SOURCE: Author 
Besides, the experimental trend observed for  was attributed partly to the 

magnitude of the electron transfer rate within the film. A relatively small  value led to non-

ideal   values even in 1 ML film, whereas electron diffusion limitations explain the trend in 

 for thicker electrodes. As was mentioned the  value ( ) helps to rationalize 

the trend in . The mean squared displacement of the charge within the film  in determined 

time interval have a characteristic value film depending on their structure and chemistry. As 

the film thickness increases the value decreases, since the film thickness get closer to the 

path length traveled by the charge in the time of the experiment. Therefore, in the cathodic 

sweep, the charge transport from substrate to all the layers is slow respect to the potential 

perturbation leading to higher separation between peaks as film thickness increases. The  
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value also helps to explain the higher  as the scan rate increases. Since higher scan rates 

involve lower time intervals for the charge displacement, hence lower .   

The trends in  and  obtained with the model also allow us to explain the 

apparently chaotic trend of the cathodic peak potential ( ) described on the previous chapter. 

The increasing of both led to an  increase as thickness increases, and from 13 ML to an 

 decreasing as thickness further increases. Comparing the values calculated from the 

model for ,  and  with the experimental ones, we note a general agreement between 

both values obtaining errors below 9%. But some points have greater errors such as the  

values for electrodes with 2, 5 and 8 ML. Summarizing, the electrochemical response of the 

AzoRu films was influenced by interactions modifying the stability of oxidized and reduced 

molecules in the film. i) we propose that the oxidized molecules in layers far from substrate are 

less stable because of the repulsive force between oxidized molecules or counter-ion 

intercalation in the oxidized film. So, the reduction process is more favorable (redox peaks at 

higher potential) in thicker electrodes. ii) The interaction between reduced and oxidized 

molecules is favored leading to wide redox peak. iii) The  trend is explained by the 

magnitudes of charge transfer rates. 

TABLE 7-2- REDUCTION PEAK POTENTIAL, HAL-WAVE POTENTIAL AND PEAK SEPARATION 
OBTAINED EXPERIMENTALLY AND FROM SIMULATIONS.    

Electrode  (V)  model   (V)  model  (V)  model 
1 ML 0.17 0.176 0.190 0.191 0.04 0.03 
2 ML 0.18 0.208 0.215 0.225 0.07 0.04 
5 ML 0.20 0.214 0.250 0.246 0.10 0.07 
8 ML 0.20 0.206 0.255 0.251 0.11 0.09 
13 ML 0.19 0.191 0.265 0.255 0.14 0.13 
18 ML 0.18 0.177 0.255 0.257 0.16 0.16 
25 ML 0.17 0.161 0.260 0.259 0.18 0.19 
32 ML 0.16 0.149 0.260 0.261 0.21 0.22 

7.3 CLUES FROM MODEL TO IMPROVE REDOX FILM ELECTRODES  

The model proposed suggests that when the path length traveled by the charge in the 

time of the experiment is so short that it approaches to the film thickness, we observed a delay 

in the reduction/oxidation of layers far from substrate and consequently a separation between 

voltammogram peaks. It is observed when charge transfer within the film is slow (low ) or 

the scan rate is too high. Therefore, electrodes with higher accessible redox active sites per 

unit of area, improved electron transfer and ion diffusion within the film (which is interrelated 

with electron transfer) should lead to thicker redox film with better performance at high scan 

rates. The electrodes could be improved through nano-porous supports or giving a porous 

structure to the active film through porous templates. This strategy has been previously applied 

to metal oxides leading to higher volume-based capacity at high rates owed to the higher 
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accessible sites and the formation of ion transport channels for fast charge transport within the 

electrode.[110,178,196,305]   

Some feasible strategies to obtain LB films with improved energy storage performance 

are i) the modification of the conditions for LB films fabrication to obtain films with different 

organization and appropriated channels for ion diffusion and better electronic conduction within 

the film. ii) The choosing of film components (molecules and materials) to tune the electronic 

coupling between materials within the film and between the current collector and the materials 

within the film leading to improved electron transfer.[85,306] For example, the including of a 

molecule which interacts with the ruthenium cluster through orbitals energetically and spatially 

more accessible could improve the charge transfer from ruthenium complexes to the substrate 

and lead to a  close to zero as was previously demonstrated by our research group [307].   

Therefore, the challenge would be construct thick films with high capacity at high rates 

i) through the engineering of metal complexes using ligands and integrating it with other 

materials to obtain fast redox reactions and to enhance the electron transport process, ii) the 

design of film structure to obtain organized structure which facilitate the ion diffusion within the 

film. Additionally, the choosing of a substrate that enhances the heterogeneous electron 

transfer rate would contribute to the improvement of thicker electrodes performance. 

Additionally, the model here presented could be improved including the explicit description of 

counter-ion movement within electrolyte, at film-electrolyte interface, and within the film which 

would be important to optimize the interface electrode electrolyte and the film structure to 

decrease the performance limitations attributable to charge transport in the system.    
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8 ELECTRODE STRUCTURES: ELECTRODES BASED ON RUTHENIUM 
COMPLEXES HYBRID LANGMUIR-BLODGETT HETEROSTRUCTURES 

The performance of energy storage electrodes can be improved enhancing the charge 

transport through the whole film. As was above suggested, organized structures may favor the 

ion transport trough films and the integration with other materials or molecules, such as 

conductive materials, may improve the electron transport. Hybrid 2D heterostructures are 

assemblies of different materials held together mostly by non-covalent interactions, which 

allow to exploit the synergy between two or more materials and to tune the properties of the 

materials.[308–310] Moreover, they could be assembled into ordered architectures with 

channels or ions insertions. However, it remains as a challenge to be addressed because of 

restacking problem owing to interactions between sheets, which lead to decrease the 

accessible area or conducting channels. [73]  

The previous sections just suggested that despite of the combination of capacitive and 

faradaic energy storage of graphene and triruthenium cluster could exhibit higher capacity, the 

graphene flakes aggregation induced by the presence of triruthenium cluster limits its storage 

capacity at higher specific discharge currents. Likewise, the difficulty for electron transport 

through thick films of amphiphilic triruthenium cluster, probably due to poor conductivity of the 

material or electronic coupling between molecules, limits the storage capacity of thick films at 

higher specific discharge currents. Therefore, electrodes with enhanced electron transport and 

ion diffusion are required, which can be achieved through materials choosing and film structure 

design as was suggested in the section 7.3.  

Herein, we developed a hybrid heterostructured film based on graphene and 

triruthenium cluster fabricated with a layer-by-layer strategy alternating each material and 

using the Langmuir-Blodgett technique. Particularly, the Langmuir-Blodgett technique was 

used since it allow to control the interfacial structures. [79,198,292] It is expected to obtain an 

electrode with both capacitive and faradaic energy storage, an improved conductivity due to 

graphene presence, a less aggregated structure due to the use of LB technique to obtain thin 

films of exfoliated graphene oxide and the layer-by-layer strategy which intercalates 

triruthenium cluster cations between graphene layers, and better electron transfer in the whole 

film due to the expected coordination between graphene and triruthenium cluster through 

oxygen groups. This strategy was motivated by the previous findings described in this thesis 

and our previous experience with heterostructured Langmuir-Blodgett films based on organic 

amphiphilic molecules exhibiting charge storage through capacitive mechanism and 

amphiphilic ruthenium complex exhibiting charge storage through redox mechanism described 

in our other work.  The characterization results of hybrid heterostructured film are presented in 

this section.  
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8.1 STRUCTURE OF HETEROSTRUCTURED GRAPHENE MODIFIED WITH 

TRIRUTHENIUM CLUSTER 

The behavior of “monolayers” formed at water-air interface was monitored by recording 

the surface pressure ( ) and the area per molecule during the compression. The  

isotherm of GO at 50 cm2 min-1 is shown in Figure 8-1, it was obtained a behavior similar to 

the reported in previous work. [234,235] Initially the pressure remained constant during 

compression indicating non-significant interaction between graphene sheets spread on water 

surface. When area was further decreased the surface pressure started to rise slowly, likely 

due to electrostatic repulsion between graphene flakes which are getting close. Finally, the 

pressure increasing was more notorious with further area decreasing, probably because of 

higher proximity between graphene sheets which must have high packing like in a solid-state 

phase. Apparently, pressure increased at constant rate and it was not observed collapse or a 

sharp increment at high pressures in contrast to monolayers of hard colloids. [311] Probably 

because of the reorganization and overlapping of graphene sheets, close enough graphene 

sheets might overlap, fold on themselves or wrinkle when area is diminished such as reported 

in previous works, [234–236,312] and even more with a further decrease in area, the graphene 

sheets can be restacked. [236]  

FIGURE 8-1- ISOTHERM FOR GRAPHENE OXIDE FILMS  

 
a) Surface pressure vs. area plot showing the area per molecule of 0.50 . b) Isotherm cycles at 
different maximum pressures (24, 20, 15 and 10 mN m-1). 

SOURCE: Author. 

The  isotherm did not clearly show the transition between solid-state graphene 

film and the wrinkled or “crashed” film. But on some occasions when were reached pressures 

higher than 20 mN m-1, we observed the formation of little darker regions on water surface 

which remained upon open the barrier. Also, when pressures higher than 20 mN m-1 are 
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reached, GO films isotherms have a notable hysteresis as can be observed in Figure 8-1b, 

material is accumulated in the trough edges and consequently the isotherm is shifted to lower 

areas when the film is compressed again. Similar phenomenon was observed before with rGO 

flakes with different sizes, which tend to attach and form a big cloudy region near the edge of 

LB trough when they were spread on water. [236] So, the evidence mentioned suggests that 

the graphene oxide can restack, and form aggregated films when the pressure increase so 

much.     

The multilayer films obtained at 10 and 20 mN m–1 (Figure 8-2a and c) exhibited similar 

morphology, with agglomerated material in some regions (darker regions) and other with less 

material (clearer regions), so they should have an irregular surface. However, films obtained 

at 20 mN m–1 exhibited higher packing density than the obtained at 10 mN m-1 as indicated by 

the higher presence of dark regions in the respective SEM image (Figure 8-2c). Moreover, they 

were more compact and with higher presence of folded and wrinkled graphene sheets (Figure 

8-2b and d), as expected since it is more compressed. The image for the film obtained at 20 

mN m-1 (Figure 8-2d) looked like one unique wrinkled piece whereas the image for the film 

obtained at 10 mNm-1 (Figure 8-2b)  exhibited some smooth regions and layers at different 

depth could be identified.  Based on the above results we decided to deposit GO films at 

surface pressure of 20 mN m–1 expecting to obtain films with high packing, a higher pressure 

was not chosen because it would create higher material aggregation and overlapping, and 

material accumulation at edges. The estimated material area per mass unit was 0.50 cm2 g-1 

as pointed out in Figure 8-1a which corresponds to a material loading in one monolayer of 

~2.00 g cm2. 

The GO films obtained were dipped in a dispersion of MeOHRu in methanol expecting 

the anchorage of the cluster in graphene oxide through electrostatic interactions of 

coordination of the cluster with oxygenated groups on GO to obtain GORu. Either path is likely 

to occur, the electrostatic force between the cationic ruthenium cluster MeOHRu and the dipole 

moment of oxygenated groups in graphene, or the coordination of oxygenated group in 

graphene with one of the ruthenium atoms in MeOHRu upon oxygen deprotonation and 

methanol ligand displacement.   

The UV-vis spectra of GO and GORu is shown in Figure 8-3a. GO spectrum exhibited 

a distinctive band at 238 nm attributed to π π* transitions at the bonds of the aromatic rings 

within graphene oxide sheets and a shoulder at 300 nm attributed to n π* transitions in C=O 

bonds. [313–316] The GO film functionalized with triruthenium cluster exhibited a similar 

spectrum, but it was slightly modified. The shoulder at 300 nm was less evident and the band 

at 238 nm was shifted to 230 nm, it was attributed to electronic transitions in the cluster 

involving pyridine ligands which have an intense band between 320 and 200 nm with maximum 

at 239 nm.  
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FIGURE 8-2- SEM IMAGES OF GRAPHENE OXIDE LB FILMS WITH 4 MONOLAYERS DEPOSITED 
ON A SILICON SUBSTRATE AT DIFFERENT SURFACE PRESSURE 

 
a) Low magnification and b) high magnification SEM image of GO LB film obtained at 10 mN m-1. c) 
Low magnification and b) high magnification SEM image of GO LB film obtained at 20 mN m-1. 

SOURCE: Author. 

GO and GORu films were reduced submerging them in ascorbic acid solution (2 mg 

mL-1) at 90 °C. The reduction was accompanied by UV-vis spectroscopy, recording the 

spectrum before reduction process and after determined times elapsed. The films were 

removed from the ascorbic acid solution to record the UV-vis and submerged again. As can 

be observed in Figure 8-3b the band maximum, located initially at 238 nm (black line), was 

gradually shifted to higher wavelengths. After 12 minutes (blue line) the band maximum was 

located at 260 nm and the shoulder at 300 nm was not noted. With further time, the absorption 

close to 200 nm was diminished, the intensity of the maximum was increased and shifted to 

268 nm as can be observed in the spectrum recorded after 60 minutes (dark yellow line). The 

absorption in the whole spectral region increased gradually, which is attributed to the increase 

in the opacity and roughness of the film evident to the naked eye. These results suggest the 

restoring of sp2-conjugated structure of graphene due to the partial removing of oxygen groups 

in the graphene sheets. [313–315]  

As shown in Figure 8-3b, the chemical reduction of GORu seems complete after 60 

min, in contrast GO reduction seemed to take shorter time (30 min). Probably due to the 
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presence of the triruthenium cluster in GORu which also could be reduced simultaneously 

competing with graphene and can limit the access of ascorbic acid to oxygenated sites on 

graphene delaying the chemical reduction of graphene oxide. Besides, it was noted that 

rGORu spectrum have a minimum at 211 nm, whereas rGO spectrum have no minimum. It 

could be attributed to electronic transitions of pyridine ligands in the rGORu sample, since 

pyridine present a band at 200 nm. Suggesting the presence of the triruthenium cluster in the 

reduced samples.    

FIGURE 8-3- UV-VIS SPECTRA OF GRAPHENE AND GRAPHENE TRIRUTHENIUM CLUSTER 
LANGMUIR-BLODGETT FILMS 

 
a) UV-vis spectra of graphene oxide and graphene oxide-triruthenium cluster (GORu) LB films, the 
inset shows a zoom in between 210 and 330 nm. b) GORu UV–vis spectra change as function of 
reduction time.    

SOURCE: Author. 

The IRRAS spectra for GO LB film with 8 ML (Figure 8-4a) displayed typical bands of 

graphene oxide, such as the νC=O bond vibration in carboxyl groups at 1651 cm-1, hydroxyl 

and carboxyl groups deformation vibrations at 1400 cm-1, νC-O bond vibration in epoxy and 

alkoxy groups at 1200 and 1080 cm-1 respectively.  which account for the abundant oxygen 

containing groups on the GO films, according to previous studies that show the presence of 

carboxyl, epoxy, and hydroxyl groups in graphene oxide samples. [238,315,317,318] The 

broad and intense band at 1080 cm-1 and 1400 cm-1 presented significant lower intensity in the 

spectra of reduced samples, whereas the band at 1200 cm-1 remained, also a band at 1562 

cm-1 appeared, it was attributed to C=C bond stretching vibration in graphitic domain. These 

results confirm the restoration of sp2 structure of carbon atoms within graphene sheets and the 

removal of oxygen-containing functional groups to a certain degree, some fraction of these 

groups, particularly epoxy groups may remain. 

The Raman spectra of graphene materials (Figure 8-4b) also confirmed the successful 

reduction of graphene oxide films. The spectra are characterized by the D and G band at 1329 

and 1595 cm-1 respectively.  The D band is activated by the presence of defects or other 
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functional group whereas G band arises from C-C bond stretching in sp2 carbon systems. 

[265,267,319,320] We noted that the D band in the reduced samples are narrower as indicated 

by the lower value of full width at half maximum in rGO (75 cm-1) and rGORu (70 cm-1) as 

compared with GO (100 cm-1). Indicating lower structural disorder in the reduced samples. 

[319] Moreover, the G band presented higher relative intensity on rGO than GO as indicated 

by the ratio between D and G bands (ID/IG) which is lower for rGO samples (1.45) than for GO 

(1.56). It can be attributed to larger sp2 C-C domains in rGO after removal of oxygen-containing 

groups. 

FIGURE 8-4 - INFRARED REFLECTION ABSORPTION AND RAMAN SPECTRA OF GRAPHENE 
AND HETEROSTRUCTURED GRAPHENE-TRIRUTHENIUM CLUSTER LB FILM.  

 
a) Infrared reflection absorption spectra and b) Raman spectra recorded at excitation wavelength of 
632.8 nm of graphene oxide, reduced graphene oxide and reduced graphene oxide – triruthenium 
cluster LB films  

SOURCE: Author. 

Infrared spectrum of hybrid heterostructured film (rGORu) observed in Figure 8-4a was 

like that of rGO but presented some differences. The band at 1562 cm-1 was modified by the 

presence of other close vibrations at 1574 cm-1 and 1527 cm-1, attributed to ring stretching 

vibration in pyridine and carboxyl bond stretching in acetate groups of the triruthenium cluster. 

The band at 1200 cm-1 also was modified and the maximum shifted to 1180 cm-1 which was 

attributed to in plane δ-CH vibrations in pyridine ligands at this region. Likewise, a new band 

related with δ-CO in acetates and out of plane δ-CH vibrations in pyridine was observed at 690 

cm-1. Raman spectrum of rGORu (Figure 8-4b) exhibited the D and G bands, but the G band 

seemed asymmetrical with higher intensity at lower wavenumbers, so the band maximum is 

slightly shifted from 1595 to 1587 cm-1, it could be attributed to the presence of vibrations 

related with ring stretching of pyridine ligands of the triruthenium cluster at 1580 cm-1. Besides, 
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the low intensity shoulder was observed at 1120 cm-1, which could be attributed to in plane δ-

CH and breathing mode ring stretching in pyridine ligands.  

These results suggest the presence of triruthenium cluster in the hybrid 

heterostructured film and the successful reduction of graphene within the films and the EDS 

spectroscopy confirmed the presence of ruthenium in the rGORu sample, it was distributed 

homogeneously in the whole sample, although there are some agglomerations of triruthenium 

cluster on the film surface as showed in the EDS map (Figure 8-5e). It was noted some crystals 

on surface with higher concentration of Ru. In this case the triruthenium cluster is not anchored 

by amide bond to graphene in the hybrid material (rGO-NHRu) discussed in chapter 5, but the 

triruthenium cluster could be anchored through electrostatic interactions or coordination 

between oxygenated groups in graphene and ruthenium atom upon release of labile methanol 

ligand. The bands corresponding to triruthenium cluster were masked by graphene bands. 

These bands were not so intense since the energy of excitation laser (632.8 nm) did not 

overlap the absorption band of triruthenium cluster, so Raman resonant effect was not 

observed like in the rGO-NHRu material. The triruthenium cluster may be reduced, so the band 

observed at 685 nm for cationic compound is absent and shifted to higher wavelengths. [21]  

FIGURE 8-5- SEM IMAGES AND EDS MAP OF THE HYBRID HETEROSTRUCTURED FILM AND 
GRAPHENE FILMS.  

 
a) SEM image of rGO and b) rGORu LB films on Si substrate. c) SEM image of the transversal section 
of GO and d) GORu LB films on glass substrate. e) EDS map of rGORu LB films on Si substrate.  

SOURCE: Author 
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The morphology of rGORu surface is like that of GO and rGO, with high packing 

density, the presence of sheets folded due to graphene overlapping, and with some big pieces 

of graphene aggregates (Figure 8-5b). Also, there are some crystals of triruthenium cluster on 

rGORu surface as indicated by some clearer features with irregular stick shape and some 

needle-shaped crystal which were attributed to an organic salt crystal. Besides, the SEM image 

of the transversal section of the hybrid heterostructured film exhibited several heterogeneous 

thin layers stacked with clearer regions than GO film, which was attributed to the presence of 

triruthenium cluster as salt (Figure 8-5d). Whereas GO film looked more homogeneous like 

mountains of material (Figure 8-5c). It suggests that the GORu film has alternated layers of 

triruthenium and graphene. Additionally, we noted that films are irregular with regions with less 

material, so lower thickness, also GO films had higher thickness than GORu films, indicating 

that the triruthenium cluster affects the subsequent transfer of GO and have a shrinking effect 

on graphene, which could be attributed to electrostatic attraction between graphene and 

triruthenium cluster.               

8.2 ENERGY STORAGE IN HYBRID HETEROSTRUCTURED LANGMUIR-

BLODGETT FILMS 

8.2.1 Electrochemical Behavior of Hybrid Langmuir-Blodgett Electrodes 

The electrochemical performance of the electrodes fabricated by Langmuir-Bodgett 

technique of rGO and rGORu was tested with cyclic voltammetry, charge-discharge 

measurements, and electrochemical impedance spectroscopy. The rGO and rGORu CD 

profile was triangular shaped and voltammogram presented a rectangular shaped curve 

evidencing that their behaviors are mostly dominated by double layer capacitance (Figure 8-6a 

and b). A feature like a broad redox peak with   around 0.4 V was also observed, this peak 

was attributed to a pseudocapacitive process arising from interactions of oxygen groups in 

graphene with alkali metal from supporting electrolytes. [191,279,280] Additionally, rGORu 

exhibited an additional broad redox peak at higher potentials with   ~0.72 V (Figure 8-6a), 

that process could be related with the presence of triruthenium cluster on the film. The rGORu 

CD profile is asymmetrical (Figure 8-6b), similar profiles were obtained for other electrode 

materials combining redox and capacitive materials. [154,281] The asymmetrical feature is 

consistent with the oxidation peak observed in the voltammogram. Furthermore, the oxidation 

current peak of rGORu was slightly more evident at low scan rates as shown in Figure 8-7.   

The presence of that additional redox peak led to a higher capacitance in rGORu than 

in rGO as can be seen in Figure 8-6c comparing blue (rGORu) with black lines (rGO). Likewise, 

the dependence of the redox process with the scan rate led to a higher capacitance decrease 
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at high discharge rates in rGORu than in rGO. This effect was more evident in thicker 

electrodes as noted in Figure 8-6c, the profile of capacitance variation with the specific 

discharge current plot of 24 ML films (Figure 8-6c - blue diamonds) resembled the shape of 

drop-casted electrodes contrasting with the profile of 8 ML electrode (Figure 8-6c - blue 

triangles) which is almost constant at high discharge currents. The results suggest that redox 

peak in rGORu have some diffusion limitations which are more evident in thicker electrodes. 

However, the limitations are not so high as in the rGO-NHRu drop-casted electrode, so the 

capacitance per unit of area of rGORu electrode with 24 ML is higher than in the rGO-NHRu 

drop-casted electrode as shown in Figure 8-6c , even though that it should have less mass. 

The estimated mass of graphene per unit of area in rGORu of 24 ML is 48 μg cm-2 (load of one 

monolayer estimated from isotherms is 2 μg cm-2) whereas the graphene in drop-casted 

electrode is ~86 μg cm-2 (considering that the total material load is 9 μg, 70% of rGO-NHRu is 

graphene and the electrode area is 0.07 cm2).   

FIGURE 8-6- ELECTROCHEMICAL BEHAVIOR OF GRAPHENE AND HYBRID GRAPHENE- 
TRIRUTHENIUM CLUSTER LANGMUIR BLODGETT ELECTRODES.  

 
a) voltammogram at 100 mVs-1 of 1 ML electrodes. b) Charge discharge profiles at 70 μA cm-2 of 48 
ML electrodes. c) Capacitance variation at different specific discharge currents of electrodes with 8 ML 
and 24 ML, drop-casted electrodes are shown for comparison. d) capacitance variation with the 
number of layers in the rGORu electrode at 32 μA cm-2 and 1 A g-1.   

SOURCE: Author 

The capacitance per unit of area of hybrid LB electrodes increased with the number of 

layers as expected since the electrode mass-loading also increased (Figure 8-6d). But this 



126 
 

increasing was less significative for greater number of layers. For example, the capacitance of 

48 ML electrode was only 1.16 times that of 24 ML electrode, which suggest that the use of 

the material is less effective in thicker electrodes, so the capacitance by mass unit of thicker 

electrodes is significantly lower as seen in Figure 8-6d (black line). Also, it is possible that a 

less effective material transfer for thicker electrodes during LB deposition contribute to the 

observed trend. Considering the results an electrode with ~8 ML could offer high capacitance 

per unit of area and an effective use of material 

The specific capacitance of rGORu with 8 ML was 0.710 mF cm-2 (44.38 F g-1) at 16 

μA cm-2 (1 A g-1). The 64% of the capacitance was retained at high discharge current of 216 

μA cm-2 (13.5 A g-1). Its performance was notably superior to the drop-casted electrodes rGO-

NHRu at high discharge current. rGO-NHRu exhibited a capacitance of 0.951 mF cm-2 (11.1 F 

g-1) at ~21 μA cm-2 (0.25 A g-1) and retained only 41% of its capacitance at high discharge 

current of 257 μA cm-2 (3 A g-1). The performance of rGORu with 8 ML is superior or near the 

reported for other hybrid electrodes as rGO/RuO2 and rGO/RuO2/PVK (PVK: 

polyvinylcarbazole) which exhibited a capacitance of 30 and 75 F g-1 at 1 A g-1 and of 26 and 

45 Fg-1 at 10 A g-1. [321] But it was inferior to other electrodes such as the material derived 

from carbonization of nickel metal organic frameworks (NiMOF) with rGO, [172] prussian blue 

(PB) [322] and phthalocyanine (PC) [173] with rGO, which exhibited a capacitance of 330, 225 

and 193 F g-1 at 1 A g-1 and a capacitance retention of 84%, 68% and 77% respectively.  

TABLE 8-1- CAPACITANCE OF HYBRID GRAPHENE-TRIRUTHENIUM CLUSTER ELECTODES 
COMPARED WITH OTHER WORKS. 

I (A g.1) rGORu-
1ML 

rGORu-
8ML 

rGO-
NHRu 

rGO/RuO2 
[321] 

rGO/RuO2
/PVK[321] 

rGO/Ni-
MOF[172] 

rGO/PB 
[322] 

rGO/PC 
[173] 

1 82.6 44.4 6.6 30 75 330 225 193 

2 71.5 35.8 5.1 28 75 308 194 180 

5 63.9 30.6 4.6c 27 54 294d 175 164 

10 60.6a 28.5b --- 26 45 277 154 150 
areal specific discharge current is 9 A g-1. breal specific discharge current is 14 A g-1. creal specific 
discharge current is 3 A g-1. dreal specific discharge current is 4 A g-1. 

SOURCE: Author. 
 

The superior performance of those electrodes could be attributed to several aspects. 

For example, the electrode derived from carbonization of NiMOFs with rGO exhibited abundant 

hollow carbon microrods with corrugated graphene sheets and hierarchical porosity nature 

leading to a considerably high surface area, these characteristics led to high capacitance and 

higher capacitance retention. [172] The electrode synthesized by GO reduction on iron foil in 

acid media and presence of KFe(CN)6 propitiated the simultaneous growth of PB nanocubes 

and rGO film, forming electrodes with a porous interconnected graphene sheets of tens of 

microns covered by PB nanocubes of 80 nm tightly connected to graphene which may prevent 

the graphene restacking, this structure allowed fast electron transport through heterojunctions 
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and fast ion diffusion through the porous structure. [322] The PC-rGO aerogel fabricated with 

an hydrothermal process exhibited  interactions between graphene sheets and PC and 

interconnected 3D sponge-like structure with high porosity instead of sheet stacked 

architecture, so the amount of electrochemically active sites is greater. [173]  

The strategy here used to obtain structures facilitating the charge transport in the whole 

film was partly successful since it led to better performance with respect to drop-casted 

electrodes. The 2D organization with interconnected wrinkled graphene sheets probably 

helped to improve the electron transport and ion diffusion through the whole film. However, it 

did not lead to achieve a capacitance as high as other works, since the material did not present 

hierarchical pores, porous nanoarchitecture, or interconnected 3D network reported in those 

works which may increase the accessible active area of the electrodes, particularly in thicker 

electrodes and further improve the ion diffusion in the whole electrode. So, the structure 

induced by the wrinkled graphene was not enough to provide fast ion diffusion paths and did 

not prevent the graphene restacking, however it could be improved using graphene of high 

lateral size which could be easier deformed leading to higher roughness and porosity. [236] 

Other relevant aspect is the electrolyte used in those works since the use of basic electrolytes 

and ionic liquids can improve the electrode performance. [172,173] It would be an interesting 

alternative using ionic liquids or organic electrolytes. 

rGO LB films reached specific capacitance of 0.401 mF cm-2 (25.1 F g-1) at 36 μA cm-2 

(~2 A g-1), whereas the drop-casted rGO-NH electrode exhibited a capacitance of 0.693 mF 

cm-2 (8.1 F g-1) at 171 μA cm-2 (~2 A g-1). The specific capacitance by mass unit of the LB film 

is significantly higher than in rGO-NH electrode, however this value is  lower than other 

graphene materials reported, that range from 90 to 140 F g-1.[148,276,323,324] The 

performance of graphene materials varies significantly depending on the experimental 

conditions. For example, higher values of capacitance are reported when acid electrolyte is 

used in the electrochemical experiments due to pseudocapacitive hydrogen adsorption. 

[148,191,276,279,280] Furthermore, the aggregation of graphene sheets leads to lower ion 

accessible surface area diminishing the capacitance. [282,283] So, synthesize graphene with 

higher specific surface area and improved porosity is challenging and strategies as the 

fabrication of hydrogels and aerogels have been proposed. [173,283]  

8.2.2 Analysis of Charge Storage on Hybrid Langmuir Blodgett Electrodes 

The analysis of the current variation with  in CV summarized in Figure 8-7 suggests 

little charge transport limitations and a behavior predominantly capacitive in the rGO and 

rGORu LB electrodes. The voltammogram “normalized” dividing the specific current by the 

scan rate ( ) depicted in Figure 8-7a show that the  peak of rGORu at higher potentials 
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slightly decreased as scan rate increased, probably due to some charge transport limitation. 

The rGO voltammogram in Figure 8-7b also shows this trend, but it is moderated. Additionally, 

current dependence on  was analyzed assuming a power-law dependence of  on  ( ) 

as indicated in section 3.4. The b-value obtained from oxidation current peak analysis was 1 

for the 1 ML electrodes, and it decreased for electrodes with higher number of layers, the 

decreasing is greater for the rGORu electrodes as can be seen in Figure 8-7d. rGO-Ru reach 

a minimum b-value of 0.83 for the 24 ML electrode. This value is higher than 0.8, so the 

behavior could be considered capacitive but far from ideal.  

FIGURE 8-7- ANALYSIS OF CURRENT VARIATION WITH THE SCAN RATE IN CYCLIC 
VOLTAMMETRIES OF GRAPHENE AND HYBRID LANGMUIR-BLODGETT FILMS. 

 
Cyclic voltammetry of a) rGORu and b) rGO LB film with 48 layers. c) capacitance variation with the 
scan rate for rGORu and rGO LB films with 4 and 8 layers. d) variation of b-values with the number of 
layers in rGO and rGORu films. The y-axis in voltammograms is the current divided by the scan rate. 

SOURCE: Author. 
 

Besides the b-value of rGO electrodes with less than 12 layers is higher than 0.94 

indicating a capacitive behavior close to ideal, the thicker electrodes with 24 and 48 layers 

showed a less ideal capacitive behavior as indicated by the b-values of 0.9 and 0.87. The 

variation in the charge stored with the scan rate presented a random distribution around to the 

mean value and did not show a clear trend as depicted in the plot of capacitance vs scan rate 

of Figure 8-7c. It appears to be horizontal, so the analysis of charge storage capacity 

contributions led to conclude that most of the charge arises from surface sites  since the 
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 is similar at slow and high scan rates. An estimation of the  and  as the indicated 

in section 3.4 was not reported because the simulated curve does not fit well the experimental 

data. 

In summary, graphene Langmuir-Blodgett electrodes fabricated in this work exhibited 

performance superior to the rGO-NH and rGO-NHRu drop-casted electrodes. It could be 

attributed to higher accessible area and improved charge transport in LB electrodes. Also, the 

capacitance by mass unit decayed at higher thickness and the capacitance have a higher 

decay at high rates, indicating a less effective use of the material and slower charge transport.   

It is expected that the using of other electrolytes and further optimization of the fabrication 

process, particularly the reduction of the films, improve the performance of rGO and rGORu 

electrodes. These results confirms that the nanomaterials morphology is a main factor in the 

electrode performance, different strategies could be tested to get new architectures that 

increases the accessible surface area and shortens ion diffusion paths.[282,283] 

8.2.3 EIS Hybrid Langmuir Blodgett Electrodes 

EIS was carried out at 0.8 V to obtain additional insights on the electrochemical 

processes occurring at electrodes. Around to 0.8 V is observed the oxidation peak in the hybrid 

electrodes. The Nyquist plot of rGORu is shown in Figure 8-8a and in the inset is shown the 

high frequency region, the comparison with the Nyquist plot of rGO can be seen in Figure 8-8e.  

At very high frequencies the imaginary impedance was close to zero, so the  resistive 

processes related with the conductivity and electrical contacts of all components may dominate 

the spectrum. [284–286] The real impedance value at these frequencies ( ) is directly related 

with the resistance of the processes mentioned, according to the modeling with equivalent 

circuits the resistance value RS was ~200 Ω for all the electrodes, only the resistance of rGORu 

with 48 ML was significantly higher (RS = ~327 Ω).  The RS values of the LB electrodes on ITO 

was significantly higher than the drop-casted electrodes on glassy carbon (40 Ω), which 

probably is associated with the substrate conductivity.   

At high frequencies was observed an arc line associated to the double layer and 

resistive process at interface. At lower frequencies the imaginary impedance increases rapidly, 

which is characteristic of capacitive process. The initial slope of the arc line depends on the 

capacitive process, then the arc-line deflects on the real axis depending on the resistive 

process. The arc-line was more extended on the real axis in rGORu spectra (see inset in Figure 

8-8e) than in rGO spectra, which could be related with predominance of resistive processes 

associated with the charge transfer and ions rearranging in the interface as is expected by the 

presence of the triruthenium cluster. Moreover, the arc-line was also more extended on the 
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real axis for the spectra of thicker electrodes indicating higher charge transfer limitations on 

thicker electrodes (see inset in Figure 8-8a).  

This part of Nyquist plot is captured in the equivalent circuit model mainly by the 

impedance of charge transfer resistance RCT which is parallel to a constant phase element QC 

representing the double layer capacitance, as can be observed in the inset of Figure 8-8b this 

array is in series with the resistance RS representing electronic and contact resistance and a 

constant phase element QD representing the low frequency capacitance in quasi-stationary 

state when all processes have occurred. The RCT values obtained from equivalent circuit model 

fitting are higher in rGORu materials, a value of 1230 Ω was obtained for rGORu with 48 ML 

whereas a value of 365 Ω was obtained for rGORu with 48 ML. Likewise, it was observed that 

RCT tends to increase as the number layer increases as can be observed in Table 8-2.  

FIGURE 8-8- EIS RESULTS OF GRAPHENE AND HYBRID LANGMUIR BLODGETT FILMS.   

 
Nyquist plot of a) hybrid rGORu LB electrodes and d) its comparison with rGO LB electrodes. The inset 
shows a zoom at high frequencies, the data from model is shown as lines. Real capacitance vs. 
frequency plots of b) hybrid rGORu LB electrodes and e) rGO LB electrodes. Imaginary capacitance vs. 
frequency plots of c) hybrid rGORu LB electrodes and f) rGO LB electrodes. 

SOURCE: Author 

A titled line close to vertical was observed at low frequencies, it was attributed to 

capacitive processes dominating the spectrum. This behavior is characteristic of bounded 

diffusion processes observed within a thin slice of material/solution as membranes, or 

electrochemical supercapacitors. [284–286] It was attributed to the reaching of a quasi-

stationary state with non-consuming species. That is, electroactive species and ion 
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concentrations are stationary, and the diffusion layer has a length comparable with the 

characteristic physical dimensions of the electrode. [285,287] This line began at relative high 

frequencies for all electrodes tested (ca. >35 Hz), which is characteristic of very thin film 

electrodes. However, the frequency for rGORu was lower than for rGO, likewise the frequency 

decreased as thickness increased. It suggests higher charge transfer resistance in rGORu and 

thicker films.  

TABLE 8-2- ESTIMATED PARAMETERS VALUES OF CIRCUIT MODEL ELEMENTS AND THEIR 
RESPECTIVE ESTIMATION ERRORS. 

Electrode RS(Ω) QC(μΩ-1sn) nC RCT (Ω) QR (μΩ-1sn) nR 

 %error %error %error %error %error %error 

rGORU-1ML 200 23 9.5 8 0.70 6 904 8 5.8 0.2 0.88 0.1 

rGORU-4 ML 201 8 10 15 0.74 3 576 6 8.7 1 0.88 0.3 

rGORu-8 ML 174 14 12 11 0.67 3 1304 4 7.4 0.9 0.91 0.2 

rGORu-24 ML 230 8 12 8 0.64 2 1422 3 18 0.5 0.85 0.2 

rGORu-48 ML 327 21 13 32 0.66 8 1230 10 31 4 0.81 4 

rGO-4 ML 199 3 0.9 16 0.95 2 232 18 0.9 2 0.90 0.3 

rGO-48 ML 206 21 8.8 10 0.77 12 365 2 11 2 0.85 0.6 
The fitting was performed with Powell method to find local minimum as implemented in EIS spectrum 
analyzer. [247] 

SOURCE: Author. 

Additionally, as can be observed in Table 8-2 values higher than 0.81 were obtained 

for the exponent nD of the constant phase element representing the low frequency capacitance. 

A value close to 1.0 is expected for ideal capacitors and 0.5 is expected for semi-infinite 

diffusion processes, so the low frequency processes are highly capacitive. Besides, QD values 

were higher for rGORu electrodes and thicker electrodes (see Table 8-2). Despite of QD value 

is not exactly the capacitance value, it is expected that the trend found be maintained for the 

capacitance values since the nD values did not vary so much. 

The real ( ) and imaginary ( ) part of the complex capacitance of rGORu was 

calculated using equation 3.15 and are shown in b and c respectively.  at low frequencies 

gives the capacitance value of the whole system, we observed that the capacitance value 

increases as the number of layers increases reaching values relatively close to those found 

with discharge measurements, since the relative difference between them is below 8% for most 

of the films. Likewise, the values of  at 0.02 Hz of rGORu were higher than those found 

for rGO as can be noted when Figure 8-8b and e are compared.  Besides,  is related 

with energy dissipation. [248,249] Also, the maximum in the  is located at critical 

frequency at which the system transits from a behavior mostly resistive at high frequencies to 
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one mostly capacitive at low frequencies. A characteristic time constant  is calculated with the 

critical frequency  / .  

Interestingly the characteristic time constant of rGORu electrodes are higher than those 

found for rGO as can be seen in Figure 8-8c and f, for example the  values of 48 ML electrodes 

are 290 ms for rGORu and 37 ms for rGO. It is due to their higher charge transfer resistance 

and capacitance associated with the presence of triruthenium cluster. Additionally, the time 

constant increases as the thickness increases which is in accordance with the higher 

capacitance and charge transport resistance expected for thicker electrodes.  

8.3 ENERGY STORAGE DEVICES BASED ON HYBRID HETEROSTRUCTURED 

LANGMUIR-BLODGETT ELECTRODES 

  The thin films developed on this work were explored in portable and flexible energy 

storage devices, we constructed solid-state asymmetric supercapacitors based on rGO, 

rGORu and AzoRu LB electrodes and “boric acid crosslinked” (B-PVA-KCl) gel electrolyte. The 

B-PVA-KCl gel film works as solid electrolyte and separator between two electrodes. B-PVA-

KCl hydrogel was used as electrolyte since hydrogel exhibits higher flexibility, thin film 

formation ability and ionic conductivity higher than dry electrolytes. [242,325] Moreover the 

chemical crosslinking may improve the mechanical properties of PVA-KCl film, [242,326,327] 

boric acid interacts with hydroxyl groups on PVA chains promoting a dehydration reaction, so 

the boron forms bonds with oxygen linking different chains of PVA. [242,328] Particularly, the 

boron can form dynamic diol-borate ester bonds, so the electrolyte could exhibit healing 

properties. [328] 

The CV curves at 25 mV s-1 of the three asymmetric devices are compared in Figure 

8-9a. The asymmetric devices consist in a B-PVA-KCl electrolyte sandwiched between two 

different active materials deposited on ITO coated PET. For example, PET/ITO/rGO/B-PVA-

KCl/rGORu/ITO/PET which we named by simplicity (rGO/rGORu). Likewise, the rGO/AzoRu 

and rGORu/AzoRu devices were constructed and tested. A rectangular CV shape and rapid 

current response upon the voltage reversal is observed for the rGO/rGORu device. Besides, 

the rGO/AzoRu device exhibited two peaks with a separation of 0.55 V, which corresponds to 

AzoRu redox reaction. The rGORu/AzoRu device exhibited an increased current at low 

potentials and a rectangular shaped voltammogram at high potentials, but the current notably 

smaller than the other devices at higher than 0.2 volts, so it indicates that the storage due to 

capacitive part of the device is significantly lower, maybe by an unbalance in the charge 

storage of the electrodes.  

The galvanostatic charge-discharge profiles at relative high rate are shown in Figure 

8-9b. rGO/rGORu exhibited a roughly triangular shape typical of capacitive behavior. However, 
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some asymmetries were observed, at the onset of charging process the potential increases 

rapidly from 0 to ~0.12 V, likewise at the onset of discharging process the potential decreases 

rapidly from 0.9 to ~0.78 V indicating an important internal resistance in the device, so a 

considerably high “IR drop”. rGO/AzoRu exhibited an IR-drop apparently higher, additionally it 

exhibited a curved and asymmetrical profile. It was observed the lowest slope from 0.4 V to 

0.6 V during the charging process and from 0.2 to 0 V during discharging process, since it may 

occur the redox process in AzoRu in those regions, in fact redox peaks are observed in the 

voltammogram at these potentials. rGORu/AzoRu profile is almost symmetrical but two regions 

with different slope are identified, from 0 to 0.15 V the small slope is consistent with the 

increased current observed in the voltammogram at low potentials. 

FIGURE 8-9- ELECTROCHEMICAL CHARACTERIZATION OF ASYMMETRICAL DEVICES. 

 
a) Cyclic voltammogram at 25 mV s-1 and b) charge discharge profiles at 2 A cm-2 of the 
asymmetrical supercapacitors. Cyclic voltammogram at different scan rates of c) rGO-AzoRu and d) 
rGORu device. 

SOURCE: Author 

The results suggest that the rGO/rGORu device, which have more content of graphene 

have the better capacitive performance, but with an important equivalent series resistance as 

suggested by the voltage drop at the beginning of the discharge curve and by the rounded 

features in the limiting potentials of the voltammograms. It is better visualized in Figure 8-9d, 

at higher scan rates the voltammogram was bent, so the capacity was considerably diminished. 

On the other hand, rGO/AzoRu device also present an important internal resistance which 

limits the storage by AzoRu redox reaction at scan rates higher or equal than 100 mV s-1. The 

voltammogram bent and the redox peaks are no longer observed as can be seen in Figure 
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8-9c. rGORu/AzoRu device exhibited a straight voltammogram at high scan rates, but the lower 

currents obtained at high potentials decreased its capacity respect to other devices. 

The devices initially manufactured were small with a working area ( ) of ~0.64 cm2 in 

each electrode. They have been bent (curved) repeatedly without mechanical damage of the 

cell as observed in Figure 8-10a. The capacitance per unit of area of the rGO/rGORu and 

rGO/AzoRu devices were calculated from the CD measurements using the total geometric 

area of the two electrodes (  = 1.28 cm2). As can be observed in Figure 8-10b the 

rGO/rGORu device exhibited higher capacitances than rGO/AzoRu, likewise the capacitance 

retention at high discharge rates of rGO/rGORu device (34%) was higher than that of 

rGO/AzoRu device (23%). It can be attributed to the presence of graphene in both electrodes 

which lead to better charge transport in the device. The maximum capacitance value of 

rGO/rGORu device was 68 F cm.2 at 0.25 A cm.2 which is lower than the maximum of 105 

F cm.2 expected for the cell considering the results of individual electrodes with a capacitance 

ranging from 320 and 420 F cm.2 approximately.  

FIGURE 8-10- ENERGY STORAGE PERFORMANCE OF ASYMMETRICAL DEVICES.  

 
a) Digital photography of the flexible device and b) scheme of the device illustrating electrical contacts. 
c) Areal capacitance at different discharge currents of rGO-rGORu and rGO-AzoRu device. d) Ragone 
plot of device fabricated and its comparison with other supercapacitors.       

SOURCE: Author. 

The performance of the device here fabricated is not among the best, the capacitance 

of other micro-supercapacitors developed in other works using pseudocapacitive electrodes 

was superior.  A high capacitance of 1560 F cm.2 at 0.5 A cm.2 was achieved with a Ni-MOF, 

[205] whereas the capacitance of symmetric capacitor using as electrodes poly(3,4-

ethylenedioxythiophene):poly(styrene-4-sulfonate) (PEDOT:PSS) was ~120 F cm.2 at 1 A 

cm.2. [329] Besides the capacitance of symmetric capacitors using graphene quantum dots 

was 9.9 F cm.2 at 0.1 A cm.2, [330] and 74 F cm.2 at 5 A cm.2 for capacitors with graphene 

printed electrodes. [331] So, the performance of the rGO/rGORu is similar to that of graphene 

ink and is far from the Ni-MOF capacitors as can be seen in the Ragone plot (Figure 8-10c). 
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Also, it was noted an important energy density decreasing at high power in accordance with 

the low capacitance retention at high discharge rates. 

However, the performance of the device as proof of concept is promising since it 

demonstrates the application of Langmuir Blodgett films and hybrid materials to 

microcapacitors. The hybrid thin films fabricated by LB method exhibited a capacitive behavior 

and the contribution of redox reaction in ruthenium cluster, and the thin film structure achieved 

with the LB method have better performance, particularly at high discharge rates, than the drop 

casted electrode. Probably the LB films contain more interconnected structures and are less 

compacted than drop-casted films. The use of GO which disperses in water better than rGO-

NHRu may lead to less aggregated structures, and graphene can be transferred to the 

substrate as thin sheets upon spread them on water. Whereas the compression of the 

graphene sheets can induce wrinkling and partial overlapping of the sheets in the 3D space, 

which improves electrical connection between material pieces and creates spaces which could 

serve for ion diffusion within the film. So, this work demonstrated that the design of 

nanoarchitectures can improve the performance of the materials as energy storage electrodes. 

The electrodes could be further improved exploring the structure control achieved with 

pressure deposition variation in the LB technique when a more uniform graphene oxide 

dispersion including sheets with large lateral dimensions are used.[235,236] Also, the co-

deposition of graphene or functionalization with amphiphilic molecules/complexes could be 

explored to obtain other organization in graphene sheets.        

The device fabricated could be further improved with variations in the materials and the 

fabrication process. For example, higher energy density would be achieved using electrodes 

with more mass loading, since the device would attain higher capacitance. Likewise, using 

other solid electrolytes allowing higher potential window, such as ionic liquid or organic gel 

polymers. On the other hand, the power density could be increased by the improving the 

integration between electrodes and electrolyte, which is a key challenge for high-performance 

flexible supercapacitors. [242,328] Since the charge transport in the device could be enhanced 

in this way, so the capacitance should be retained at high discharge rates. A feasible strategy 

to get better integration is the fabrication of the B-PVA-KCl film directly on the electrodes. As 

consequence, whereas the electrolyte is dried it works as a binder ensuring better electrical 

contacts between electrodes. It should be ideal to develop an “all-in-one” supercapacitor, with 

the electrodes and the electrolyte in a unique piece. [242,328,332,333]  
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9 FINAL REMARKS 

The development of novel electrodes for supercapacitors based on triruthenium 

clusters (Ru3O(CH3CO2)6L3) was described in this thesis. This work was envisioned as initial 

step to harness the interesting properties of triruthenim cluster and self-organized films in 

energy storage materials, which is an important and actual research area. So, this work takes 

advantage of the experience of Laboratório de Nanomateriais Inorgânicos in ruthenium 

complexes synthesis and characterization, and films fabrication using the Langmuir-Blodgett 

method to apply it in a technological development line new for the group. Different strategies 

were explored aiming to improve the capacity of the electrodes at high discharge rates. Such 

as, their hybridization with graphene, the fabrication of self-organized films and the generation 

of layered 2D heterostructures. The development of that electrodes involved the synthesis of 

three different triruthenim clusters (Ru3O(CH3CO2)6Py2L (L=AzoPy, NH2Py, SHPy)), but the 

triruthenium cluster with mercaptopyridine (SHPy) was not successfully purified and probably 

other triruthenium cluster with 4,4'-dipyridyl disulfide was formed as byproduct. The 

electrochemical characterization of the complexes showed that all of them have several 

electrochemically reversible redox processes typical of the triruthenium clusters, which can be 

harnessed in electrodes for electrochemical energy storage devices.   

So, a novel nanocomposite based on graphene and triruthenium cluster was 

synthesized (rGO-NHRu), probably the triruthenium cluster was coordinated to graphene 

functionalized with aminopyridine (NH2Py) through the pyridinic site as suggested by Raman, 

XPS and EDS spectra. The electrochemical characterization revealed the contribution of both 

mechanisms, redox and capacitive, to the energy storage in the nanocomposite. The 

combination of the redox and capacitive material is promising, however, limitations in the redox 

mechanism at high scan rates or discharge currents were found, which can be attributed to 

charge transport limitations due to electrode structure. Enhancing the electrode porosity and 

structure to increase the surface area exposed probably led to electrodes with better 

performance.  

LB technique was explored as promising technique to fabricate thin film electrodes with 

organized structure, the using of triruthenium cluster with amphiphilic ligand AzoPy allowed 

the self-organization of the clusters at water-air interface. The compression of the Langmuir 

film led to high packing and close interactions between molecules, that film was successfully 

transferred to substrate maintaining its organization as suggested by UV-vis and PM-IRRAS. 

Cyclic voltammetry of these films exhibited broadened redox peaks and an apparent shifting 

of E1/2, these characteristics were explained by a mathematical model as result of lateral 

interactions and the existence of nonequivalent sites since the layer adjacent to substrate is 

stabilized in a different way that the layers far of the substrate.  The LB film with 18 monolayers 
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exhibited a specific capacitance of 204 Fg-1 (1.02 mFcm2) at 50 mV s-1.  However, some 

limitations in the electrodes capacity were observed at higher scan rates, particularly in thicker 

electrodes. According to the model the kinetic and diffusion parameters describes these 

limitations, so improving the electron transfer and ion diffusion within the film through 

modifications in the materials used or the LB film fabrication are required to overcome these 

limitations.  

Finally, the mathematical model study led us to investigate new graphene-ruthenium 

LB films with higher effective quantity of material used, probably because of the higher site 

exposition promoted by this method and the possibility of obtaining ultrathin films. The 

advantages of this technique were exploited in the fabrication of hybrid electrodes with 

alternated layers of graphene and triruthenium cluster, the electrode presented wrinkled 

graphene sheets, layered structure and the presence of triruthenium cluster as suggested by 

SEM images, IR, Raman and EDS. The hybrid rGORu LB electrodes exhibited performance 

superior to rGO-NHRu drop-casted electrodes at high discharge rates. The rGORu of 8 ML 

exhibited a capacitance per unit of area similar to rGO-NHRu, the former retained the 64% of 

the capacitance at high discharge rates whereas the rGO-NHRu only retained the 41% of its 

capacitance. It was attributed to higher accessible area and improved charge transport in LB 

electrodes.  

The specific capacitance of 8 ML rGORu was 0.710 mF cm-2 (44.38 F g-1) is comparable 

to other graphene metal oxide hybrid electrodes, but it was lower than other hybrid electrodes 

including metal complexes. Probably the electrode structure could be improved to achieve 

interconnected 3D structures with higher accessible surface area and improved ion diffusion 

in the whole electrode, particularly in thicker electrodes. It was observed that despite the 

capacitance per unit of area increased with the electrode thickness increasing, the proportion 

of material effectively used decreased and the electrode performance at high discharge rates 

was deteriorated. For these reasons, we considered that electrodes with 8 to 12 ML offered a 

good performance at high discharge rates and specific capacitances (per unit of mass and unit 

of area). So, rGORu electrodes with 12 ML were used to fabricate asymmetrical flexible 

devices combining it with AzoRu and rGO LB electrodes and B-PVA-KCl electrodes. The 

devices demonstrated that Langmuir Blodgett films can be applied to microcapacitors, an 

important technology for the energy storage management in electronic circuits, autonomous 

remote sensors among other applications. The device performance is not among the best, but 

considering it as a proof of concept, the new device is promising for energy storage.   
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9.1 FUTURE WORK 

During the development of this works arose some problems or interesting observations 

which suggest several possible future works. Some of them are mentioned in the following 

paragraphs, following the order presented in the thesis. Some triruthenium clusters with N-

hetrocyclic ligands were synthesized and characterized in this work, they exhibit interesting 

electronic and electrochemical properties tunable trough the choosing of ligand, so the 

reassessment of this properties with electronic structure calculations through DFT would be 

interesting to expand the actual knowledge explaining the relationship between electronic 

structure and the properties exhibited. Also, the synthesis condition of SHRu was not 

completely successful, so it could be replanned modifying the synthesis conditions, particularly 

the pH, to avoid the formation of thiolate ion and subsequent formation of dipyridyl disulfide or 

adding a reducing agent which break the disulfide bonds.  

The hybrid nanomaterial rGO-NHRu exhibited a poor performance at high scan rates, 

probably due to the structure of the electrode. Probably, the difficulties for dispersing rGO-

NHRu in water contribute to the aggregated and compact structure of this material. Modification 

of the synthesis method to obtain a highly porous material like the previously reported 3D 

graphene networks, such as self-assembled graphene hydrogels or aerogels, could lead to 

structures with higher surface area and redox sites exposed. [173,334,335]  The method to be 

used may allow the simultaneous formation of the hydrogel and formation of the hybrid 

material. In an analogy with reported methods for the hydrogel synthesis, [173,334,335] one 

possible strategy should be the heating of the homogeneous mixture of graphene oxide 

functionalized with aminopyridine and triruthenium cluster precursor at 180 °C in autoclave, 

that could be a suitable way to synthesize the hybrid material in form of 3D graphene. 

Likewise, as was herein demonstrated, the fabrication of graphene LB films is a suitable 

strategy to obtain structures that lead to improve the electrode performance. However, the LB 

films here obtained could be further improved exploring the structure control achieved with 

deposition at different pressures of large graphene oxide sheets, [236] and their co-deposition 

with amphiphilic ruthenium complexes which can interact with oxygenated groups in graphene. 

Despite the good performance of LB electrodes, some limitations are found for thicker 

electrodes at high discharge rates, for example AzoRu showed limitations at scan rates higher 

than 100 mV s-1 which was attributed to slow charge transfer within the film and from the film 

to the substrate. It could be overcame including organic molecules with better self-assembly 

properties that force the organization of the multilayer films and improve the electron transfer 

within the film, for example constructing heterostructured films with layers of AzoRu and the 

organic molecules could lead to different film organization and behavior. [206]  



139 
 

Also, various designed complexes with different redox potential could be included in 

the same film to get a greater potential window, substrates different from ITO with higher 

conductivity could be used and other hybrid materials based on triruthenium cluster could be 

synthesized such as the combination of gold nanoparticles with ruthenium complexes planned 

in the project proposal, but not developed due to several drawbacks, still being an interesting 

alternative. The LB electrodes performance was demonstrated in a single cell device, which 

could be enhanced using electrodes with more mass loading to attain higher capacitance and 

with additional studies to adjust the charge balance between the two electrodes. Additionally, 

the exploring of other electrolytes such as ionic liquid or organic electrolytes is recommendable 

since they offer higher potential window, so higher energy density. The electrodes/electrolyte 

integration is key to achieve high-performance in flexible supercapacitors, [242,328] since in 

this way the internal resistance of the device could be decreased. A feasible strategy to get 

better integration is the using of wet B-PVA-KCl, so whereas the electrolyte is dried it can work 

as binder ensuring better electrical contacts between electrodes and acts as device sealer. 

Even better, it would be ideal to develop an “all-in-one” supercapacitor, thinking in strategies 

for electrode printing on the electrolytes to obtain a unique piece. [242,328,332,333]  

 Finally, we should remark that the model developed can be expanded including 

explicitly the capacitive process an ion transport within the film, also kinetic parameters could 

be calculated from DFT and integrated with the model in a parametric multiscale approach. 

The model code could be modified to calculate the electrochemical response when the input 

to the system is other signal different to the electrode potential. An interesting exercise is the 

restatement of the kinetic model considering other models for electron transfer such as the 

Marcus-Hush model and consider the electron transfer between molecules explicitly. As can 

be seen this work is just a small step, there are many possibilities for additional studies either 

continuing the work done or opening other lines based on the results found and I hope that this 

thesis will serve well other scientists who want to explore the areas of energy storage, or hybrid 

nanomaterials, or ruthenium complexes, as well self-organized thin films.    
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APPENDIX A SUPPLEMENTARY INFORMATION 

Structure of Triruthenium Clusters 

FIGURE A-1- MASS SPECTRUM OF [RU3O(CH3CO2)6PY2AZOPY]+ 

 
SOURCE: Author 

FIGURE A-2 - MASS SPECTRUM OF [RU3O(CH3CO2)6PY2NH2PY]+ 

 
SOURCE: Author 
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FIGURE A-3 - MASS SPECTRUM OF FRAGMENTS DERIVED FROM [RU3O(CH3CO2)6PY2NH2PY]+  

 
Upper image show the fragment derived from the cation Ru3O(CH3CO2)6Py2NH2Py]+ m/z = 926.49. 
The bottom image show the fragment derived from the cation Ru3O(CH3CO2)6Py2NH2Py]+ m/z = 
767.66. 

SOURCE: Author 
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FIGURE A-4- MASS SPECTRUM OF [RU3O(CH3CO2)6PY2SHPY]+ 

 
SOURCE: Author 

FIGURE A-5 – 1H-NMR SPECTRUM OF [RU3O(CH3CO2)6PY2AZOPY]+ 

 
SOURCE: Author 
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FIGURE A-6 – 1H-NMR SPECTRUM OF [RU3O(CH3CO2)6PY2NH2PY 

 
SOURCE: Author 

FIGURE A-7 – 1H-NMR SPECTRUM OF [RU3O(CH3CO2)6PY2SHPY 
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Theoretical Assignation of FTIR spectra 
http://d4mzdebaux954.cloudfront.net/ 

 
Simulation Details 

Dimensionless concentration, length and time variables , ,  were defined to 

implement the computational simulation, since a better numerical behavior could be obtained. 

   with : the film thickness.   

 with : the total surface concentration in one monolayer. 

   with : time of duration of electrochemical experiment  (s1) 

So, the equations -7.4 in their dimensionless form are: 

   

,   

  (s2) 

The kinetic parameters were calculated as indicated in equations 7.12 of the main text. 

Note that   is redefined including the total mass balance  or   

, also they have the same units as  (s-1), so  in the above equation is defined as a 

dimensionless quantity. Furthermore, the equivalent exponential factor  is obtained when 

expressed in terms of the dimensionless concentration  as is shown in (s3).  

   with       

  with    (s3) 

For the simulation of films with several layers the  was calculated as the mean 

value of the  layers in the film, if the adsorption energy in the first layer (adjacent to substrate) 

is different to the adsorption in the other layers, in this way the experimental variation of E1/2 is 

captured: 

    (s4)   

According to experimental results  adsorption in the first layer should be more 

favorable than  adsorption, whereas  adsorption in the other layers should be significantly 

lower than  adsorption. Finally, the right-hand part of the equations (s2) was discretized using 

central finite differences, leading to a set of ordinary differential equations with  as the only 

independent variable: 
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 with   number of layers  

  

   (s5) 

A code using the command ode15s of MATLAB was implemented to solve the set 

equations s5 with the constitutive equation s3. For the model implementation was required, in 

addition to constants and model parameters defined in Table 1, the definition of the  interval 

simulated (from 0 to 1), the  values in each time and the initial condition set ( ). The 

lasts were initially chosen arbitrarily as 3/5, so a constant  value in each time was defined as 

 with  the lower potential value defined for cyclic voltammetry experiment. Then 

the obtained  values which were close to equilibrium value were used as initial condition 

for cyclic voltammetry simulation, for which the potential  used was the typical triangular 

signal depending on time and the scan rate .  

It worth to point out that the values of , , and  were estimated based on 

experimental and theoretical results. The one monolayer thickness  was estimated from the 

optimized geometry obtained with DFT assuming that cluster is oriented with ligand AzoPy 

normal to the surface, so the film thickness  is obtained multiplying  by the number of layers. 

 was estimated from monolayer isotherms on the water air interface, and  of cyclic 

voltammetry is estimated multiplying the potential window tested by two and dividing by the 

scan rate.  

 
MATLAB Codes used to simulate the model and to fit cyclic voltammetry data 
https://github.com/aleperezme/Rufilmmodel 
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APPENDIX B ACADEMIC INFORMATIONS 

Subject Code Credits Grade 
NANOQUÍMICA E NANOMATERIAIS QUIM-7023 4 A 

ESPECTROSCOPIA VIBRACIONAL E ELETRÔNICA QUIM-7007 4 A 

REAÇÕES DE TRANSFERÊNCIA ELETRÔNICA QUIM-7034 4 A 

QUÍMICA INORGÂNICA AVANÇADA QUIM-7031 4 A 

SEMINÁRIOS D1 QUIM-7038 1 A 

SEMINÁRIOS D2 QUIM-7039 1 A 

PRÁTICA DE DOCÊNCIA EM QUÍMICA QUIM-7024 1  

MATERIAIS LAMELARES – SÍNTESE, 

CARACTERIZAÇÃO E APLICAÇÕES 

QUIM-7045 2 A 

ELECTROCHEMISTRY: FUNDAMENTAL AND 

APPLICATIONS 

QUIM-7048 1 A 

ELECTRONIC PROPERTIES IN ISOLATED AND 

EXTENDED STRUCTURES: COMPUTATIONAL 

STUDIES 

QUIM-7045 2 A 

PRÁTICA DE DOCÊNCIA EM QUÍMICA-2 QUIM-7024 1 A 
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