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Abstract 

Electrochemical capacitors are energy storage systems able to be fully charged and discharged within 

seconds. Because of their high power density and long cyclability, they are interesting devices for 

implementing them in many modern applications including the electric vehicle. They are most 

commonly made of high surface area carbonaceous active materials.  

This work presents the use of microporous carbons derived from olive pits, an abundant natural 

waste material in Spain, in order to produce active materials for electric double layer capacitors 

(EDLCs) and lithium and sodium ion capacitors (LICs and NICs, respectively). The synthesis conditions 

of the chemical activation process (temperature and KOH amount) have been adapted to prepare 

activated carbons (ACs) with improved electrochemical performance. Therefore, in aqueous 6M KOH 

electrolyte, the maximum gravimetric and volumetric capacitance values achieved are 260 F g-1 and 

140 F cm-3 and in organic 1.5M (C2H5)4NBF4 organic electrolyte, the values are 150 F g-1 and 65 F cm-3, 

respectively. Furthermore, the relationship between capacitance and the complex interplay of the 

accessible specific surface area, the accessible average pore size and the effective dielectric 

permittivity have been studied, suggesting that moderately solvated ions enhance the high-rate 

capability in pores that slightly exceed the solvated ion size.  

These ACs have also been used as active materials in more exploratory type of electrolytes, such as, 

aqueous neutral salts and ionic liquids (ILs). ACs working in 6M LiCl electrolyte have demonstrated to 

be able to provide a capacitance value of 160 F g-1 in a voltage window of 1.6 V with very low 

resistance thanks to the high conductivity of the electrolyte at high salt concentration values. 

Similarly, when these mesopore-free ACs operate in neat EMITFSI IL, they are able to give gravimetric 

and volumetric capacitance values as high as 180 F g-1 and 150 F cm-3 within a cell voltage of 3V, 

respectively, due to the adaptation of the pore size to the ion size. 

Finally, LIC and NIC devices have also been built using the hard carbon directly obtained from the 

pyrolysis of the olive pits in the negative electrode and previously mentioned ACs in the positive 

electrode. These LIC and NIC devices overcome their EDLC counterpart in terms of energy density 

throughout the studied power density range while keeping the cyclability exhibited by EDLCs, which 

opens up the range of possible applications for these devices. 

 



 

 

4 

 

1 STRUCTURE OF THE THESIS 

This Doctoral Thesis consists of an Introduction, Objectives, and Results and Discussion. A Summary of 

the work is included, highlighting the most relevant aspects. Lastly, the Conclusions are presented. 

The aim of the Introduction is to describe electrochemical capacitors or supercapacitors, by explaining 

the characteristics of their components and the different types of electrical energy storage 

mechanisms they are based on, as well as to capture the state-of-the-art concerning the 

characterisation techniques used to study the process of charge and discharge. The active materials 

used in electrical double-layer capacitors are of special relevance, in particular microporous carbons, 

which is the material studied in this Doctoral Thesis. For that reason, the understanding of the 

structure and properties of microporous carbons is essential, especially parameters such as the 

specific surface area and the pore size distribution, which play the main role for the adaptability with 

the ions of the electrolyte.  

The Objectives part of this dissertation lays out the motivation and objectives of the Doctoral Thesis 

elaborated as a result of the critical survey of the state--of-the-art in supercapacitors, as presented in 

the Introduction. 

The Results and Discussion part is a compilation of the scientific contributions derived from the 

research work done in the course of this Doctoral Thesis. These are presented in the form of scientific 

articles published in international peer-reviewed journals. 

Article I: “Effect of pore texture on performance of activated carbon supercapacitor electrodes derived 

from olive pits” E. Redondo, J. Carretero-Gonzalez, E. Goikolea, J. Segalini, R. Mysyk, Electrochimica 

Acta 160 (2015) 178-184.  

This article gathers the results from the activation parameters, such as the temperature and the 

amount of activating agent, and their effect on the properties of the resulting activated carbons, their 

porous features and their suitability to supercapacitors in aqueous 6M KOH electrolyte. Furthermore, 

the performance of the positive and the negative electrode are separately studied to show a more 

fundamental analysis of the permittivity of each electrode with regard to the pore size, into an attempt 

to better understand, through the electrochemical techniques, the mechanism and characteristics of 

the electrosorption process. 

Article II: “Relation between texture and high-rate capacitance of oppositely charged microporous 

carbons from biomass waste in acetonitrile-based supercapacitors” E. Redondo, J. Segalini, J. 

Carretero-Gonzalez, E. Goikolea, R. Mysyk, Electrochimica Acta 293 (2019) 496-503. 

This publication is focused on the use of the previously described olive pits derived activated carbons 

in organic 1.5M (C2H5)4NBF4 in acetonitrile electrolyte electrochemical capacitors. The supercapacitor 

performance is evaluated based on the porosity of the materials taking into account capacitance 

values and rate capability results. As in the first article, herein also positive and negative electrodes 

are recorded simultaneously in order to assess their own capacitance values. This study is done at 

different applied current densities, to determine the capacitance fading depending on the pore size.  

Article III: “The decisive role of electrolyte concentration in the performance of aqueous chloride-based 

carbon/carbon supercapacitors with extended voltage window” E. Redondo, E. Goikolea, R. Mysyk, 

Electrochimica Acta 221 (2016) 177-183.  

This article is about the exploratory research on the use of neutral salts as alternative electrolytes for 

supercapacitors, since switching from conventional aqueous-based electrolytes (KOH or H2SO4) to 

neutral salt-based electrolytes permits increasing the voltage, and ultimately the energy storage 

capability of the system. The concentration of LiCl, NaCl and KCl aqueous electrolytes is set at the 

https://www.sciencedirect.com/science/article/pii/S0013468618322618
https://www.sciencedirect.com/science/article/pii/S0013468618322618
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concentration providing the highest electrical conductivity value, which turns out to be the 

concentration giving the best electrochemical performance. More precisely, improved capacitance 

retention and the lower cell resistance are enabled by the electrolyte concentration optimization. 

Moreover, as a result of the small size of chloride anions, even mildly activated ultramicroporous 

carbons can be coupled with this type of aqueous electrolytes with high capacitive performance. 

Article IV: “Outstanding room-temperature capacitance of biomass-derived microporous carbons in 

ionic liquid electrolyte” E. Redondo, W.-Y. Tsai, B. Daffos, P.-L. Taberna, P. Simon, E. Goikolea, R. 

Mysyk, Electrochemistry Communications 79 (2017) 5-8. 

This paper deals with the application of ionic liquids as electrolytes for microporous-based 

supercapacitors. The use of ILs may allow higher energy density owing to their wider voltage window 

compared to traditional electrolytes. Specifically, it was found that, in neat 1-ethyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide, the olive pits derived activated carbons (developed in article I) exhibit 

outstanding high capacitance values in comparison with other microporous carbons previously 

reported in the literature. Purportedly, this is due to the exceptional match between pore- and ion-sizes 

together with a high electrolyte-accessible specific surface area of the material. Most importantly, from 

the applications standpoint, the moderate pore volume of the carbons resulted in a high volume-based 

capacitance in neat ionic liquids electrolyte. 

Article V: “Lithium and sodium ion capacitors with high energy and power densities based on carbons 

from recycled olive pits” J. Ajuria, E. Redondo, M. Arnaiz, R. Mysyk, T. Rojo, E. Goikolea, Journal of 

Power Sources 359 (2017) 17-36. 

This publication focuses on the use of olive pits derived hard carbon and activated carbon as active 

materials for negative and positive electrodes, respectively, both in lithium ion capacitors and sodium 

ion capacitors. The voltage of hybrid supercapacitor cells is extended in comparison to symmetric 

electric double layer capacitor cells due to the low insertion/de-insertion potential Li+ or Na+ into hard 

carbon. The developed asymmetric cells also allow the activated carbon electrode to operate in an 

extended potential range, and, consequently, to get higher capacity values than those reached in 

symmetric systems. Thus, lithium ion and sodium ion capacitor cells entirely based on a low-cost 

recycled bio-waste demonstrate a remarkable energy and power density enhancement over their 

electric double layer capacitor counterpart while maintaining good cycle life. 

Finally, the Conclusions summarise the original contributions from this doctoral thesis. 
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2 INTRODUCTION 

2.1 Supercapacitors among other electrochemical energy storage technologies 

Supercapacitors, ultracapacitors or electrochemical capacitors, all of them are terms used 

interchangeably to name the energy storage systems that in terms of energy-to-power density balance 

perform between batteries and electrolytic capacitors (1). Depending on the charge storage 

mechanism and the configuration of the electrochemical storage cells, supercapacitors can be 

classified as electric double-layer capacitors (EDLCs), pseudocapacitors and hybrid supercapacitors. 

This classification of electrochemical capacitors and related hybrid storage cells can be made 

according to the electrolyte, the active electrode materials and the cell configurations, as shown in 

Figure 1 (2). Electrode materials can be divided into two main categories according to the charge 

storage mechanism: materials for EDLCs (non-Faradic capacitors) and pseudocapacitors (Faradic 

capacitors). Both types of materials can be combined together and/or with battery-type materials, and 

various types of asymmetric and hybrid cells can be proposed (3; 4) 

Historically, EDLCs were the first type of supercapacitors and are still the main type of commercial 

supercapacitors on the market today. EDLCs can provide high power density of up to 10 kW kg-1 and 

energy density of 10 W h kg-1. One of their main characteristics is that they are able to charge and 

discharge below 10 s. 

 

Figure 1. Taxonomy of materials, configurations and electrolytes for supercapacitors (2). © 

2.1.1. History of capacitors. 

The Leyden jar is an early capacitor invented by Ewald Georg von Kleist in 1745 and firstly produced by 

Pieter van Musschenbroek in 1746. Figure 2 shows its schematics, which consists of a glass jar 

coated inside and outside with a thin layer of metal foil (5). The outer foil is grounded and the inner foil 

is connected to a source of electricity. The Leyden jar can be electrostatically charged producing a 

strong electrical discharge (6). At that time, scientists thought that the jar must be filled with alcohol or 

water in order to work. However, Benjamin Franklin concluded that the glass acted as the dielectric in 

the 1740s and 1750s, and he called a battery to the connection in parallel of several Leyden jars. In 

1776, Alessandro Volta found the law of capacitance, which says that for a given object the voltage (V) 

and the charge (Q) are proportional (7): 

𝐶 =
𝑄

𝑉
 Equation 1 

In the 1830s, Michael Faraday discovered that the material between the plates has an effect on the 

quantity of charge on the capacitor plates. William Whewell was the first to use the term “dielectric”. 

Until the late 1800s, Leyden jars and capacitors were used for spark gap transmitters and medical 
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electrotherapy equipment. After that period, different types of capacitors started emerging: mica and 

ceramic capacitors, aluminium and tantalum electrolytic capacitors, polymer film capacitors and 

EDLCs. 

 

Figure 2. Schematics of a Leyden jar (8). 

The mica capacitor was invented by William Dubilier in 1909 (9). This capacitor is composed of a layer 

of mica and copper foils clamped together, but oxidation and corrosion occurred at the early stages, 

due to the air gaps between the mica and the foils, which alter the capacitance. In the 1920s, other 

ceramic capacitors were developed, using for example titanium oxide (rutile) as a substitute of the 

mica and it was found that the capacitance of this material depends on the temperature. Barium 

titanate was also used, increasing the permittivity 10 times, but with less stable electrical parameters. 

In 1961, the multi-layer ceramic capacitor was launched. In the 1890s, Charles Pollak found that an 

oxide layer is stable on an aluminium anode in a neutral or alkaline solution and, in 1897, he patented 

a borax electrolyte aluminium capacitor. “Wet” electrolytic capacitors appeared in the 1920s, which 

are composed of a metal anode immersed in a solution of borax or other electrolyte dissolved in water 

with the outside of the container acting as the cathode. The modern “dry” electrolytic capacitor was 

patented by Samual Ruben in 1925, in which a gel-like electrolyte is sandwiched between an oxide 

coated anode and a metal foil with a paper separator. In 1936, roughening of the anode surface was 

introduced to increase capacitance. The rapid development of the radio and the television demanded 

large production and improvements regarding leakage currents, the equivalent series resistance (ESR), 

the operational temperature range and lifespans, which were achieved by using new organic based 

electrolytes. Between the 1970s and 1990s lower leakage currents and further reduction in ESR and 

higher temperatures were achieved. Between the years 2000 and 2005, the “capacitor plague” 

happened which lead to many capacitors failing prematurely, possibly due to a faulty electrolyte 

composition.  

In the 1930s, tantalum electrolytic capacitors were firstly manufactured, which are composed by 

wound tantalum foils and a non-solid electrolyte. In the 1950s Bell Laboratories used manganese 

dioxide as solid electrolyte, by grounding tantalum to the powder and sintering it as a cylinder. In 

1954, the Sprague Electric Company did the first commercially viable tantalum solid electrolyte 

capacitors. In 1975 conductive polymers replaced the manganese dioxide because of their higher 

conductivity that lead to lower ESR. Polymer tantalum capacitors for surface mount devices (SMDs) 

were released by NEC, in 1995, and by Sanyo in 1997. 1980 and 2000/2001 tantalum prices suffer 

two shocks that led to the development of the niobium electrolytic capacitors with manganese dioxide 

electrolyte.  

In 1900, the metalized paper capacitor was patented, which consisted of a coated paper with a binder 

filled with metal particles. Bosch coated the paper with lacquer by vacuum deposition of metal during 

the World War II. The first polymer film capacitor was made around 1954 by Bell Labs, which had a 

2.5 μm-thick metalized lacquer film separated from the paper. In 1952, Dupont trademarked the mylar 

capacitor, which had a very strong polyethylene terephthalate (PET). In 1954, 12 μm-thick metalised 

mylar film capacitor was produced and by 1959 also with polyethylene, polystyrene, 

polytetrafluoroethylene, PET and polycarbonate. In 1970, electric utilities used film-foil capacitors 

without paper. 
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In the early 1950s, General Electric experimented with capacitors with porous carbon electrodes to 

patent “low voltage electrolytic capacitor with porous carbon electrodes”. Standard Oil of Ohio 

developed and licensed the supercapacitor in the 1970s and NEC commercialised it. It had 5.5 V and 

up to 1 F in 5 cm3 size, used as backup power for computer memory. These capacitors employed 

activated carbon (AC) as an electrode active material, which have high specific surface area (SSA) in 

order to increase the amount of stored charge and thus the capacitance by 6 orders of magnitude. 

Brian Evans Conway worked on ruthenium oxide electrochemical capacitors from 1975 to 1980. 

Transition metal oxides or conductive polymers are pseudocapacitive materials that rely on rapid redox 

events on their surface or subsurface layer (10). Their charge storage capability is much higher, while 

the electric response is similar to that of electrical double layer capacitance (1). In 1991, he described 

the difference between supercapacitors and batteries. In 1982, pinnacle Research Institute (PRI) 

developed the first supercapacitor with low internal resistance. Lithium-ion capacitors have recently 

appeared on the market with a greater charge storage capacity. 

2.1.2. Batteries and electrochemical capacitors. 

Batteries are also another type of energy storage systems. The difference between these two systems 

is established on their charge storage mechanism: a physical process in electrochemical capacitors 

and chemical reactions in batteries (11). Unlike supercapacitors, batteries rely on the slow 

electrochemical redox processes, which limit the energy storage by the diffusion during the charge 

transfer. Supercapacitors, on the contrary, use the rapid electrosorption processes onto the surface of 

highly divided porous materials and pseudocapacitors use fast electrochemical reactions that are not 

limited by diffusion. 

Table 1 Comparison of some important characteristic of state of the arte electrochemical capacitors and lithium-

ion batteries (12).  

Characteristic 
State of the arte 

Lithium Ion Battery 

Electrochemical 

Capacitor 

Charge time ~ 3-5 mins ~ 1 second 

Discharge time ~ 3-5 mins ~ 1 second 

Cycle life <5,000 at 1C rate >500,000 

Specific Energy (Wh/kg) 70-100 5 

Specific Power (kW/kg) 0.5-1 5-10 

Cycle efficiency (%) <50% to >90% <75% to >95% 

Cost/Wh 1-2 €/Wh 10-20 €/Wh 

Cost/kW 75-150 €/kW 25-50€/kW 

 

Table 1 shows the comparison of some important characteristics of the lithium ion batteries (LIBs) and 

electrochemical capacitors. The properties of energy storage systems are a consequence of the 

governing storing mechanisms (12). Batteries have greater power limitations, ruled by the reaction 

kinetics and mass transport, while supercapacitors have less power limitations, based on fast 

transport of the ions from the electrolyte within the pore networks. Likewise, batteries can store higher 

amounts of energy using the bulk of the material, while supercapacitors are limited by surface storage 

(11). 

The Ragone plot, shown in Figure 3, reflects the fact that electrochemical capacitors are below the 

energy storing capacity of batteries, but have higher power density (13). In spite of this plot being 

broadly used for locating energy storage systems in terms of power and energy, it does not gather 

other advantages of EDLCs in comparison with batteries (10). 
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Figure 3. Ragone plot (13) ©. 

For instance, the cycle life is longer for supercapacitors than for batteries, because, in the case of 

supercapacitors, it is only limited by side reactions, while the lifespan of batteries is affected by the 

mechanical stability of electrodes and the chemical reversibility of the main reactions (11). Another 

benefit of supercapacitors is the broad operational temperature range, typically between -40 and 

60 °C, even up to 100 °C with new electrolyte developments that can insure stability in long-term 

operation (14). Increasing the temperature decreases the viscosity and increases the ionic mobility, 

which results in the decrease of the resistance and the increase of the capacitance (15). The reason 

for that is the electrode and electrolyte material choice. Batteries cannot work at low temperature 

because they would be kinetically hindered, the reactions would not occur, and at higher temperatures 

degradation processes would take place. In supercapacitors, non-reactive species are used while the 

typical electrode materials for batteries involve highly reactive compounds made of alkali metals, 

which have to be assembled in the presence of highly flammable electrolytes. Linked with this, safety 

is another important parameter. Batteries have the risk of thermal runaways and fires, because they 

use alkali–metal based materials that are typically converted into powders of 100 nm. This leads to an 

increase in their effective surface in contact with the electrolyte, which can be the cause of a safety 

problem (16). Supercapacitors don not heat as much due to their internal resistance. However, when a 

fully charged supercapacitor short circuits the energy stored is quickly released, which can cause an 

electrical arc and damage the divide. Other advantages of supercapacitors are the lower cost per 

cycle. This is based on their high efficiency to quickly charge and discharge, since energy reversibility is 

a very important factor in stablishing the value of an energy storage technology together with the cycle 

life (17). Supercapacitors offer a long operational life, extremely high cycle life and high cycle 

efficiency. Therefore, in applications where fast charge is required they are more cost effective than 

batteries, because not only they do not need to be oversized to avoid degradation but also can 

function over a longer period of time (18). 

2.2 Applications  

Supercapacitor applications are in accordance with their main advantages, i.e. the high pulse power 

capability and almost infinite cycle life. Nowadays, there are several companies developing, 

manufacturing and marketing energy storage and power delivery solutions, which produce commercial 

electrochemical capacitors and they have targeted many more applications than at the early stages of 

the capacitors. Table 2 summarizes some of the most important supercapacitor manufacturers and 

cells. Moreover, the present commercial supercapacitor packs have increased their voltage from 10 V 

at power levels below 1 W to 1000 V at power levels above 100kW.  
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Table 2. Commercial supercapacitors 

Manufacturer 

Cell 

voltage 

(V) 

Capacitance 

(F) 

Specific 

Energy 

(Whkg-1) 

Specific 

Power 

(kWkg-1) 

ESR 

(mΩ) 

Mass 

(g) 

Maxwell (19) 2.70 3000 6.0 5.9 0.29 510 

Yunasko (20) 2.7 3000 6.2 7.1 0.14 490 

Nippon 

Chemi-Pon 

(21) 

2.5 1400 4.6 - 1.1 280 

Ioxus (22) 2.7/2.85 3000 6.2 10.1 0.17 510 

JM energy (23) 3.8-2.2 3300 13 - 0.7 350 

Wima (24) 2.5 3000 4.7 - 0.7 615 

Skeleton (25) 2.85 3200 6.8 42 0.13 533 

 

When looking for an application of an energy storage system one can consider three main types: dc, 

pulse or bidirectional. Dc energy storage systems are meant to only deliver power when they are in use 

and they have to be charged eventually, for example, batteries in a mobile phone. An example that 

uses several 100 F electrochemical capacitors to switch light through diodes is a flashlight. The use of 

supercapacitors enables quickly recharging the flashlight and prolonging its life (26).  

Pulse energy storage systems deliver power intermittently, in a single pulse or in a chain of repetitive 

pulses. An example is the Starting-Lighting-Ignition (SLI) battery of a conventional internal-combustion-

engine automobile, which allows the engine to start working by a high-power pulse which lasts less 

than 1 s. Moreover, the SLI battery also provides lighting and ignition. Another example can be found 

in rock crushers that combine internal combustion engines with electrochemical capacitors in a hybrid 

power system. Therefore, the engine supplies power at low frequency and at dc, while supercapacitors 

are utilised at very high power demanding peaks, thus reducing the fuel consumptions by 30%.  

A bidirectional energy storage system delivers and receives power, so the energy flows from storage 

during the positive power and to storage during the negative power. Examples of this are a diesel 

electric hybrid bus or a mining shovel. The regenerative energy storage takes place together with 

change from acceleration to deceleration or from upwards to downwards movements, enabling 25% of 

fuel saving (11) 

The most important applications of supercapacitors are automotive, heavy transportation, trains and 

trams, heavy duty machinery, forklifts, port cranes, utility grid and microgrid and voltage sag mitigation, 

UPS and day night storage. They can also be used in small equipment such as screwdrivers or power 

tubing cutter and back up memories (11; 12). 

In vehicles, the use of electrochemical capacitors improves the efficiency and value, because of their 

high power performance and resiliency (27). They can be used in several parts of the vehicle: as start-

stops, in the regenerative energy recovery system, in the power assistance for hybrid electric vehicles, 

in the short term power backups and in the peak power assistance for high power functions. 

Since vehicles need to fulfil present regulations, incorporating storing systems is a solution for saving 

fuel and lowering the CO2 emissions.  When a vehicle uses more than one form of energy for 

propulsion is considered a hybrid. Thus, a hybrid has a traditional internal combustion engine with a 

fuel tank, and one or more electric motors with a battery pack. There are different degrees of 

hybridisation: if the electric motor adds thrust to the combustion engine, but purely electric driving is 

not possible that would be a mild hybrid, while a full hybrid permits the purely electric driving. 

Supercapacitors are not sufficient to power the vehicles by their own, but they can be used in mild and 

full hybrid vehicles to decrease the fuel consumption and to reduce the battery drain and lengthen 

battery life, respectively (28). The trains, trams, buses and medium- and heavy-duty tracks must be 

adapted to the regulations on the emissions of CO2 as well as the heavy transportation. Therefore, 

using supercapacitors helps to reduce the cost and save energy in the hybridisation and electrification 
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process of these means (29). Figure 4 shows the picture of a 100% electric bus. The Irizar ie tram is an 

example of a bus which uses lithium ion technology in its batteries with a nominal voltage of 

600V/650V and a total capacity of 90-150 kWh. The charge can be carried out with a 125 A plug in 

3 h and it also has the ability to quickly charge by pantograph in 5 minutes a maximum power of 

500 kW (30).  

The start-stop system is one of the parts that is used by automobile manufactures to meet fuel 

economy standards in conventional and hybrid-electric vehicles, while it also prevents idling, saves fuel 

and reduces emissions. It is based on turning off the engine when the car is stopped and restarting it 

when the foot is taken off the brake (31). When supercapacitors are used in this start-stop engine 

together with batteries they can deliver the power to re-start the engine, which protects the batteries 

from high current and repetitive cycling to save their life. By using supercapacitors, the starter can be 

separated from the 12-V boardnet, eliminating the drop on voltage during high power demands and 

improving the energy efficiency. Thus, supercapacitors promote fast, smooth engine starts and reduce 

engine vibration, improving driver experience. Moreover, supercapacitors have a high cycling life, 

operate from -40 to 65 ° C and allow energy storage modules to be small and light. Similarly, in rail 

applications, EDLCs can be by themselves or in combination with batteries for starting the engine, 

helping to reduce the size of the batteries and extending their lifetime. 

 

Figure 4. Full electric bus (32) 

 

The regenerative energy recovery is another part that can be adapted in hybrid vehicles. It consists in 

capturing the energy from the vehicle when it brakes and reusing it later to accelerate. 

Supercapacitors are very efficient in this technology because they can recapture and store energy 

when there are bursts. Since the braking lasts only a few seconds, an energy storing device with high 

power density, such as EDLCs, are the most effective to absorb as much energy as possible (33). 

Furthermore, LIBs with high power are possible, but this would need of more battery materials and 

electrolyte to provide low changes in the state of charge. The charge rate and the depth of discharge in 

battery fabrication are usually limited by the oversizing in order to extend battery life and avoid 

replacements. For this reason, using EDLCs improve energy recuperation efficiency and eliminate the 

need for battery oversizing, which reduces the weight and the cost of the entire system. EDLCs are also 

implemented in rail applications for recovering the energy during braking and helping with the 

propulsion, for bridge power, for stabilising grid voltage. Buses, as vehicles, also incorporate 

supercapacitors to their regenerative braking systems. 

In the case of trains and trams, energy storing devices must be robust and reliable, have a long 

operational lifetime and require low maintenance. Moreover, they must be able to manage peak 

currents, high duty cycles and frequent deep discharge/charge cycles.  

Similarly, supercapacitors can also be used in the heavy duty machinery, for example, in cranes, 

straddle-carries, stackers, forklifts and more earth moving or mining equipment, because they can 

provide high power density and handle deep discharge cycles. Additionally, they allow minimising the 

diesel engine because peak power is no longer required. In forklifts supercapacitors are used to lift the 
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electric forklifts, because in large warehouse operations, batteries have limitations (34). In the harbour 

cranes and construction/mining deep discharge cycling with high duty cycle are required. When 

supercapacitors are used up to a 20 % of the diesel consumption can be saved by the braking/drop 

energy recovery, decreasing the CO2 emissions up to 35 % (35).  

Furthermore, EDLCs can be used in generators, because of their high power, fast response and long 

lifetime and in short-term back-up power, such as automatic gearbox backup systems, automatic crash 

response systems and x-by-wire controllers (36). Supercapacitors can also be used in back-up for video 

and audio equipment (cameras, telephones, printers, data terminals, rice cookers and intelligent 

remote controls), backup of data, for solar battery operated circuits (road guidance flasher), quick 

charging motor drivers (toy car), back-up power supplies (UPS), backup power supply of E-meter, driver 

assist of motors, actuators, backups for power supply of drive recorder, emergency brake, door lock 

releasing devices (37).  

Together with the change of energy production model, from the traditional thermal based coal and 

nuclear energy to the renewables, solar and wind energy, there is the need to deliver quality and 

reliable power to the modern grid. Supercapacitors alone or integrated with batteries can meet the 

voltage and power quality requirements for grids and microgrids. Since renewable power can suddenly 

decrease to half, the EDLCs can respond to these fluctuations to enhance the stability of the grid, so 

they mitigate the inherent variations of the solar and wind generation (38). 

Voltage sags are caused due to distribution line faults, large load additions within a utility service area 

and load additions from motor starting (39).  

2.3 Principles of electrochemical capacitors 

Figure 5 shows the schematic representation of the components inside an electrochemical capacitor 

cell and its basic charge/discharge process. Supercapacitor cells are composed of two electrodes (one 

positive and one negative), the separator and the electrolyte. The electrodes are made of electrically 

conductive materials in which the charge is accumulated. Upon the charge process the positive 

electrode is positively polarised, so electrons are removed from the same this electrode and the 

negative electrode is negatively polarised, electrons are accumulated into the electrode material. 

Commercial electrodes for electrochemical capacitors are made of the active material, a conductive 

additive and a binder, which are typically coated onto a current collector. The electrodes are the same 

in symmetric supercapacitors and different ones in asymmetric cells. The separator is a dielectric, that 

is soaked with the electrolyte, to allow ion permeability while avoiding the direct electrical contact 

between both electrodes. Therefore, the use of separators also allows minimizing the size of 

supercapacitor cells, because it allows bringing the positive and negative electrodes closer without 

short circuiting. The ability of the electrodes to accommodate electrolyte ions on their surface or in 

their structure determines the capacitance and capacity, and the electrolyte/electrode interface 

dictates the cell voltage through its breakdown potentials. Furthermore, the electrolyte greatly 

influences the total resistance of supercapacitors through its conductivity.  
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Figure 5 Schematic of the composition and basic charge/discharge mechanism of a type of electrochemical 

capacitors. 

Capacitance, voltage and resistance are the three key parameters to optimise governing 

electrochemical capacitor performance capacitors. Capacitance (C) can be described as the charge (Q) 

stored by unit of voltage (V), according to Equation 1. Electrical double-layer capacitance does not 

involve charge transfer between the electrode material and the ions from the electrolyte and this is the 

basis of operation of most supercapacitor devices manufactured and used industrially. For plane 

surfaces, it can be simply and quite accurately described with a parallel-plate capacitor model (the 

Helmholtz model). According to this model, capacitance is proportional to the effective surface area 

(Sa) of the electrodes, the vacuum permittivity (ε0 = 8.854·10-12 F m-1) and the relative permittivity (εr) 

of the dielectric electrolyte in the double-layer, and inversely proportional to the interfacial distance 

between the electrode and the ions (d), as expressed in Equation 2. 

𝐶 = 𝑆𝑎
𝜀0𝜀𝑟
𝑑

 Equation 2 

Therefore, increasing the SSA of the electrodes, minimising the distance between pore walls and ions 

and using electrolytes with high relative permittivity would lead to high capacitance values. Therefore, 

double-layer capacitance requires materials with high surface area per mass or volume to provide 

sizeable amounts of charge storage. 

On the one hand, it is important to have high values of capacitance in order to have high energy, but 

the voltage contributes more significantly, as energy (E) is calculated as: 

𝐸 =
𝐶𝑉2

2
 Equation 3 

Energy of an electrochemical system, the deliverable energy can be calculated according to Equation 

4: 

E = −∫ Vdq
Q

0

 Equation 4 

The discharge energy for an electrochemical capacitor can therefore be calculated as: 

E = −∫ Vdq =
Q

0

−∫ VdCV = −C∫ VdV = C
Vmin

Vmax

Vmin

Vmax

(Vmax
2 − Vmin

2 )

2
 Equation 5 

Equation 5 implies that capacitance is constant with potential (or voltage), which is not exactly the 

case for various electrochemical capacitor systems, but is approximately true for double-layer 

capacitors. Therefore, the equation based on capacitance should only be used for potential-

independent capacitance. In a more general case, the integral of voltage over potential provides the 
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correct value of energy, which can be especially important for hybrid electrodes and cells systems that 

are in part based on Faradaic reactions. 

On the other hand, power can be calculated from either Equation 6 or Equation 7. This means that 

high power involves having high energy at short discharge time (Δt) and it can be optimised by 

increasing the cell voltage while minimising the resistance (R). Power for a specific value of energy 

density can be obtained according to Equation 6: 

𝑃 =
𝐸

∆𝑡
 Equation 6 

Whereas the maximum power of a device can also be calculated by as:  

𝑃 =
𝑉2

4𝑅
 Equation 7 

The equivalent series resistance (ESR) of a device is also another very important parameter to take 

into account, and it is influenced by resistive components, such as, the inherent resistivity of the active 

material, the resistance of the electrolyte and separator, the electrode spacing, etc. and it can be 

calculated by:  

ESR =
∆VIR
∆i

 Equation 8 

where ΔVIR is the voltage drop and Δi is the total change in the applied current. 

2.3.1. Models of electrical double layer capacitance 

Most of the materials used in supercapacitors have pores comprised in the microporous range, with 

pore widths below 2 nm. Thus, ions cannot be understood as being adsorbed on a single interface, but 

being confined between two surfaces (pore walls) instead. Therefore, classical theories of electrical 

double-layer cannot describe the capacitance in such electrodes. 

Several treatments were proposed to approach capacitance in the pores. The Helmotz model is the 

most basic approach to explain the special charge distribution on double-layer interfaces (Figure 6a). 

The charge of the solid electronic conductor is countered by the ions of the opposite charge at a 

distance, d, from the solid. These neutralising charges are considered to be rigid layers, represented 

as a simple parallel plate capacitor model. 

The Gouy-Chapman or diffuse model considers that counter ions concentrate in the vicinity of the 

charged solid, without ions being rigidly attached to the surface (Figure 6b). The diffusion of ions into 

the solution occurs, but it is limited by the counter potential. The thickness of the diffuse layer is 

determined by the kinetic energy of the ions and its ion concentration is ruled by Boltzmann 

distribution. This model cannot represent highly charge double-layer, since the experimentally 

measured thickness is larger than the calculated one. Although the Gouy-Chapman model is more 

realistic than the Helmotz model, it is not quantitatively accurate and it does not consider the 

restricted access of ions to the surface. 

The Stern model advances by considering that ions can be specifically adsorbed in the surrounding of 

the electrode surface (Figure 6c). The ions form a compact layer in which they are strongly specifically 

adsorbed, forming the outer Helmotz plane (OHP). In this model, the internal Stern layer (IHP and OHP) 

and an outer diffuse layer (e.g. the Gouy-Chapman layer) are combined. (40) 
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Figure 6 © (40) 

All these models are applicable for electrical double-layer on a plane surface, but no so much for the 

real electrosorption in nanoporous electrodes, which still is lacking of a complete understanding. One 

of the factors that was not contemplated in the previous model is the effect of surface curvature, 

which can be significant, since nanoporous material can have various pore shapes, such as cylindrical, 

slit and spherical. Therefore, when pores are cylindrical, an electrical double-cylinder capacitor (EDCC) 

can be formed (41; 42). 

C =
2πεrε0L

ln(
b
a
)

 Equation 9 

where L is the pore length and b and a are the radii of the outer and inner cylinders, respectively.  

This model assumes, similarly as in the Helmholtz model, that the counter ions on the inner cylinder 

completely counter the charges on the pore walls; and that the space charge layer contribution to the 

overall double-layer capacitance is neglectable because of the high conductivity of the carbon 

materials.  

If this model is driven towards narrower pores, ions may end up entering the cilindrical pores forming 

an electric wire-in-cylinder capacitor (EWCC). Even if the charge is not evenly distributed among the 

ions geometry, the pore walls can suffer an average counter charge, because of the transaction and 

rotation of the ions over the pore axis. In this case the radius of the inner cylinder in micropores would 

correspond to the effective size of the ions, a0.  

2.3.2. Pseudocapacitance 

The so called pseudocapacitance is an energy storage mechanism that not only is still not fully 

understood but also is often misused. Pseudocapacitance is claimed to be a different type of 

capacitance, which can be collectively described with the same capacitance equations as above. Thus, 

the state-of-charge is proportional to the potential, but is not electrostatic in nature, and is supposedly 

related to rapid charge transfer (redox process) on the surface or in the near-surface region of 

electrode materials. Only a limited number of redox processes can be formally described with the 

capacitance-like equation, so in order to be considered pseudocapacitive, materials should be able to 
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rapidly provide discharge energy at the same timescale as double-layer capacitance. Thus, it is 

misleading to use nanostructured battery materials in electrochemical capacitor cells, which are 

supposed to be high power devices, and carrying out the electrochemical test under low rates and 

without probing the long cyclability The misuse of the term pseudocapacitance comes from the 

misunderstanding that pseudocapacitance involves some kind of faradaic process, so often it has 

been misused to describe battery-type materials. Battery materials clearly have a different 

electrochemical signature by showing faradaic redox peaks in their cyclic voltammograms as well as 

plateaus in their constant current charge discharge profiles (43), as shown in Figure 7. However, 

battery materials can be combined with capacitive materials to build asymmetric cells. When one of 

the electrodes consists of a capacitive material and the other one of a faradaic material, the resulting 

hybrid cell performs as a capacitor electrochemically, but this is not a pseudocapacitor. 

Pseudocapacitance should only be used to describe the mechanism that one material undergoes 

when it is charged/discharged at the material level (43), not at the cell level. Therefore, redox 

materials should not be named incorrectly as pseudocapacitive materials, because faradaic and 

capacitive electrodes show different electrochemical behaviour and their description should be done 

accordingly to avoid misunderstanding and misnaming of the electrode materials (44).  

On top of that, it is still to probe how the pseudocapacitive mechanism actually works. It is believed 

that pseudocapacitance is due to the superposition of several overlapping redox couples. However, 

according to empirical calculations, surface faradaic processes show peaks only, which can be more or 

less broadened depending on the interaction between the reactants, but capacitive response cannot 

be obtained through that mechanism (45). Surface faradaic peaks can also add to the capacitive 

double layer charging in proportion to the scan rate (υ). Even for MnO2, which is one of the most 

referred as pseudocapacitive material, the CV is quasi rectangular.  

In a charge process the electron transfer at the interface is accompanied by the insertion of the 

counter ion. When a diffusion limited interfacial reaction occurs (in battery type materials), while the 

concentration of the ions is kept constant, the response is proportional to υ1/2, and when the diffusion 

of the counterion matches that of the interfacial electron transfer (in capacitive or pseudocapacitive 

materials), thus the counterion and the electron transport is fast, the response is proportional to υ. 

Therefore, the magnitude of the scan rate rules the transition from diffusion control to surface reaction 

behaviour. The proportion to the scan rate should be used to differentiate the faradaic response from 

that of a double layer charging/discharging response, instead of the singular response at a scan rate. 
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Figure 7. Faradaic and capacitive energy storage (46).  

2.4 Carbon materials for electrochemical capacitors  

2.4.1. Overview 

Carbon has four crystalline (ordered) allotropes: diamond (sp3), graphite (sp2), carbene (sp) and 

fullerenes (distorted sp2), from which only diamond and graphite are naturally found as minerals on 

Earth. However, carbon has many other amorphous allotropic structures and diverse structural forms. 

Most of the commercial carbons are engineered carbons that have different percentages of disordered 

microstructures in comparison with graphite. Basically, they have regions of hexagonal carbon layers 

not completely ordered in parallel. They are typically prepared by heat treatments under inert 

atmosphere, which enables them to have different degrees of graphitisation. Their properties depend 

on the carbon precursor, its dominant aggregation state during carbonisation, processing conditions 

and the structural and textural features of the products. 

Carbon materials combine numerous chemical and physical properties making make them the most 

suitable materials for EDLCs (47). Among various forms of carbons, activated microporous carbons 

have become the materials of choice owing to their high SSA, around 2000 m2 g-1, which is required to 

maximize capacitance according to Equation 3. They also provide the high surface-to-volume ratio 

among other porous carbons, which is also favourable for volumetric performance. Other 

characteristics of microporous carbons that make them advantageous for EDLCs are their high 

conductivity, good corrosion resistance, high temperature stability, controlled pore structure, 

processability and compatibility with other materials, and, most importantly for industry, their relatively 

low cost. Commercial ACs are usually prepared by carbonization of carbon-rich organic precursors such 

as biomass or fossil fuels under inert atmosphere with subsequent creation of a pore network 

(activation, as detailed in the next subchapter) (48). 
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Templated microporous carbons are prepared as negative replicas of a hard template (the most 

interesting example is based on zeolite faujasite) whose pore walls are converted into well-ordered 3D 

micropore networks (49). The synthesis method includes polymerization (furfuryl alcohol) and/or 

chemical vapour deposition (CVD) processes inside the zeolite pores with the subsequent template 

removal to produce pores separated by graphene-like walls. This material is superior to most ACs due 

to its ultrahigh surface area and nearly straight pores, with high volumetric capacitance (80 F m-3) and 

superior rate capability, but the high cost of the synthesis procedure renders its implementation in 

practical devices rather problematic (50). 

Graphene and graphene oxide have undergone extensive research in the last years. Single layer 

graphene (Gr) is a 2D material composed by an atom thick hexagonal carbon lattice with delocalised π-

electrons. Few layers graphene (FLG) contains up to ten layers and can be prepared by mechanical 

exfoliation, epitaxial growth onto SiC wafers, CVD on single layer metal surfaces, arc discharge of 

graphite and from metal intercalated multi-layers graphene (51). Multi-layer graphene (MLG) is a 2D 

material, either as a free-standing flake or substrate-bound coating, consisting of a small number 

(between 2 and about 10) of well-defined, countable, stacked graphene layers of extended lateral 

dimension. Although a single layer graphene has a high SSA of 2630 m2 g-1, it is difficult to make use 

of this surface area, since graphene layers tend to restack in powdered form due to strong van-der-

Waals interaction. Restacking leads to a diminished SSA of graphene powders (up to a few hundred 

m2 g-1 only) and reduces the capacitance of such materials. Most graphene-like powders also have low 

density, which penalizes volumetric performance. However, graphene oxide can be used as a 

precursor for high SSA activated graphene that is able to maintain a high SSA (> 2000 m2 g-1) with 

porosity well accessible to electrolyte, resulting in high capacitance values (52; 53). Graphene can also 

be useful in microsupercapacitor devices (low-energy ultrahigh-speed supercapacitors intended for use 

in electronics). Vertically oriented plasma-grown graphene layers are suggested as a replacement to 

electrolytic capacitors since they are able to provide effective 120 Hz ac line filtering with higher 

energy (54).  

Exohedral (positive-curvature) carbons are carbon nanotubes, nanohorns and nanoonions (55).  

Carbon nanoonions can be produced by vacuum anneling of nanodiamond powder at temperatures 

between 1200-2000 °C (56). Contrary to the ACs, their pore size does not depend on the annealing 

temperature. Exohedral carbons have properties similar to graphene with respect to their use in 

supercapacitors. These materials can only store counter ions on the outer surface which limits the SSA 

from storing competitive amounts of charge. However, they show improved rate performance due to 

the unhindered accessibility of their surface to electrolytes. This leads to interesting solutions for 

applications such as extending the temperature range of supercapacitor operation with ionic liquid 

electrolytes (ILs) since ILs fall short of rapid charge delivery in microporous carbons due to their high 

viscosity and limitations imposed by the tortuous pores of ACs (57). 

Template mesoporous carbons are usually prepared by either soft- or hard-template procedures, and 

can be prepared with a variety of mesopore sizes and morphologies. They have limited SSA (usually up 

to 1000 m2.g-1) with associated limited capacitance values. With respect to supercapacitors, 

mesoporous carbons can also be beneficial in terms of improving rate capability and working with high-

viscosity electrolytes such as ionic liquids. (58; 59)      

2.4.2 Synthesis of activated carbons (ACs) 

As mentioned earlier, ACs are the most utilised materials as electrodes for EDLCs. They are produced 

by physical (using steam or CO2) or chemical activation (with KOH, NaOH, H3PO4, ZnCl2,…) of 

carbonaceous precursors, such as coconut shells, pitch, coal, polymers, etc. 

The texture of ACs presents an irregular network of pore channels, which is characterized by textural 

properties. Those properties of porous materials include SSA, pore volume, pore size distribution, 

average pore size, etc. They influence the electrochemical behaviour of supercapacitor electrodes. For 

example, their pore size distribution needs to be adapted to the ion size, so the pore size exceeds that 
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of the ions to avoid the so-called ion-sieving effect, which is caused by the limiting the accessibility of 

pores to ions (60). It has been demonstrated that when pores closely match the ion size the electrolyte 

accessibility is hindered also due to surface saturation causing limitations in the charge storage 

capability (61). Gate effects (bottleneck along pore channels) are also unwanted because some part of 

specific surface area can be inaccessible. ACs usually have some oxygenated surface groups, which, 

on the one hand, can increase the capacitance of supercapacitors by providing some contribution of 

pseudocapacitance (in aqueous electrolytes) (62). On the other hand, the presence of these resistive 

faradic reactions worsens the cycle life of these devices by promoting electrolyte decomposition due to 

highly reactive oxygen-rich sites (62). 

The preparation of ACs includes two processes: carbonization and activation. In the carbonisation 

process carbon precursors are decomposed (pyrolysed) by getting rid of heteroatom-containing volatile 

compounds and forming macromolecular frameworks. At higher temperatures punctual graphitic units 

start to grow by condensation reactions to form microcrystallites that look like graphite. The size of 

graphene sheets (La), the stacking number of graphene sheets and the relative orientation of the 

crystallites depend on the nature of the precursor and determine the properties of the resultant carbon 

such as the texture and electrical conductivity. 

Precursors, such as petroleum pitch, coal pitch, some polymers, which under heat treatment go 

through a fluid stage, a mesophase, can be structured into highly ordered graphite, so that they are 

referred to as graphitising carbons, or soft carbons. Whereas the ones that stay at a solid stage during 

pyrolysis, for example, derived from biomass, non-fusing coals and thermosetting polymers (PVC, 

PVDC), are non-graphitising carbons, or (hard carbons, since an ordered graphite structure cannot be 

achieved, even by the high-treatment processes. The release of volatiles from solid state creates a 

highly porous structure within these carbons. 

Figure 7 shows the schematics of the structure of non-graphitising carbon proposed by Franklin, whose 

studies are fundamentals to understand these types of carbons (63). She concluded in 1950 by 

diffuse X-ray that the non-graphitic carbons had a 65% of graphite-like layers with a diameter of 

1.6 nm, this value coming into agreement with the corresponding size of hexagonal structure of the 

carbon in graphite, while the remaining 35% were not organized, presenting defects of the planar 

structure. Furthermore, she observed that the 55% of the planar graphite-like structure had an 

interlayer spacing of 0.37 nm (64), this one differencing from graphite, 0.335 nm, due to the stacking 

of less number of layers than in graphite, due to the tension accumulated from the contracted non-

ordered planar structure, while the remaining 45% of the layers did not have a mutual constant 

orientation. She attributed these defects to the formation of a strong cross-linked system at low 

temperatures that united the crystallites in a random orientation, forming a finely porous carbon 

structure (65). These types of carbons were obtained from precursors with low hydrogen or high 

oxygen content. 
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Figure 8 Schemicatic representation of the structure of non-graphitising carbon (65) ©  

With regard to these strongly cross-linked systems, Harris suggested in 1997 by characterising non-

graphitising carbons with high-resolution electron microscopy that they were composed by fullerene-

like elements. Figure 9 shows his schematics for the structure of non-graphitising carbons. He 

proposed a model of hollow nanoparticles rather than a solid graphitic mass. Furthermore, his results 

showed the presence of pentagonal and other non-six-membered rings in the structure, which disables 

the graphitisation. Transmission electron microscopy (TEM) studies showed that non-graphitising 

carbons had curved fragments of ~1-1.5 nm, so they were transformed into fullerene-like 

nanoparticles, due to the high content of pentagons and a small content of heptagons in the original 

carbons. He characterised the micropore size to be ~0.5-1 nm.  

 

Figure 9 Schematic representation of the structure of non-graphitising carbons  (66). © 

In such non-graphitizing carbons, pores are closed and not accessible to electrolyte. Therefore, 

additional treatment (activation) of pyrolized carbons is required to create porosity that can be 

exploited for charge storage by electrosorption. The process of activation increases the surface area 

and porosity of the carbons by opening the already existing pores and creating new ones. Temperature, 

time and activating agent can be varied in order to control the resulting porosity, pore size distribution 

and internal SSA. 

Two types of activations are usually distinguished: physical and chemical activation. In the physical 

activation, temperatures between 700 and 1100 ºC together with oxidising gases such as steam, CO2, 

air, or mixtures of these gases are used. Scheme 1 summarizes the proposed mechanisms for the 

activation with steam, in which carbon atoms react with water molecules to give H2 gas and CO or CO2. 

The later chemical equation describes the activation mechanism with CO2 gas, in which the carbon 

precursor reacts with CO2 to produce CO.  
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C + H2O  H2 + CO Equation 10 

C + 2H2O  2H2 + CO2 Equation 11 

C + CO2  2CO Equation 12 

Scheme 1. Chemical reactions involved in the steam-activation process. 

The amount of burn-off can be managed by the temperature and duration of activation. The higher the 

burn-off, the wider the pore size and lower the carbon strength, the density and the yield.  

In the chemical activation, temperatures between 400 and 700 °C are used, and the carbon is 

preliminary mixed with an activating/dehydrating agent, such as, phosphoric acid, zinc, sodium or 

potassium chloride. The reaction mechanism proposed for hydroxide activation is summarized in the 

Scheme 2, where the MOH can react with the carbon to produce M2CO3, M2O, K2CO3, K2O and 

hydrogen gas.  

4MOH + C  M2CO3 + M2O +2H2 

(where M=K or Na) 

Equation 13 

Scheme 2. Chemical reactions involved in the KOH/NaOH-activation process. 

A washing step with acids and water is usually required after activation to get rid of inorganic by-

products of activation. With this type of activation higher SSA are usually achieved and the pores are 

wider than with physical activation. 

Another type of activation process is the electrochemical activation, which takes place when a large 

positive potential is applied in an aqueous electrolytic solution, for instance 1 M H2SO4. The surface of 

a glassy carbon is reduced with this process creating, apart from porosity, functional groups that 

contribute to pseudocapacitance. 

2.4.3 Olive pits as precursors for microporous carbons 

Olive trees have existed since the twelfth millennium BC and witnessed the development of many 

civilisations (67). The wild olive tree, originated in Asia Minor, was spread from Siria to Greece where 

its planting was regulated in the 4th century BC. From the 6th century BC onwards, it was spread to 

Tripoli, Tunis, Sicily and the south of Italy. Then, the Romans expanded it to countries bordering the 

Mediterranean sea such as Marseilles, Gaul and Sardinia, and it arrived to Corsica after the fall of the 

Roman Empire. Olive growing was introduced in Spain by the Phoenicians. Olive trees occupied the 

Baetica valley after the third Punic War, and spread towards the central and the Iberian Peninsula, 

including Portugal. The Arabs also brought their varieties to the south of Spain and influenced so much 

on its cultivation that even the word for olive (aceituna) and oil (aceite) have Arabic roots. When 

America was found olive farming was spread to Mexico, Peru, California, Chile and Argentina. Now, it is 

farmed in southern Africa, Australia, Japan and China as well. Despite of the worldwide extension of 

the production of olive oil and the table olives nowadays, the 93% and 87% of it, correspondingly, is 

done in the European Union (68), of which Spain is the main olive producer without a doubt, as shown 

in Figure 10.  
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Figure 10 Evolution of the production of (a) olive oil and (b) table olives in the European Union. 

 

On the one hand, the olive oil extraction process creates two main by products: the vegetation water, 

also called black water or vegetable water, and the olive husk which includes skins and stones (69). 

Depending on the production conditions, 50-100 kg of highly polluted water result from 100 kg of 

olives. The solid wastes are the alperujo, from the two phase extraction system, and the orujo, from the 

three phase system (70). On the other hand, the pitted olive industry creates the whole olive stone as 

a by product too. 

 

Olive stone is a lignocellulosic material that, from the environmental and economic point of view, can 

be considered as a renewable energy source. It is also an important natural source of phenolic 

compounds (71). It has many uses, such as, for the production of energy through the combustion of 

the olive stones as biomass, for making ACs from olive stones as adsorbents, for the production of 

liquid and gas products as fuel, for the production of olive seed oil, for producing furfural, to prepare 

composites with polymers, to use it as an abrasive and in cosmetics for skin exfoliation (70).  

In this sense, olive stones are an important source of carbonaceous precursors for producing ACs, not 

only from the industrial point of view, since it does not only make them really accessible and abundant 

in Spain, but also from the environmental point of view, because it helps to give a value to a waste that 

otherwise would not have a second life (72). The activation process is divided into two processes as 

described earlier. In particular for the case of lignocellulosic materials, the pyrolysis is one form of 

energy recovery process, in which char, oil and gas product are generated (73) By the pyrolysis, the 

resulting char develops some properties, such as, porosity, surface area, pore structure (micropore, 

mesopores and macropores) that their precursors did not have and the composition, elemental 

analysis and ash content is also changed, bringing high reactivity and the possibility to exploit them as 

adsorbents. This char can be further activated to produce activated carbons, useful for sorbents for air 

pollution and for water treatment. They are useful for removing organic compounds from air and water 

and they can be used as catalysts and catalyst supports too.  

The particle size, temperature and heating rate influence the product of the pyrolysis. The produced 

ACs have high adsorption capacity, good mechanical strength, and low ash content. The following 

parameters have the most effect in order of significance: the temperature of pyrolysis, the heating 

rate, the nitrogen flow rate and the pyrolysis residence time. When the temperature is increased the 

yield of solid decreases and the yield of liquid and gases increases. Thus, higher temperature leads to 

better quality chars. The physical activation step requires a gas oxidising agent, such as, CO2, steam, 

air or their mixtures. The longer the activation time, the greater the adsorption capacity of the resultant 

ACs is, thus, the surface area and the total pore volume increase when the activation duration is 

extended from 1 h to 2 h (74). In the chemical activation the two steps can also be carried out 

simultaneously, using dehydrating and oxidant agents, such as ZnCl2, KOH, H3PO4 and K2CO3 (75). 

However, the two-step process is more effective, because it gives higher porosity with the highest 

specific surface areas (76).  
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2.4.4 Textural and surface area properties of ACs 

ACs are nano-sized pore carbons which in essence can be described as randomly wrinkled graphene 

sheets (77). Figure 11 and Figure 12 show the annular dark-field-scanning transmission electron 

microscopy (ADF STEM) images and the segment of a simulated defective graphene sheets. The 

curvature of graphene-like layers making up porous carbons originates from the presence of 

nonhexagonal carbon rings, five- and seven-atom rings, which introduce topological defects to the 

otherwise planar structure. Thus, the spacing between the graphene planes is increased by ~10%. 

Thereby, the stacking of the layers is limited by local distortions and then the surface area and pore 

volume are increased. This suggests that defects on the graphene sheets, also by doping the edge 

sites, can enhance the porosity of the carbons. On the rest of the carbon structure graphene-like 

sheets tend to stack together, within graphitic domains. ACs have high rigidity, so the created porosity 

cannot be collapsed by applying pressure or other type of mechanical treatments during the electrode 

processing. 

 

Figure 11. ADF STEM images of in plane carbon atoms with large areas of hexagonal lattice (blue) and a few five- 

and seven-atom ring defects (red) from ultramicroporous carbons (77).(C) 
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Figure 12 Segment of a simulated defective graphene sheet (blue), with five to seven dislocation structures (red), 

showing the height variations (77). © 

Nanoporous carbons have very large SSAs, between 500-3000 m2 g-1, due to the interconnection of 

internal pores. Depending on the pore size the IUPAC classifies them into micropores (diameters 

<2 nm), mesopores (between 2-50 nm) and macropores (>50 nm) (51). Micropores give a high surface 

area to volume ratio, in other words, they can increase the surface area of the material without 

sacrificing too much its density. Micropore sizes extend down to molecular dimensions and play an 

important role in the selectivity of adsorption-based processes, through restricted diffusion and 

molecular sieve effects, even to the point that they can be harshly characterized by conventional gas 

adsorption molecules. 

Gas adsorption is a widely used technique for the characterization of porous solids. Generally, 

adsorption is the enrichment of molecules, atoms or ions in the vicinity of an interface, which in this 

case is the surface of the solid. The adsorbate is the material that is adsorbed, which is denominated 

as adsorptive when it is in the fluid phase. The physisorption occurs when an adsorbable gas (the 

adsorptive) is brought into contact with the surface of a solid (the adsorbent). Attractive dispersion 

forces and short range repulsive forces are the main intermolecular interactions involved, but specific 

molecular interaction, such as, polarisation, field-dipole and field gradient-quadropole can also occur 

due to particular geometrics and electronic properties of the adsorbent and adsorptive. 

The adsorption isotherm is the relation between the amount adsorbed (Na) and the equilibrium 

pressure of the gas at constant temperature. Usually, the relative pressure (p/p0) is adopted at the 

adsorption temperature below the critical point, where p is the equilibrium pressure and p0 is the 

saturation vapour pressure at the adsorption temperature.  
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Figure 13. Schematic representation of several possible surfaces of an adsorbent. 1: van de Waals, 2: Connolly 

and 3: accessible, r-distance (51).  

The surface of a solid can be considered and defined at different levels: Figure 13 shows the 

schematics of the possible adsorbed surfaces. The van der Waals surface is formed at the atomic 

scale, by the outer part of the surface atoms. The Connolly surface is the surface drawn by the bottom 

of a spherical probe molecule rolling over the van der Waals surface, the probe-accessible surface. 

This surface is assessed by physisorption and does not coincide with the van der Waals surface. The r-

distance surface is at a certain distance, r, from the Connolly surface (51). 

The surface can be subdivided into external, which is the surface outside the pores, and internal, 

which is the surface of the pore walls. The measured values of internal area and pore volume are 

dependent on the accessibility of the adsorptive molecules due to their size and shape.  

Micropore filling is the primary physisorption process, which enables to distinguish between 

ultramicropores (<0.7 nm) and supermicropores (>0.7-2 nm). The physisortion in mesoporous 

adsorbents takes place into three steps: (i) the monolayer adsorption, in which all the adsorbed 

molecules are in contact with the surface of the adsorbent, (ii) the multilayer adsorption, in which not 

all the molecules are in direct contact with the surface, so there are more than one layer of adsorbed 

molecules in the adsorption space and (iii) the capillarity condensations, which reflects the vapour-

liquid phase transition in the pore at a lower pressure than the saturation pressure p0 of the bulk 

liquid.  

The adsorption-desorption isotherms can be grouped into six main types, for which an updated 

classification has recently been proposed, in order to relate them more closely to particular pore 

structures (51). 

Type I has a steep uptake at very low p/p0, which draws a concave curve with respect to the axis, and 

the amount adsorbed approaches a limiting value resulting in micropore filling at low p/p0. Type I(a) 

are given by microporous materials having mainly narrow micropores (of width < 1 nm) and type I(b) 

isotherms by materialsmaterial having a broader pore size distribution possibly including narrow 

mesopores (<~2.5 nm). 

Type II isotherms are given by non-porous or macroporous absorbents, due to an unrestricted 

monolayer-multilayer adsorption up to high p/p0. Point B usually corresponds to the completion of 

monolayer coverage and the thickness of the adsorbed multilayer generally increases without limit 

when p/p0=1. 

Type III isotherms appear also for nonporous or macroporous solids, but in theses ones there is not a B 

point, the interactions between adsorbent-adsorbate are weak and the amount adsorbed at p/p0 

remains finite. 

Type IV isotherms are given by mesoporous adsorbents. First, monolayer-multilayer adsorption takes 

place, then, in-pore condensation, which is a phenomenon whereby a gas condenses to a liquid-like 
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phase in a pore at a pressure less than the saturation pressure of the bulk liquid, and finally a plateau 

of saturation with variable length. Type IV(a) isotherm, which shows hysteresis with the capillary 

condensation, occurs when the pores are wider than ~4 nm. Type IV(b) isotherms are given by smaller 

width mesopores and by conical and cylindrical mesopores that have a closed end. 

Type V isotherm are observed for water adsorption on hydrophobic microporous and mesoporous 

adsorbents. 

Type VI isotherm is representative of layer-by-layer adsorption on a highly uniform nonporous surface.  

 
Figure 14. Classification of the types of isotherms (78) © 

Brunauer-Emmett-Teller (BET) is the most widely used method for determining the surface area of 

porous materials. Despite its adequacy for nonporous, macroporous or mesoporous solids with type II 

or IV isotherms, its application for microporous materials with type I isotherm must be very careful. 

In the first stage, the physisorption isotherm has to be transform into the BET plot, by applying the BET 

equation in its linear form: 

 

p/p0

n(1 − p/p0)
=

1

nmC
+
C − 1

nmC
(p/p0) Equation 14 

where n is the specific amount adsorbed at the relative pressure p/p0, nm is the specific monolayer 

capacity and C is a parameter related to the energy of monolayer adsorption. 

In the second stage, BET area has to be calculated from the monolayer capacity. 

 

aS(BET) = nmLσm/m Equation 15 

where aS is the BET specific area, L is the Avogadro constant, σm is the molecular cross-sectional area 

and m the mass. 

Several semi empirical methods have been proposed for evaluating the pore size distribution of slit, 

cylindrical and spherical pores, by Horvath and Kawazoe (the HK method), Saito and Foley, and Cheng 

and Yang, respectively. These methods can be utilised to compare microporous materials despite their 

tendency to underestimate the pore size (51).  

In order to provide a more reliable analysis of the pore size over the complete nanopore range, 

microscopic treatments applied to the molecular behaviour of confined fluids such as density 

functional theory and molecular simulations have been considered as superior methods. The fluid 
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solid interaction changes for different pore shapes (eg. slit and cylindrical, hybrid shapes), so many 

models have been developed for various materials (eg. carbons, silicas, zeolites) 

Non-local-density functional theory (NLDFT) are extended in commercial software and allow calculating 

the kernel, which is a series of theoretical isotherms (N(p/p0, W)) with pores of different widths of a 

given shape. The calculation of the pore size distribution function f(W) is based on a solution of the 

general adsorption isotherm (GAI) equation, which correlates the experimental adsorption isotherm 

N(p/p0) with the kernel of the theoretical adsorption or desorption isotherms N(p/p0,W). So the GAI 

equation: 

N(
p

p0
) = ∫ N(

p

p0
,W) f(W)dW

Wmax

Wmin

 Equation 16 

Meaningful and stable solutions can be found by using regularisation algorithms. NLDFT model has 

also some drawbacks from the fact that it assumes a smooth and homogeneous carbon surface. Most 

of the PSD analysis applications assume slit pores with energetically uniform surface walls of infinite 

extent. Therefore, two interrelated artefacts emerged: i) a minimum in the PSD plot at 1 nm and ii) a S-

shaped deviation between the theoretical and the experimental isotherms near 10 -4 p/p0, which are 

linked  with the layering transitions between monolayer, bilayer and so on. The 2D-NLDFT introduces 

the energetical heterogeneity or geometrical corrugation to the surface of pore walls in order to 

eliminate the artefacts of the standard model (79). The surface of pore wall is treated as randomly 

wrinkled graphene sheet containing non-hexagonal defect rings, in order to consider the spatial non-

uniformity of the adsorbent surface. Whereas quenched solid density functional theory (QSDFT) treats 

carbon as an amorphous solid with variable density near the surface. It uses a surface roughness 

parameter in order to account for surface heterogeneity, which significantly improves the reliability of 

pore size analysis of nanoporous carbons (80). Althought they use different methods for accounting for 

the heterogeneity of the carbon, 2D-NLDFT and QSDFT methods give similar PSDs (81). The 

nanoporous system must be compatible with the chosen DFT/MC kernel to avoid a significant error in 

the derived pore size distribution.  

Micropore volume evaluation can be analysed by Dubinin’s pore volume filling theory too. According to 

Dubinin-Radushkevich (DR) equation, the plot of logn vs log2(p/p0) is linear if the micropore size has 

an uniform Gaussian distribution and thus, the micropore capacity can be obtained by extrapolating 

the ordinate. However, if the linear part is absent or restricted to a limited range of low relative 

pressures the DR method might not be reliable. 

2.4.5 Electrical properties of ACs 

Electrical properties of carbons depend on their structure, for instance, the electrical conductivity of 

ACs is directly related to the thermal treatment during the synthesis, the porous texture and the 

content of heteroatoms (82). Most carbon precursors are good insulators due to the high content of σ-

bonds related to sp3-carbon hybridisation. By using thermal treatments, the carbons start to lose acidic 

functionalities at 600-700 °C, to form H2O and CO2, so the structural disorder is changed. Thereby, the 

conductivity is highly increased due to the transformation to sp2 aromatic fragments because the π-

bond electrons are delocalised. On the contrary, the formation of porous structure leads to a lower 

conductivity due to created insulating voids. Moreover, the formation of pores is linked to the cross-

linked fragments, which do not fulfil the planarity required for π electrons to move freely. In general 

terms, functional groups also contribute to worsen the conductivity of the carbons, for example 

oxygenated groups at the edges are electron acceptors that localise the charge on their site, 

decreasing the electronic cloud over the carbon structure. However, the introduction of nitrogen atoms 

to the basal plane donates more π electrons, increasing the conductivity of the carbon. 

Table 3 A comparison of various carbon electrode materials for supercapacitors (83) © 

 

Carbon 
Specific  surface  

area (m2 g-1) 

Density  

(g cm-3) 

Electrical  

conductivity (S cm-1) 

Fullerene 1100-1400 1.72 10-8-10-14 

CNTs 120-500 0.6 104-105 

Graphene 2630 >1 106 



 

 

28 

 

Graphite 10 2.26 104 

ACs 1000-3500 0.4-0.7 0.1-1 

Templated porous carbon 500-3000 0.5-1 0.3-10 

Funtionalised porous carbon 300-2200 0.5-0.9 >300 

Activated carbon fibers 1000-3000 0.3-0.8 5-10 

Carbon aerogels 400-1000 0.5-0.7 1-10 

 

2.5 Charge storage and ion-adsorption in EDLCs 

There are a four classified types of mechanisms to store energy in supercapacitors: electrical double-

layer capacitance (interface capacitance between ions and an electrode’s surface), solid-side 

capacitance (quantum or space charge capacitance in the subsurface solid layer of semiconductor 

electrodes), pseudocapacitance (fast and reversible redox process on surface or in the near-surface 

region of electrodes with no diffusion limitations), and additional diffusion-limited redox processes. In 

all cases, the ultimate goal is to have the capacity to intake ions. However, the knowledge of the ion 

storage and transport mechanisms is necessary in order to develop and improve the performance of 

the devices (46). 

In the electrical double-layer capacitance, a plain homogeneous surface is electrically charged 

(positively or negatively, depending on the electrode) and counterions are accumulated onto the 

electrode-electrolyte interface to preserve local electroneutrality. The quantum capacitance is another 

capacitance in series with the double-layer capacitance, which arises in a low-density of states systems 

such as 2D semiconductors. Quantum capacitance is important for understanding supercapacitor 

limitations mainly because the main materials for supercapacitors are high-SSA porous carbons, which 

are composed of randomly distributed 2D semiconducting single and double defect-containing 

graphene layers (pore walls) that separate adjacent pores. Quantum capacitance is believed to be one 

of the main factors setting the upper capacitance limits in carbon materials as it appears to be the 

lower than double-layer capacitance (84). Heteroatoms, vacancies, edges, and other defects greatly 

impact the density of states at the Fermi level, and consequently, the quantum capacitance 

component (85). It is reported that the edge atoms-related capacitance of graphene is at least one 

order of magnitude higher than that of a basal graphene plane, which consequently points to the 

importance of the ratio of edge-to--plane carbon atoms for the capacitance value (86). However, 

defects such as dangling bonds are highly reactive towards supporting electrolyte solutions, and can 

promote electrolyte decomposition, which is an undesirable side effect that can decrease the lifespan 

of a supercapacitor device. 

Defects, heteroatoms, and functional groups are also closely related to additional redox (Faradaic) 

charge storage that can add to the total charge storable by a supercapacitor device, especially as far 

as aqueous-based supercapacitors are concerned (87; 88). Importantly, some redox processes have 

an electric response nearly identical to that of non-Faradaic charge storage, that is, the state-of-charge 

is a continuous function potential, the so called pseudocapacitance. They also exhibit high 

charge/discharge rates approaching those of electrosorption-based non-Faradaic carbon electrodes, 

and are governed by capacitor-type kinetics. This kinetics is manifested by a proportionality between 

the current and the scan rate in voltammetry experiments or a nearly constant slope of 

charge/discharge voltage time (capacity) profiles under constant-current measurement conditions. The 

following equation applies for capacitive or pseudocapacitive current in 3-electrode cyclic voltammetry 

measurements: 

i = CaSaυ Equation 17 

where i is current (A), Ca is the areal capacitance (F m-2), Sa is the surface area and υ is the scan rate 

(V s-1).  
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By contrast, for a diffusion-limited process, typical of battery materials, the current is proportional to 

the square root of scan rate (the Cottrell equation):  

i = k√υ Equation 18 

where k is the collection of constants for a given system (89). Pseudocapacitance can be classified as 

intrinsic and extrinsic, and the two types of pseudocapacitance are distinguished on the basis of 

nanosizing electroactive materials. Those materials showing capacitor-like electrical response only at 

nanosize are considered extrinsically pseudocapacitive whereas materials showing such response 

independently of nanosizing (ruthenium oxide, manganese oxide) are denoted as intrinsically 

pseudocapacitive. Examples of pseudocapacitive processes include underpotential deposition of 

metals, surface redox reactions (RuO2 or MnO2) or some rare ion intercalation processes (e.g., Li+ 

intercalation in Nb2O5) that do not go along with a phase change. 

 

2.5.1. Electrosorption from electrolyte solutions into nanoporous carbons and associated capacitance 

Up to date there is no complete understanding regarding the capacitance in the subnanometer-sized 

pores. It is important to mention that double-layer capacitance depends basically on the charge 

separation (electronic charge on the solid and ion charge in the double-layer), dielectric permittivity 

and SSA. Understanding the effect of pore size requires exploring areal rather than gravimetric 

capacitance so as to exclude the extensive effect of SSA. Figure 15 shows the areal capacitance 

calculated by using BET SSA as the pore size is changed. In 2006 it was suggested that the areal 

capacitance increases exponentially in the small pores (90) (91) (92). Molecular dynamics simulations 

have also probed that the desolvation and the local charge stored on the electrode increase with the 

degree of confinement (93).  

Later works by Stoeckli and Centeno (94) suggest that areal capacitance is constant in carbon pore of 

0.7 to 15 nm and the effect of capacitance increase is due to the deficiencies of the BET method used 

elsewhere for calculating SSA (95; 96) (97). Figure 15 shows the comparison of the calculated areal 

capacitance by using BET SSA and a tetraethylammonium cation (C2H5)4N+ accessible average SSA. If 

BET SSA specific surface area is used for determining the porosity of microporous materials, SSA is 

overestimated for wide micropores and mesopores whereas it is underestimated for subnanometer 

pores. Hence, other methods such as Kaneko’s comparison plot, immersion calorimetry, and DFT 

treatments of adsorption isotherms were proposed as more appropriate to give a more correct value of 

SSA, which ultimately leads to constant capacitance (98). It is important to know that first reports on 

increasing capacitance in subnanometer pores did not take into account electrolyte-inaccessible 

porosity as proposed later (99). The earlier studies from 2006 did not also consider the change in 

dielectric permittivity that can occurs due to desolvation/confinement of ions in nanopores. It was 

proposed that effective dielectric permittivity can also be diminished for lower pore size (100), which 

can mitigate the increase in capacitance in small pores, explaining in part the results by Stoeckli and 

Centeno. However, the increase of surface normalized capacitance using DFT SSA has still been shown 

for pores below 1 nm (101), even taking into account the size of the ions to account for the accessible 

SSA. Finally, it should be mentioned that recent works (102) also point that there exist inherent 

limitations in the DFT methods used in assessing porosity, and also the binder used in electrode 

preparation could obstruct the part of porosity whereas the isotherms are conventionally measured on 

powdered ACs. Furthermore, the use of the average pore size value can be misleading, because the 

same pore size value could be associated with different capacitive properties (103). So, the pore size 

distribution can play an important role on the areal capacitance of the supercapacitors. To conclude, 

the characterisation methods available today for evaluating the textural properties of microporous 

carbons still cannot provide completely unambiguous results which may produce different trends with 

respect to the dependence of capacitance on pore size. 
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Figure 15. Areal capacitance calculated by (a) BET SSA and (b) accessible average SSA vs average pore size. 

Specific capacitance normalized by BET SSA for microporous carbons in (C2H5)4NBF4 electrolyte. 

In addition, the structure and the surface groups of the activated carbons have a great influence on 

the electrochemical performance of the supercapacitors (104). For instance, the specific capacitance 

can be greatly impacted by the crystal orientation of the activated carbon. Thus, the edge orientation 

provides a higher electrical double layer capacitance and enhances the strong bonding of surface 

functional groups in comparison to that of the basal orientation, because the basal layer acts as a 

semiconductor, while the edge layer functions as an unsatisfied chemical bond. Therefore, the 

increase of areal capacitance as the pore size decreases could be also due to a higher contribution of 

the capacitance from the edge layer. Furthermore, the surface groups affect the wettability of the 

electrodes, contribute to pseudocapacitance and can be electrochemically reactive at certain 

potential. Therefore, the analysis of the performance of the positive and negative electrode is 

fundamental for carrying out the selection of the materials in an optimised supercapacitor cell.  

 

2.5.3. In-situ studies on the charging mechanism by EQCM, NMR and SAXS 

Supercapacitors are primarily power devices that need to operate at high charge/discharge rates. 

Therefore, there is a high interest in knowing the dynamics of the charging/discharging process onto 

the electrodes surface. Therefore, there is considerable ongoing effort in use electrochemical 

techniques in combination with other structural characterization methods such as solid-state nuclear 

magnetic resonance (NMR), small angle x-ray scattering (SAXS), or electrochemical quartz crystal 

microbalance (EQCM) in order to perform in-situ experiments that could help elucidating the 

mechanisms of ion accumulation on the surface. EQCM is a powerful technique to monitor the ionic 

fluxes in microporous carbons (105; 106), allowing one to distinguish peculiar charging mechanisms 

of activated carbon at different polarization degrees.  
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Figure 16 A) CVs of a carbon coated quartz electrode in 0.1 and 0.025 M (C2H5)4NBF4/PC solutions and the 

related treated EQCM responses (105). 

EQCM studies onto YP-50F activated carbon in Et4NBF4 electrolyte have been able to track the charge 

storage mechanism at different potential range (107) as shown in Figure 16. At 0V, the electrode has 

an equal number of anions and cations. On the one hand, as the electrode is negatively charged, the 

cations are electrosorbed into the micropores to counterbalance the charge. On the other hand, as the 

electrode is positively charged, the anions are electrosorbed into the micropores as well as the cations 

expulsed. Thus, the mechanisms for positive and negative electrodes are slightly different. The 

asymmetry of the ion sizes could be the reason, since ions and solvent molecules should be 

reorganised. The packing inside the pores seems to be more efficient for the excess of cations (in the 

negative electrode), so more charge can be accommodated at negative potentials without having to 

expel the anions. Furthermore, cations tend to carry additional solvent molecules, so more space 

should be available inside the pores. 

NMR studies have been able to detect ions ex-pore and in-pore (108) (107) (109) or even inside 

different porous environments (110) due to the difference in their resonances. These results show that 

the mechanism involved in the electrical double-layer formation in microporous carbon electrodes is 

much more complicated than the simplified model of the adsorption of a single counter ionic specie 

(107; 111). Ion exchange (swapping of co-ions for counter ions is often involved in the charging 

mechanisms, instead of a solely counter-ion adsorption (112). Many co-ions remain inside of the 

positive and negative electrodes pores during the charging process. For instance, in-situ NMR studies 

have revealed for YP50F commercial activated carbon in organic electrolyte that the charging 

mechanism can be divided into two steps (113). The first one, at low cell voltage (<0.75 V), is based on 

the short-scale rearrangements and the ejection of co-ions from the micropores. Thus, in the positive 

electrode, the amount of BF4
- anions remains constant, while in the negative electrode the amount of 

BF4
- decreases. During the second step, at high cell voltage (>0.75 V), both counterion adsorption and 

co-ion ejection occur, because the population of BF4
- anions suddenly increases in the positive 

electrode. When the concentration of the electrolyte is not sufficient (0.5 M), even all the Et4N+ cations 

can be expelled from the positive electrode in an intermediate point of the voltage so only 

electrosorpsion of BF4
- anions occurs. By using NMR, not only the changes of the electrolyte adsorption 

can be detected, but also the changes on the carbon electronic structure. So, the changes on the 

resonance frequency are linked to the addition or removal of electrons from the delocalised system, 

due to a shielding/deshielding effect. Furthermore, NMR in situ measurements have been used to 

observe the ion dynamics (114). So, the larger the size of the ions the more confined they are inside 

the nanopores, accordingly decreasing their diffusion coefficient. However, the in-pore ion diffusion 

can be increased by having extra pore volume between 1-3 nm. The ion-ion interactions during the 

charge mechanism greatly influence the diffusion coefficients in-pore. So, in the negative electrode 

where counterions are adsorbed during the charging the diffusion coefficient decreases, while in the 

positive electrode that counter-ion co-ion exchange takes place the diffusion coefficient does not vary 

as much. Ex situ NMR measurements using the same activated carbon YP50F and ionic liquid, 

Pyr13TFSI, revealed that counterion adsorption as well as co-ion desorption take place during the 

charge storage. On the positive electrode anions enter the carbon micropores and some cations are 

ejected. On the negative electrode, primarily anions ejection happens an only some cations enter the 

micropores (115). 

SAXS has been shown to be an useful technique to quantitatively describe the arrangement and 

transport of the ions as a function of the voltage (116). SAXS in-situ measurements for YP80F-based 

aqueous supercapacitors, using NaCl, KCl and CsCl aqueous electrolytes, have shown that the 

charging process does not significantly alter the total population of ions inside the pores, so ion 

swapping is observed under low polarisation voltages (117). When the voltage is increased though, 

counter-ions start to be preferred for the electrosorption. Furthermore, SAXS experiments have 

witnessed the movements of the ions towards the pore walls by monitoring the distance between ions 

and walls and also claimed a dense hydration shell of the small cations. Also by combining in-situ SAXS 

with electrochemical dilatometry it was shown that the dimensional changes that occur during the 

polarisation of the carbons are influenced by the amount of micropores, suggesting a possible pore 

swelling induced by electrosorption (118) Moreover, SAXS have shown that the tight attachment of the 
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aqueous solvation shell prevents ions from a complete desolvation in carbons with subnanometre pore 

size (119).       

2.6 Electrolytes for electrochemical capacitors  

The electrolyte is normally composed of a salt and a solvent and it is a fundamental component of 

electrochemical energy storage systems. The most conventional electrolytes for supercapacitors are 

aqueous- and organic-based. The electrolyte provides the electroneutrality to the electrode by forming 

the electrical double layer, compensating the charge that it is stored in it (120). Thus, the selection of 

the electrolyte plays a very important role on the energy and power density of the supercapacitor, since 

it directly affects the capacitance, the voltage window and the resistance of the devices. 

Some properties of electrolytes can rule the electrochemical behaviour of EDLCs. The first one is the 

conductance, κ, which is the inverse of the resistance, ρ, of the solution, as shown in Equation 12.  

𝜅 =
1

𝜌
 Equation 19 

It depends on many parameters: the concentration of the cations and anions, the ionic mobility of the 

ions, the solubility of the salt in the solvent, the degree of dissociation of the dissolved salt into free 

ions, the viscosity of the solvent (temperature dependent) and the long range electrostatic interactions 

between ions (dielectric constant dependent). Minimising the resistance of the electrolyte and the 

electrode material is necessary for a reversible and fast charge/discharge process. The second one is 

the ion adsorption capacity, from the potential at zero charge to the maximum positive or negative 

potential in the positive and negative electrode correspondingly. The third one is the dielectric property 

of the solvent which also influences the capacitance (1). 

Moreover, the electrochemical stable potential window of the electrolyte is directly linked with the 

operational voltage of the cell, which affects the energy and power density of the system and the life 

time and self-discharge are greatly influenced by the interactions between the interplay of ions, solvent 

and electrodes (120). 

2.6.1. Aqueous electrolytes 

Within aqueous electrolytes, potassium hydroxide (KOH) alkaline electrolyte, and sulfuric acid (H2SO4) 

acidic electrolyte are the most common ones. KOH has its maximum ionic conductivity, 0.6 S cm-1, for 

6M concentration and H2SO4 ~0.8 S cm-1 for 1 M. Aqueous electrolytes can only operate at ca. 1V, 

under the thermodynamic stability voltage of water, which is 1.23 V. At 0 V vs. standard hydrogen 

electrode (SHE) hydrogen evolution occurs and at 1.23 V oxygen evolution. Because concentrated 

solutions are required to minimise the ESR, and acids tend to be more corrosive than hydroxides, KOH 

or NaOH solutions are normally preferred. The low operational voltage window is one of the main 

drawbacks of aqueous electrolytes, although some neutral aqueous electrolytes have demonstrated to 

be able to provide higher stable voltage windows, 1.6-2.2V (121; 122). This extension of the 

electrochemically stable potential window occurs due to the lower concentration of H+ and OH- in 

neutral pH electrolytes, in comparison with the acidic and the alkaline electrolytes, which allows then 

to have a higher overpotential for hydrogen and oxygen evolution reactions (123). In general terms, 

aqueous electrolytes normally have high ionic concentrations and high conductivity, which enables 

them with low resistance and because the size of the ions is usually smaller than in the case of other 

type of electrolytes, they can access to a bigger part of the electrode surface, providing aqueous-based 

systems with higher values of capacitance. Other than that, the presence of water molecules can also 

contribute to the occurrence of faradaic reactions, especially with interactions between heteroatoms 

and their related functional groups, which are typically present in low content. This can add about 30% 

extra charge to double-layer charging (87; 88). Moreover, the double-layer capacitance in aqueous 

electrolytes is also high due to the higher dielectric constant of aqueous systems (124). KOH and 

H2SO4 have also been tested as possible electrolytes in hybrid capacitors, for instance a carbon/PbO2 

hybrid (125). However, they perform with a poor cyclibility due to the chemical instability of PbO2 in 
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H2SO4. To overcome this issue an electrolyte composed of methanesulfonic acid and lead 

methanesulfonate was developed (126). In hybrid systems, neutral electrolytes such as KCl and K2SO4 

can also perform more cycles with an extended operational voltage window (127; 128). 

2.6.2. Organic electrolytes 

Organic electrolytes are the most used ones in commercial devices, the most common one being 

tetraethylammonium tetrafluoroborate ((C2H5)4NBF4) generally dissolved in acetonitrile (AN), or in 

propylene carbonate (PC). AN is used because it has a large dielectric constant and, as a 

consequence, high conductivity. PC is used for a better safety, but the conductivity of the solutions is 

much lower, 15 mS cm-1 vs 60 mS cm-1. The operational voltage window of these solvents is much 

larger, ~2.7 V. Furthermore, the use of organic electrolytes allows the use of cheap current collectors, 

such as Al, due to the less corrosive nature of the salt. Working in organic-based electrolytes requires a 

high purity and dryness in all the components of the cell to avoid the decomposition of the functional 

groups and water traces before reaching the cell voltage. Moreover, on strong overcharge at the 

negative electrode, it can decompose (1). In comparison with aqueous electrolytes, organic-based 

ones provide a lower value of capacitance, because of larger ion sizes and lower dielectric constants, 

but this is compensated by the lager voltage window. Moreover, oxygenated functional groups provide 

an extra pseudocapacitance in aqueous media, while organic electrolytes lack of the protons required 

for such contribution (129). Therefore, it is very important to select an appropriate electrode material, 

with pores that can accommodate the bigger size ions, to maximise the interface between electrolyte 

and electrode (130). Organic electrolytes have also a lower conductivity, due to the lower solubility and 

they are less safe since they are more flammable, volatile and toxic. However, they are still the main 

commercial choice of electrolyte. Many hybrid capacitors have also been developed using organic 

electrolytes, for instance, triethylmethylammonium tetrafluoroborate (C2H5)3CH3NBF4 in PC (131), 

LiPF6 in ethylene carbonate and dimethyl carbonate (EC-DMC) (132), LiTFSI in AN (133), LiPF6 in 

ethylene carbonate and ethyl methyl carbonate (EC-EMC) (134). Lithium-ion capacitors (LICs), in 

particular, use the same Li-containing electrolytes as in Lithium-ion batteries (LIBs), such as, LiPF6 and 

LiClO4 in mixtures of EC-DMC.  

2.6.3. Ionic liquid (IL) electrolytes 

ILs are also another type of electrolytes for supercapacitors. Essentially, they are organic salts which 

have lower melting points than room temperature, so they are present in liquid state (135). Their main 

advantages are the wide operational voltage window within a broad temperature range and their non-

volatility (136). They can be classified into aprotic, protic and zwitterionic according to their 

composition. Table 4 shows the most commonly used IL cations and anions in electrochemical 

capacitors. However, because they tend to be quite viscous, their low conductivity is their main 

drawback, which limits the rate performance and their power density in supercapacitor applications. 

Imidazolium based ones have the highest conductivity, while pyrrolidium based ones have a broader 

voltage window (137). 

Table 4. Most commonly used cations and anions of ILs for supercapacitors. 

Cations Anions 

Imidazolium Tetrafluoronorate (BF4–) 

Pyrrolidinium Hexafluorophosphate (PF6–) 

Ammonium Bis(trifluoromethanesulfonyl)imide (TFSI–) 

Sulfonium Bis((fluorosulfonyl)imide (FSI–) 

Phosphonium Dicyanamide (DCA–) 

Moreover, the specific capacitance has lower values in comparison with traditional electrolytes, due to 

the bigger size of ions in relationship with the carbon electrode porosity and the higher viscosity of the 

ILs. In ILs cations can aggregate like surfactants which reduces their mobility (138; 139). Therefore, 

the use of a eutectic mixture of ILs or using solvents can enhance the ion separation (140; 141). The 

former strategy not only enhances the ion mobility at room temperature, but it has also probed to work 

at low temperatures (-80°C). Additionally, for practical applications, ILs still have quite a prohibitive 
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cost and require ultrastringent carbon drying process to exceed the practical voltage of solvent-based 

cell, which elevates the cost of supercapacitors. 

2.7 Cell configurations  

Cell configuration can be designed for optimising the energy density of the electrochemical capacitors, 

by maximising the capacitance of the electrodes and by increasing the operational voltage. 

EDLC systems are generally considered to be symmetric, i.e. same material at both electrodes, 

although in commercial systems, very often, the mass of active material at each of the electrodes is 

different. In EDLC electrodes, one type of charge is located on a subsurface layer of a solid electrode 

material (usually microporous carbon) and the opposite charge belongs to the ions from a supporting 

electrolyte solution. Therefore, each electrode can be characterized by its own capacitance, which for 

the positive and the negative electrodes is: 

C+ =
Q

∆E+
 Equation 20 

C− =
Q

∆E−
 Equation 21 

The two electrodes in an EDLC are considered to be in series connected, since each of them can 

represent an individual capacitor. The positive electrode suffers a change toward higher potentials 

during the charging process, while the negative is charged while its potential decreases. Thereby, the 

total capacitance of a two electrode cell can be expressed as: 

C =
C+C−
C++C−

 Equation 22 

where C+ and C- are the capacitance of the positive and the negative electrodes, respectively.  

In terms of mass, cell capacitance is: 

Cg,cell =
Cg+m+Cg−m−

(Cg+m+Cg−m−)(m+ +m−)
 Equation 23 

where Cg+ and Cg- are the gravimetric capacitance of the positive and the negative electrodes, 

respectively and m+ and m- the masses of the positive and negative electrodes. Thus, in a symmetric 

cell where the two electrodes have the same mass,  

Cg,cell =
Cg+Cg−

2(Cg++Cg−)
 Equation 24 

Thus, the total potential difference, which is the cell voltage, ΔV=ΔE++ΔE- is only known, and commonly 

it is assumed that Cg+ and Cg- are the same. Thus:  

Cg,cell =
Cge

4
 Equation 25 

A reference or quasi reference electrode (QRE) electrode can be introduced into the cell in order to 

determine the exact values of Cg+ and Cg- using the values of capacitance of each electrode separately 

through the potential span (difference) at each electrode, ΔE+ and ΔE-(Equation 26 and Equation 27). 

A reference electrode is not present in industrial cells.  

In asymmetric cells Cg+ and Cg- can be quite different, so the electrodes should be mass-balanced 

according to the same absolute amount of charge to use the maximum potential range allowed by 

electrolyte at each electrode, (electrochemical stability window ), ΔE- and ΔE+.  

Cg,+ =
Q

m+ΔE+
 Equation 26 

Cg,− =
Q

m−ΔE−
 Equation 27 
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Asymmetric configurations can be designed by combining two non-Faradic electrodes with different 

capacitance values, capacitive and pseudocapacitive electrodes, capacitive/pseudocapacitive and 

battery-type electrodes, two composite electrodes involving both capacitive and battery type storage, 

and so on (5). The goal of building asymmetric cells is to reach higher energy than that of symmetric 

cells (142). 

Asymmetric cells can be classified as internal series hybrids (ISHs) and internal parallel hybrids (IPHs) 

(143). An ISH contains one electrode, which is fully a battery-type electrode, having slower kinetics, 

higher capacity and a constant potential profile at constant current discharge. The other electrode is a 

rapid capacitive electrode with a lower capacity and a sloping potential profile typical of a 

supercapacitor under constant-current discharge. An example of ISH are lithium-ion capacitors (LICs) 

that are nowadays commercialized (144). LICs are a hybridisation of capacitors that was firstly carried 

out by pairing Li4Ti5O12 (LTO) as negative electrode with activated carbon as positive electrode in LiPF6 

electrolyte (145). Later, an improved LIC came out by preparing nanocrystalised LTO with carbon 

nanofibers (CNF) for the negative electrode (146). Graphite was also introduced as an even lower-

potential anode (147), thus the energy storage capacity was significantly improved, although graphite 

needed to be prelithiated. The prelithiation can be done by using an auxiliary metallic lithium 

electrode, but the leftovers of metallic lithium are potentially problematic due to thermal runaways 

(148). In general, these systems have demonstrated to have a higher cycle life in comparison with Li-

ion batteries (LIBs) (149). Many other materials such as hard carbons (150), alloys (151) and metal 

organic frameworks (MOFs) (151; 152) have been already probed to work as negative electrodes for 

LICs.. Furthermore, the opposite hybridisation has also been proposed, in which the battery type 

electrode is used as positive electrode (e.g. LiMn2O4), while the AC is kept for the negative one, using 

several Li containing electrolytes (153). Similarly, sodium ion capacitors (NICs) have emerged in the 

last years as the Na-ion batteries (NIBs) have been investigated. NIBs present a greater stability 

window for sodium layered oxides than LIBs and sodium has a higher electrode potential than lithium 

(-2.71 V vs SHE and -3.02 V vs SHE, correspondingly (154). Furthermore, NIBs are meant to reduce the 

costs of batteries because sodium is the sixth most abundant element and it is not geographically 

limited and also because aluminium current collectors can be used which do not alloy with sodium. 

NICs have incorporated V2O5/carbon nanotube composites (155), Na2Ti3O7 (NTO)/nanotubes (156), 

sodium predoped hard carbon (157) as negative electrode and AC as positive. Flexible NICs have also 

been reported which were composed of NTO nanosheet arrays/carbon textile as negative electrode 

and flexible reduced graphene oxide films as positive (158). 

By contrast, an IPH uses battery and capacitive materials as part of each electrode. This configuration 

delivers the higher energy at low current because of the high-capacity battery materials, but also some 

energy at high current through rapid non-Faradic materials when battery materials fail to store/deliver 

charge (159). However, there are less examples of this configuration at the present moment.  
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Figure 17 Schematic charge/discharge profiles of different cell configurations a) an ideal EDLC, b) a non-ideal 

EDLC, c) an EDLC with a doped electrode and d) a hybrid capacitor (160). 

 

Furthermore, the voltage can be also optimised by utilising an increased operational voltage. Figure 17 

shows the constant current charge discharge profiles of some configurations of electrochemical 

capacitors. The maximum operational voltage is limited by the stability potential window of each 

electrode, i.e. the potentials before electrolyte reduction and oxidation occurs. Functional groups and 

impurities in the electrodes can contribute to decrease the stable potential windows by a premature 

decomposition of the electrolyte. In an ideal symmetric EDLC, the potential window at which each 

electrode is charged/discharged is the same for both and located between the reduction and oxidation 

potentials of the negative and the positive electrodes, correspondingly. Thus, the maximum voltage 

can approach the maximum electrolyte stability window. In a non-ideal EDLC, one of the electrodes 

reaches the decomposition potential faster than the other (161). In this case, the maximum voltage 

would be lower that the electrolyte stability window. In order to fully utilise the electrolyte stability 

window two approaches can be followed. One is to dope one of the electrodes, so its potential is 

shifted and both electrode can be charged/discharged without reaching the electrolyte decomposition 

potentials and the other one is to mass balance the electrodes, so slopes of the potential change is 

adjusted between the degradation potentials (162; 163). Furthermore, in asymmetric capacitors 

different type of materials are used as positive and negative electrode, with most likely different 

capacitance and different stable potential limits. In most LICs and NICs, one of the electrodes is 

replaced by a battery-type electrode, which has a higher capacitance due to its faradaic ion storage 

mechanism. Therefore, they can increase the maximum voltage and energy of the electrochemical 

capacitors. Using battery type electrodes may shift the potential of that electrode to one of the 

electrolytes decomposition limits. Nevertheless, that decomposition of the electrolyte can form the so-

called solid electrolyte interphase (SEI) layer, which allows the faradaic ion storage with a higher 

voltage. The SEI layer is a stable electrically isolative solid product which is uniformly coated onto the 

electrode surface. It makes the electrode impermeable to electrolyte solvent, preventing it from further 

electrolyte decomposition, but also disrupting the formation of the double layer and increasing the 

resistance for the ion transport.  
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2.8. Electrochemical evaluation of electrochemical capacitor performance 

2.8.1. Cyclic voltammetry  

Cyclic voltammetry (CV) is an electroanalytical technique that consists on sweeping the potential 

through a potential range at a constant scan rate while the current response is recorded. A cycle is 

formed when two consecutive sweeps are done, one in increasing and the other one in decreasing 

direction. This allows investigating the oxidation and reduction, respectively. Figure 18 shows the 

schematics of the voltammetry response for supercapacitors. In the case of ideal electrochemical 

double-layer capacitors (EDLCs) no redox reactions should be found, only electrical double-layer 

contribution. Therefore, the capacitance is constant and the cyclic voltammogram is formed by a 

straight line, which is extractedfrom the constant current response, as it can be ideally deduced from 

the basic :  

𝐶 =
Q

∆U
= ∫ 𝑖

𝑑𝑡

∆𝑈
=
I

υ
 Equation 28 

where C is the capacitance, ∫I dt is the charge stored over ΔU, a change of voltage, I is the current and 

υ is the scan rate.  

However, CVs are not the most accurate electrochemical techniques to determine capacitance, 

especially for real supercapacitors. CVs can present leak resistance, Rf, and series resistance, Rs, 

which cause distortions from the ideal squared shape. These deviations are magnified at high scan 

rates, which make it more difficult to read the value of capacitance.  

 

Figure 18 Voltammetry response of a two-electrode supercapacitor with constant capacitance. A) i-t plot, B) I-V 

plot, C) I-V plot of a supercapacitor with series resistance and D) i-V plot of a supercapacitor with series and leak 

resistance. (C) 

2.8.2. Constant current charge/discharge 

The galvanostatic charge/discharge (GA) is also an electrochemical technique very broadly used to 

characterise electrochemical capacitors. It consists in applying a constant current to an 

electrochemical cell within a voltage range and recording that voltage change. For ideal 

supercapacitors, the voltage increases linearly over time as the capacitance is constant and 

proportional to the slope. The capacitance value can be calculated using , as from CVs. One of the 

most widely used tests consists on cycling the supercapacitor at different current densities, in order to 

determine the capacitance and the resistance for each one, which enables to stablish the rate 

capability.  
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2.8.3. Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) is another technique commonly used to characterise 

EDLCs. In EIS a low amplitude alternative voltage is applied to a certain potential, while a sinusoidal 

output current is measured. The sinusoidal signal is consecutively applied for different frequencies 

and different processes that occur in the cell can be identified. The impedance (Z(ω)) can be defined 

as a complex resistance of ac current and voltage and is expressed by: 

𝑍(𝜔) =
∆𝑉

∆𝐼
= |𝑍(𝜔)|𝑒−𝑗𝜑 = 𝑍′ + 𝑗𝑍′′ Equation 29 

where ω is the pulsation, ΔV is the voltage, ΔI is the current, φ is the phase angle and Z’ and Z’’ are the 

real part and the imaginary part of the impedance, respectively. 

EIS is depicted most commonly by using the Nyquist plot, which illustrates the absolute imaginary 

impedance vs the real impedance. Figure 19 shows the Nyquist plots of capacitors. The ideal Nyquist 

plot of a capacitor is a linear vertical line which intercepts the x axis at the value of series resistance. 

When porous materials are used as electrode materials though, the plot is represented by a ~45° line 

at the high frequency region that is followed by a quasi-vertical line. The point where the 45° line 

crosses the x-axis corresponds to the series resistance and the point where the 45° line meets the 

quasivertical line is the ionic resistance inside the pores. Furthermore, a supercapacitor cell can have 

a semicircle at high frequency, which is representative of a resistance connected in parallel, Rf. It is 

assigned to the intergranular electronic resistance among particles, to the resistance between the 

electrode and the current collector and to the resistance of the passivating oxide layer of the current 

collectors. Rf is a resistance that in commercial supercapacitors should be avoided by a well 

assembling of the cells. The Bode plot is another representation of the EIS, which shows the phase 

angle vs frequency.  

Complex capacitance can be calculated by EIS data by  

𝐶(𝜔) = 𝐶′(𝜔) + 𝑗𝐶′′(𝜔) Equation 30 

with, 

𝐶′(𝜔) =
𝑍′′

|𝑍|2𝜔
 Equation 31 

𝐶′′(𝜔) =
𝑍′

|𝑍|2𝜔
 Equation 32 

where C’(ω) and C’’(ω) are the real part and the imaginary part of capacitance C(ω), correspondingly. 

The maximum C’’(ω), which also correspond to the inflection point of C’(ω), provides the frequency, f0, 

to calculate the time constant (τ0). The time constant is the dielectric relaxation time of the whole 

system.  

𝜏0 =
1

𝑓0
 Equation 33 

.  



39 

 

 

Figure 19 Nyquist plots of different systems(C) 

2.8.4. Cycle life 

The endurance test is another procedure to evaluate the performance of the supercapacitors. It 

consists in stablishing a dwell in the voltage at an elevated temperature (60°C) and measuring the 

capacitance regularly by GA.  shows the schematic of endurance test procedure. The GA profile 

presents three parts either in the charge and the discharge. The first one is a voltage drop, which is 

referred as equivalent series resistance (ESR), the second one is a curve, which in combination with 

the first one is referred as the equivalent distributed resistance (EDR) and the third one is the linear 

part from which capacitance is calculated. The ESR is also called Ohmic drop and is caused by the 

resistivity inherent to the components, i.e. active material, electrolyte, separator, etc. The curvy part is 

associated to the charge redistribution process through the electrode, due to a difference in voltage 

across the porous network, similar to when the charge redistribution that happens when the cell is left 

to open circuit. ESR is not dependent on the current and EDR is, which is higher for the low current 

density.  

As supercapacitors are expected to have a long cyclability several test can be run on them. The cycling 

ability tests consist also on consecutive and repeated GA charge/discharge cycles until the cell failure. 

The most extended one is the repeated galvanostatic charge-discharge test over a several thousands 

of cycles. However, they are not as useful as in batteries for electrochemical capacitors, because of 

their long cyclability, which make experiments not practical. Furthermore, EDLCs must be hold at the 

maximum voltage until the power delivery is required in many applications. Thus, another more 

interesting test is usually performed, the floating test, which consists in a dwell at the maximum 

voltage for a few hours (typically 2 h), followed by some cycles of constant current discharge charge. 

The end-of-life criteria are usually met when the resistance is increase to double and there is a 20-30% 

of capacitance loss. 
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Figure 20 Endurance test. (C) 
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3 OBJECTIVES 
The objective of this Doctoral Thesis is to fine-tune the porosity of microporous carbons derived from 

an abundant natural waste material - olive pits- and conduct a detailed study of the electrochemical 

response of these microporous carbon materials in different electrolytes, with the ultimate goal to 

build electrochemical capacitors with a performance comparable to or better than the state-of-the-art 

systems. Olive pits are a cheap disposable by-product of olive oil industry, and their suitability as a 

precursor to prepare activated carbons was demonstrated in the 1990s, however, the use of these 

microporous carbons in electrochemical capacitors was not evaluated. 

To get to this main objective several other partial objectives have been taken under consideration:  

1. The development of a synthetic procedure through the pyrolysis and chemical activation of this 

lignocellulosic material (olive pits) to obtain carbons with nanopores suitable for the capacitive 

charge storage in aqueous alkali (KOH) and neutral salts based electrolytes, using supporting 

salts such as, sulfates, nitrates and chlorides), organic electrolytes such as (tetraethylammonium 

tetrafluoroborate, (C2H5)4N(BF4), in acetonitrile, CH3CN) and ionic liquids. The parameters to take 

under control have been the activation temperature and the relationship between the activating 

agent and the carbon. Thus, the resulting products aim to have a maximized specific surface area 

accessible to the ions from the electrolyte, a narrow pore size distribution adapted to ions of 

various sizes and a good conductivity. 

2. The study of the capacitive electrosorption in the nanopores of each electrode, i.e. electrosorption 

of cations in the negative electrode and vice versa, by combining electroanalytical techniques 

with gas adsorption/desorption measurements. By determining: i) the solvation level, ii) the 

relationship between coions and counterions depending upon the polarization of the electrodes 

and iii) the pore size distribution of the carbons. 

3. The study of the electrochemical performance of the supercapacitors built with the activated 

carbons derived from olive pits in various types of electrolytes in order to select the most 

promising active material/electrolyte combination in terms of capacitance value, rate capability 

and cyclability.  

4. The maximisation of the energy and power, both in gravimetric and volumetric terms, of the 

energy storage devices by designing hybrid and asymmetric cell configurations. 
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4 RESULTS AND DISCUSSION 

5.1 Effect of pore texture on performance of activated carbon supercapacitor 

electrodes derived from olive pits  
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5.2 Relation between textural properties and capacitive rate response of microporous 

carbon electrodes in acetonitrile-based supercapacitors under opposite polarization  
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5.3 The decisive role of electrolyte concentration in the performance of aqueous 

chloride-based carbon/carbon supercapacitors with extended voltage window 
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5.4 Outstanding room-temperature capacitance of biomass-derived microporous 

carbons in ionic liquid electrolyte  
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5.5 Lithium and sodium ion capacitors with high energy and power densities based 

on carbons from recycled olive pits 
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5 SUMMARY 
Electrochemical capacitors are one of the most promising electrochemical energy storage systems due 

to their high power density and their long cyclability. The use of supercapacitors in the means of 

transport is very interesting, since these systems can be charged and discharged in the time interval 

characteristic of braking and acceleration of vehicles. In hybrid vehicles, they absorb the power 

demand peaks, prolonging the useful life of the batteries and in the field of urban public transport 

(bus, tram and metro) its use for the elimination of the catenary of the wagons stands out, which can 

save 20% of the electricity through the recovery of braking energy.  

In the simplest of configurations, a supercapacitor is formed by two carbon electrodes of high specific 

surface immersed in an electrolytic solution and separated by an electrically insulating membrane, but 

good ionic conductor. The success in the implementation of these systems will be closely linked to the 

ability to produce renewable materials of low cost and high performance for its manufacture. Another 

challenge facing this technology is the improvement of its energy density, which is again closely linked 

to the development of new materials or the improvement of the methods of preparation of existing 

materials. The structure and the surface functional groups of the carbon electrodes have a great 

influence on the specific capacitance. Thus, activated carbons with high SSA, high conductivity and 

adapted pore size are required for supercapacitors are expected to dominate the market of 

electrochemical capacitors. In this sense, a possible way to avoid economic and environmental costs 

is, on the one hand, the use of natural precursors, and on the other hand, the optimization of the 

chemical activation method via alkaline agents, which is precisely what is done in the present thesis.  

Olive pits are by-products of the olive oil industry that become a waste for the manufacturers. Their 

chemical composition makes them good candidates as precursors for the preparation of microporous 

carbons. In this Doctoral Thesis, they have been used to produce a series of activated carbons (ACs) 

with different porosity and hard carbons (HCs). Then, these ACs and HC have been utilised as active 

material for electrochemical capacitors. Thus, the influence of different porous features has been 

analysed in relationship to the electrochemical behaviour of supercapacitors in order to deepen in the 

understanding on the role of pore size in the dielectrical permittivity and capacitance of these systems 

and to optimize the textural properties for a maximised electrochemical performance.  

Olive pits used in this study are composed of a 50.8% of carbon, 42.7% oxygen, 7.1% of hydrogen, 

0.48% of nitrogen and 0.04% of sulphur content.  

Activated carbons (ACs) were prepared by a two-step activation process. The first step was the 

carbonisation of the raw material, which yielded a carbonaceous product (non-graphitizable carbon or 

HC) and released most of the other elements, mainly, hydrogen, oxygen and nitrogen, by forming gases 

and tars. In this process, the yield of HC was ca. 25 %. Although the HC has some graphitic domains, 

some rigid cross-links prevent it from graphitising at high temperatures. This HC was also used as a 

battery-type electrode in hybrid supercapacitor cells. 

The second step was a chemical activation with KOH, for which the previously obtained char was 

mixed physically with different ratios of KOH. The mixture of char and KOH was submitted to the 

temperature treatment. In all the cases, the carbonisation and activation temperatures were the same. 

The yield of ACs decreased as the KOH/HC ratio increased. In the activation process, randomly 

distributed cracks were formed and micropores were introduced within the graphene- layers. 

Firstly, the effect of the synthesis temperature was analysed by comparing the textural properties of 

the samples activated with a KOH/HC ratio of 2.6 at temperatures between 700 and 1000°C. On the 

one hand, a narrow pore size distribution was achieved at 700 to 800 °C, with an average pore size 

below 1 nm and a difference in the specific surface area (SSA) of ~100 m2 g-1. On the other hand, 

when the temperature was increased to 1000 °C, the pore size distribution was significantly enlarged, 

with an average pore size larger than 1 nm. 
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As expected, the gravimetric capacitance changed according to the different textural properties of the 

ACs. In aqueous 6 M KOH electrolyte, the capacitance increased from 176 to 218 F g-1 by increasing 

the temperature of the activation process to 800 °C and then decayed to 150 F g-1 when the 

temperature was 1000 °C. The decrease in capacitance on increasing the activation temperature from 

800 to 1000 ºC is directly linked to the fact that the SSA decreased. However, the increase in 

capacitance when shifting the activation temperature from 700 °C to 800 °C does not follow the 

increase in SSA.  

Secondly, the effect of the amount of KOH per HC used in the synthesis was analysed on the variation 

of SSA and average pore size (L0). The SSA increases almost linearly to a maximum value of 2400 m2 g-

1 for a KOH/HC ratio of 6.6, then decreasing for higher KOH/HC ratios due to an excessive carbon 

burn-off wiping out some of the pore walls. Simultaneously, the L0 increased with a linear trend as the 

KOH/HC ratio was increased, staying under 1 nm until a KOH/HC ratio of 6. For higher KOH/HC ratios, 

the slope increased more rapidly. The pore size distribution (PSD) showed that, in fact, the amount of 

activating agent progressively widens the pore size towards 2 nm. The gradual change in the pore size 

enables using the KOH/HC ratio as a parameter to tailor textural parameters (SSA and PSD). 

When this series of ACs was tested as active material for symmetric EDLCs in aqueous 6 M KOH 

electrolyte, cyclic voltammograms showed that the value of gravimetric capacitance increased up to 

260 F g-1 for the KOH/HC of 6.6, in correlation with the increase in the SSA. In contrast, volumetric 

capacitance reached its highest value of 135 F cm-3 for a KOH/HC ratio of 2, when the AC had less 

pore volume, thus being denser. From the practical point of view, the fact that the volumetric 

capacitance, the industrially most-demanded parameter, had a high value at a low burn-off is an 

advantage, because that would require less activating agent for the activation and, presumably, less 

water in the washing step, thereby reducing the overall cost of the process.  

The specific capacitance is not solely affected by the SSA of the ACs, as there is a fluctuating 

dependence of gravimetric capacitance on synthesis temperature and on the KOH/HC ratio. This 

means that other capacitance-determining factors, such as the dielectric permittivity and the distance 

between charges should also be taken into account. Hence, the capacitance and the dielectric 

permittivity in pores of each electrode were correlated in the aqueous electrolyte by using the 

sandwich capacitance model, which encloses the ions in between the pore walls of slit-shaped 

micropores using an adaptation of Equation 2:  

C =
Sε0εr
b − a0

 Equation 34 

 

where S is the specific area, ε0 the electric constant in vacuum, εr the effective dielectric permittivity, b 

the pore half width and a0 the ion radius. The formula can be applied individually to the capacitance of 

the positive and the negative electrodes: 

C+ =
SOH−ε0εr

bOH− − a0OH−
 Equation 35 

C− =
SK+ε0εr

bK+ − a0K+
 Equation 36 

 

where SK+ and SOH- are the specific area accessible to K+ and OH- ions, εr the effective dielectric 

permittivity, bK+ and bOH- the average pore half width accessible to each ion and a0K+ and a0OH- the ion 

radius of the K+ and OH- ions. SK+ and SOH- were calculated from DFT data by subtracting the SSA that 

belongs to pore sizes below the size of each ion, to the total SSA.  

The average pore width accessible to each ion can be calculated by: 
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L0K+ = 2bK+ =
∫ LdV
Vmax

VK+

Vmax − VK+
 

Equation 37 

L0OH− = 2bOH− =
∫ LdV
Vmax

VOH−

Vmax − VOH−
 Equation 38 

 

where L0K+ and L0OH- is the average pore size accessible to each ion, L the pore size, VK+ and VOH- the 

volume corresponding to the ions size and Vmax the total pore volume. The size of K+ was considered to 

be 0.42 nm as it was established in the literature to be hydrated and the size of hydrated OH- is 

0.63 nm.  

Thus, on the one hand, the theoretical capacitance per electrode (C0) was calculated by using the data 

from gas adsorption measurements and the value of dielectric permittivity in vacuum, as a function of 

the relative dielectric permittivity for each of the ions. While, on the other hand, the experimental 

capacitance of each electrode (C) inside a two-electrode symmetrical cell was separately measured by 

introducing a reference electrode. Then, the calculated and the experimental capacitance were 

compared.  

C+ = ε+C0+ Equation 39 

C− = ε−C0− Equation 40 

C0+ =
ε0SOH−

bOH− − a0OH−
 Equation 41 

C0− =
ε0SK+

bK+ − a0K+
 Equation 42 

 

where ε+ and ε- are the effective dielectric permittivity in pores of the positive and negative electrode 

correspondingly.  

When the calculated capacitance was represented against the experimental capacitance for the 

positive and the negative electrode, no correlation between points for different microporous carbons 

was found, implying that the effective dielectric permittivity is not a constant value. However, when the 

effective permittivity value was plotted vs. the L0, there was a linear correlation. That suggested that 

widening the pores allows more solvating water molecules. Furthermore, a more significant change in 

permittivity was observed for the increasing pore size of the negative electrode, suggesting that the K+ 

ions have a larger solvation sheath than OH- ions.  

As part of the evaluation of the ACs from olive pits as suitable active materials for supercapacitors, the 

rate capability was analysed and related to the porous features. Since these devices are meant to 

have high power, the capacitance loss should be avoided at high current densities. The capacitance 

retention of the cells increased as the KOH/HC ratio employed for the preparation of the ACs was 

increased up to a ratio of 6, i.e. up to the ACs with highest SSA and an L0 of ~1 nm. Moreover, as the 

L0 of the ACs was increased the retention was improved, in such a way that unblocking the 

electrosorption of the solvated ions enhances the ion transport at high rates. The capacitance 

dependence on the discharge time showed that the highest capacitance values at low discharge time 

were obtained by carbons with slightly wider pores than the size of solvated ions. On the contrary, 

when the pore size was significantly wider than the ion size, the capacitance dropped. 

The AC obtained using a KOH/HC ratio of 6 was used as an example to show that each electrode 

undergo a different potential range. At low current density, the negative electrode used a lower 

potential window at low current density, which implied that the capacitance of that electrode was 

higher in comparison with the positive. Contrarily, when the current density was high, this behaviour 
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was switched and the positive electrode became the highest in capacitance. Taking this into account, 

the relationship of the capacitance of the positive and the negative electrode was used to have a 

closer insight of the effect of the pore size on the rate capability. Thus, using the concept of the 

equivalence of charges stored the relationship of capacitances between the electrodes can be 

calculated: 

C−
C+

=
ΔE+m+

ΔE−m−

 Equation 43 

  

In our case, the capacitance of the positive and the negative electrode and their relationship changed 

as the current density was increased. At low current density, the negative electrode showed the 

highest capacitance of both, for all the porous features, and at high current density, the positive 

became the highest in capacitance. Therefore, the electrosorption of OH- ions was favoured over the 

K+ at high current density. The higher dielectric permittivity on the solution-side of the negative 

electrode let us put forward the hypothesis that the lower capacitance of the negative electrode may 

be associated with the larger solvation sheath, eventually leading to the more reduced mobility of K+ 

ions. 

In conclusion, the rate capability was linked to the ion size, the SSA, the average pore size and the 

solvation. On the one hand, smaller ions could access a higher portion of SSA, providing higher 

gravimetric capacitance. Also, a disproportionately wide pore size allowed a higher solvation of the 

ions, which resulted in the decrease in the rate of ion transport at high current density. Additionally, a 

minor pseudocapacitive contribution at the negative electrode such as nascent hydrogen 

chemisorption, can also deteriorate the capacitance retention at high current density due to the higher 

resistivity of the Faradaic charge transfer process. In any case, the negative electrode was identified as 

the source of capacitance loss at high current density for this series of ACs. 

 

 

Similar investigations were conducted to relate the porous features of these ACs with their 

electrochemical performance when they were used as active materials in in organic 1.5M (C2H5)4NBF4 

in acetonitrile electrolyte based supercapacitors. The SSA and L0 accessible to each of the ions for the 

carbons activated different KOH/HC ratios was assessed by taking into account the pores with wider 

size than the ion size from the DFT calculations of the N2 gas adsorption experiments. The size taken 

for (C2H5)4N+ was 0.68 nm and for BF4
- 0.48 nm, so they are partially desolvated. Thus, accessible 

surface area is:  

S𝐶 = SSA − S0.68 Equation 44 

SA = SSA − S0.48 Equation 45 

 

where SSA is the total specific surface area accessible to N2 gas, S0.68 and S0.48 are the surface area of 

pores narrower than the size of cations and anions. 

The surface area accessible to BF4
- was found to be very closely similar to the values of the total SSA. 

However, the accessible surface area to (C2H5)4N+ was 3 to 5 times lower depending on the AC sample. 

Evidently, the SSA determined by N2 gas adsorption cannot be taken as the accessible surface area for 

the electrolyte, especially when the size of the ions is bigger than the size of the probe molecule. 

Similarly, the accessible pore size was calculated taking into account the pores bigger than the size of 

each ion: 
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L0𝐶 = 2b𝐶 =
∫ LdV
Vmax

V0.68

Vmax − V0.68
 Equation 46 

L0𝐴− = 2b𝐴− =
∫ LdV
Vmax

V0.48

Vmax − V0.48
 Equation 47 

 

where V0.68 and V0.48 were the pore volume from pores narrower than the size of the cation and anion, 

bC and b- were the average half pore width accessible to (C2H5)4N+ and BF4
-. 

Similarly to the considerations for the SSA, when the accessible porosity was taken into account to 

calculate the average pore size, the pore size accessible to the BF4
- did not differ much from the one 

calculated from N2 gas adsorption, whereas the pore size accessible to (C2H5)4N+  varied much more 

(~0.35 nm). 

On one hand, for ACs with average pore size smaller than 1 nm the cyclic voltammograms showed a 

capacitance decrease at the high voltage limit alternatively explained in the literature as the ion-

sieving effect or the surface saturation. Thus, the narrowest pores in the subnanometer range appear 

to be unfavourable for capacitive charge storage in the negative electrode. On the other hand, for ACs 

with average pore size bigger than 1 nm, the typical rectangular shape of supercapacitors was 

recovered. Since the average pore size and the cation accessible pore size were different, using the 

former to describe the electrochemical performance could lead to misinterpretation of capacitance 

dependence on pore size. The capacitance decay happened for accessible pore size bigger than the 

partially desolvated (C2H5)4N+ (0.68 nm), indicating that the removal of the solvation shell was 

hindered on the timescale of the voltammetry measurements. 

The areal capacitance normalised by the accessible surface area to (C2H5)4N+ showed that the 

capacitance overlapped at ~10 μF cm-2 at a scan rate of 5 mV.s-1 when the average accessible pore 

size was bigger than 1 nm. In the case of ACs that showed decaying capacitive current at the high 

voltage limit, the areal capacitance exceeded 10 μF cm-2. However, this effect was observed by relying 

on the average capacitance per electrode in two-electrode cells, which assumes the same capacitance 

for the positive and the negative electrodes. However, there could be a significant difference in 

capacitance depending on the carbon/ion compatibility, for instance, due to pore size restrictions. 

Therefore, it was necessary to analyse this effect by measuring the capacitance of the positive and 

negative electrodes separately by using a reference electrode. Thus, the areal capacitance of each 

electrode was calculated by dividing the experimental gravimetric capacitance of each electrode by the 

values of accessible surface area to the corresponding counterion, namely, Cexp-/SC and Cexp+/SA. The 

capacitance of the positive electrode was almost constant, ~5 μF cm-2, independently of the accessible 

pore size. On the contrary, the capacitance of the negative electrode was greatly increased at the 

smallest accessible pore sizes, using the capacitance value extracted from the linear part of the 

galvanostatic discharge profile. 

In the case of the positive electrode, the εr+ changed linearly as the pore size was increased, which 

came to be in agreement with the observation regarding the capacitance of the positive electrode. In 

the case of the negative electrode, the εr- also changed linearly for the pore sizes that did not show 

restrictions for ion transport regarding the pore size. However, for the pore sizes which showed 

restricted ion storage near the charging limit, the εr+ stood out of the linear tendency due to a 

supposedly extreme confinement of acetonitrile molecules solvating (C2H5)4N+ ions. This abnormal 

increase of capacitance may be caused by the decrease in charge separation which was not 

counterbalanced by the corresponding decrease in εr before reaching the electrolyte breakdown 

potential. However, this adversely affected the supercapacitor performance since the full voltage 

window could not be utilised for charge storage. From the practical perspective, the maximum 

gravimetric capacitance reached was 140-150 F g-1 and volumetric 60 F g-1, comparable values to 

those of found in the industry using the best commercial biomass-derived carbons (coconut shell 

derived ACs). 
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Galvanostatic charge/discharge profiles for both cells and separate electrodes varied depending on 

the porous features of the ACs. Pore size restrictions provoked capacitance fading on approaching the 

lowest potential for the negative electrode at both low and high current densities, with a more 

pronounced effect for the higher current. By contrast, unrestricted pore access showed equal 

capacitance values for both electrodes at low current density, In this case the capacitance fading 

belonged mostly to the positive electrode, which also underwent a larger potential window, close to the 

electrolyte decomposition limit.  

Thus, for ACs with different pore sizes the relationship between the capacitance of positive and the 

negative electrode changed over the current density. For restricted pore sizes the capacitance of the 

positive electrode became higher than that of the negative electrode at high current density; for 

unrestricted electrosorption both capacitances were similar and for the extensively wider pores the 

capacitance of the negative electrode became higher at high current density. So, C-/C+ gradually 

increased as the pore size became wider and the current density higher. 

Based on the rate capability, there was an optimum pore size that gave the maximum capacitance 

retention over current density The symmetric EDLC giving such performance was built using and AC 

with an accessible pore size of 1.2 and 1.04 nm to (C2H5)4N+ and BF4
-, respectively. Interestingly, this 

approaches the size of the solvated ions, which means that the optimum rate response is likely to be 

ensured when accessible pores are similar in size to solvated ions. For this activated carbon, the C-/C+ 

value over the current density did not deviate from the unity, also meaning that the equal potential 

window of the negative and the positive electrode, which also guarantees the maximum durability of 

the cell since none of the electrodes works outside its respective corrosion potential at high current. By 

contrast, with ACs that have wider pore sizes, the rate capability was lower at the same time that the C -

/C+ value increased, so, the working potential window of the positive electrode is larger, closer to the 

corrosion potential on the positive side. 

The electrical conductivity of these ACs fluctuated and was not significantly different between them. 

Thus, no meaningful correlation could be stablished between the electrical conductivity and the rate 

capability. 

 

 

An AC with a relatively broad pore size accessibility was selected to study various aqueous salt 

electrolytes at neutral pH by varying cations, anions and electrolyte concentration. First, the effect of 

the anion was investigated. Accordingly, 1 M lithium chloride, nitrate and sulfate solutions were tested 

within a 1 V of stable voltage window. The slightly higher capacitance of LiCl in comparison with Li2SO4 

could be ascribed to the smaller size of Cl- anions (0.36 nm, established in the literature to be 

adsorbed in the non-hydrated state) than the SO4
2- anions (>0.58 nm, in the hydrated form). Since 

smaller chloride ions can access a larger amount of SSA, this may eventually be the reason for higher 

capacitance. 

More importantly, the effect of the cation size was investigated together with the impact of the 

electrolyte conductivity on the electrochemical performance. Almost perfectly rectangular shaped CVs 

were obtained by using the electrolyte concentrations at the maximum electrical conductivity, i.e. 6 M 

for LiCl (170 mS cm-1), 5 M for NaCl (220 mS cm-1) and 2 M for KCl (205 mS cm-1). Furthermore, the 

increase of electrolyte conductivity improved capacitance values, which were almost the same for the 

three tested salts. Moreover, both series and distributed resistance values were lowered, i.e. the 

resistance outside and inside the pores, correspondingly. In terms of capacitance values, the selection 

of cations did not have a significant influence. 

By electrochemical impedance spectroscopy measurements, the equivalent series resistance (ESR) 

found at the intersection of the high frequency limit, was attributed to the electronic resistance of the 
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electrodes and the ionic resistance of the bulk electrolyte. These values were very low, ~0.50 Ω cm2 for 

all the 1 M electrolyte solutions. However, increasing the concentration of the electrolyte decreased 

these values even more to ~0.20 Ω cm2, which clearly indicated that the improvement of the 

conductivity of the electrolyte decreased the resistance values. The conductivity values of all the 

electrolytes were very similar as well as the resistance values. Furthermore, the medium frequency 

diagonal line, which is characteristic of ion transport in the porosity (the de Levie porous electrode 

factor), was smaller. Therefore, the electrolyte resistance inside the pores was in relationship with the 

electrolyte conductivity for bulk electrolyte, supposedly due to the high concentration of ions inside the 

pores as well. The lower in-pore resistance shortened the transport pathways under electrode 

polarisation. 

With aqueous neutral salts electrolyte, the voltage window could be extended up to 1.8V, which in the 

case of LiCl and NaCl CVs kept a rectangular shape close to the idea capacitive profile, while the cell 

working in KCl presented a more distorted CV curve due to the water reduction. At the low current 

density, the capacitance value was higher for the cells using NaCl and KCl because of the faradaic 

contribution from the partial electrolyte decomposition. However, the capacitance retention at high 

current density was much higher for LiCl (63%) in comparison with NaCl (47%) and KCl (32%).  

KCl cells lost 50% of capacitance after 4 hours at 1.8 V, NaCl cells lost 40% of capacitance after 

100 hours, while LiCl cells had a capacitance retention higher than 60%. As the capacitance retention 

of at least 80% should be evidenced in order to consider that cells pass the endurance test, none of 

the cells met this criterion. Therefore, LiCl was tested at a lower voltage, 1.6 V, which showed much 

stable performance since it retained 80% of the initial capacitance after 100 hours. Therefore, 1.6 V 

can be considered as the operating voltage window in laboratory conditions. 

The advantage of using small sized ions was further proved with this moderately activated carbon, 

which had most of the pores below 0.7-0.8 nm. The CVs of LiCl and Li2SO4 were compared, in this 

case, and the three of them showed typical supercapacitor rectangular shape with capacitance values 

~150 F g-1. Li2SO4 showed the worst rate capability within the three electrolytes, since at high current 

density it only retained 15% of the capacitance, in comparison with the LiCl, specially the 6 M solution, 

which had a 66% of retention at high current density. The role of the electrolyte concentration was a 

decisive parameter to ensure the high rate capacitive response. The performance of AC12 at 1.6V and 

the AC16 at 1.8 V had very similar overall performances. The former degraded due to the size match 

between the ions and the pores that prevents the high rate ion transport and the former due to more 

capacitance loss from the electrolyte composition at high voltage. So, the use of smaller sized anions, 

Cl- instead of SO4
2-enhanced the rate capability at medium current density. Therefore, LiCl could be a 

good alternative to access higher surface area, so capacitance is not limited by the utilized AC, and 

improve the capacitance at high current density. Furthermore, the high rate capacitance could be 

related to the electric conductivity of the electrolyte, since the studied ACs showed very similar 

capacitance retention even though their electrical conductivity was different. 

 

 

This series of ACs were lastly tested in in neat 1-ethyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide (EMITFSI) electrolyte, which is a room temperature ionic liquid (IL) 

Most of the CVs of the symmetric supercapacitor cells showed the typical rectangular shape, and in 

the case of medium-highly activated ACs (KOH/HC ratio 4 to 6) capacitance values were as high as 

179 F g-1. On the contrary, ACs with a low degree of activation (KOH/HC ratio 2 and 3) showed a 

distorted CV shape due to the poor accessibility of the ions to the small sized pores of these carbons. 

Therefore, when using neat EMITFSI, the AC prepared with a KOH/HC of 4 was considered to have a 

pore size distribution that provided sufficiently good accessibility to the electrolyte and also a strong 

ion confinement. This together with a high SSA made it possible to achieve the highest gravimetric 

capacitance of all the studied ACs. Moreover, the increase of the average pore size did not improve the 
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value of capacitance for the highly activated ACs. More importantly from the application viewpoint, the 

volumetric capacitance of all of these ACs was as high as 80 F cm-3. 

Regarding the rate capability, measurements showed that wider pores did not have an effect on this 

parameter, i.e. harder activation procedures were not needed to increase the capacitance retention at 

high current density. Thus, in this case the observed capacitance loss could be linked to the 

conductivity of the electrolyte, which for ionic liquid is lower (8.4 mS cm-1) than the traditional 

acetonitrile-based organic electrolyte (60 mS cm-1).  

Overall, electrochemical impedance spectroscopy reflected the typical Nyquist plot for supercapacitors 

with a quasi-vertical line at the low frequency and a ~ 45° slope line in the medium frequency due to 

the porous electrode RC distribution. The series resistance was low for medium-highly activated ACs 

varying between 2.0 and 2.8 Ω cm2, and the in-pore ionic resistance fluctuated between 3.8 and 

7.0 Ω cm2. Thus, the well adapted porosity of AC4 was confirmed because further pore enlargement 

was not needed to provide high power. Because these activated carbons lacked mesopores, it was 

demonstrated that in fact mesopores might not be always needed to ensure a fast transport of ions 

from room temperature ionic liquids deep down pores. 

 

 

The AC that performed the best in organic electrolyte was used to develop a LIC and a NIC together 

with its HC precursor. The AC was used as active material in the positive electrode and the HC as 

active material in the negative electrode. The CVs of the half-cell made with the HC behave similarly 

between 0.002 and 2 V vs Na/Na+ and Li/Li+, with a reversible broad oxidation/reduction peak below 

1 V, indicating that the majority of the capacity came at this low potential range. In comparison with 

the Li half-cell, the Na cell had a larger reduction/oxidation potential window, which could be due to 

the lower reversibility of Na insertion, because of its bigger ionic radius, preventing more the 

insertion/extraction of these ions.  

Galvanostatic charge discharge profiles provided a total specific capacity of 360 and 375 mA h g-1 for 

Na and Li cells, respectively. In both cases the SEI formation, as a result of the decomposition of the 

carbonate solvent, took place at ~ 0.8-1.0 V vs. the respective metal/meal ion couple, and the 

reductive decomposition of organic electrolyte kept on until ~ 0.25 V, where the ion insertion into 

nanopores became a major process. After the second charge significant differences between Na 

based and Li based electrolyte began to occur since the capacity was reduced to 243 and 290 mA h g-

1, correspondingly. In both cases, the reversible ion insertion at high potentials was quite similar. At 

low potentials though, Li based cell had a higher capacity value, 180 mA h g-1 than the Na-based cell, 

147 mA h g-1, because Na ions have lower accessibility into the pores. The rate capability of Li-and Na-

based cells were quite similar until medium rates, however, at high rates Na-based cell underwent 

quite a remarkable decrease in capacity. Electrochemical impedance spectroscopy showed the Na-

based cell had a higher charge transfer resistance than the Li-based one. 

The CVs obtained in 3-electrode cells using the AC as active material from 1.5 to 4.2 V showed a quasi-

rectangular profile both in 1 M LiPF6 EC:DMC and 1 M NaPF6 EC:PC. The rate capability was very 

similar for the cells working in Li- and Na-based electrolytes, having both also very similar IR drop from 

the galvanostatic charge discharge profiles, as well as almost exactly the same electrochemical 

impedance spectroscopy print.  

The LIC was built using a mass balance of 1/1 of the HC the AC as negative and positive electrodes, 

correspondingly, in 1 M LiPF6 in EC/DMC. Both electrodes were preconditioned by cycling 5 times the 

HC between 0.002 and 2.0 V vs Li/Li+ at C/10, so the SEI layer was formed, and setting a cut-off 

potential of 0.2 V in order to avoid Li platting. The AC was preconditioned by cycling it until 4.2 V vs 

Li/Li+. The positive electrode underwent a potential change between 2.1 to 4.4 V and the negative 
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between 0.2 to 0.6 V at 0.01 A g-1. When the current density was increased to 2 A g-1, the positive 

electrode withstood a smaller potential charge, between 2.3 and 4.3 V, and the negative electrode a 

larger one, between 0.2 and 0.8 V. In terms of energy and power density, the LIC at a discharge time of 

2 minutes was able to store/deliver three-times more energy than its EDLC counterpart. It also showed 

a very good cyclability result, being able to retain the 94% of the initial capacity after cycling it at 2 A g-1 

for 10000 cycles. 

A NIC was also assembled following the same configuration HC/AC configuration but using 1 M NaPF6 

in EC/PC as electrolyte. After the precondition step, at 0.1 A g-1  the negative electrode worked 

between 0.1 and 0.7 V while the positive electrode operated between 2.2 and 4.3 V. However, at 2 A g-

1, the positive electrode moved between 3.0 and 4.2 V and the negative electrode underwent a 

potential range between 0 and 1.5 V and. The shape of the galvanostatic profile deviated from the 

typical linear behaviour expected for a capacitive system. The potential of the negative electrode 

overpassed the potentials for Na insertion. In comparison with the LIC, the NIC had a stronger decay of 

the energy to power, which is related to the non-ideal supercapacitor performance that showed at high 

rates. In this case, after 10000 cycles of charge and discharge at 2 A g-1, the NIC system only could 

retain 40% of its initial capacity. 

 

 

In this doctoral thesis advanced microporous carbons (nanoporous) from olive pits have been 

developed for minimizing as much as possible the environmental impact of the production. Different 

porosity features have been studied in different electrolytes in order to pursue a deeper understanding 

on the influence of capacitance in relationship with SSA, L0, and electrical permittivity, while several 

symmetric and asymmetric systems have been proposed with the use of olive pits derived activated 

carbons. 

  



127 

 

5 RESUMEN 
Los huesos de aceitunas son subproductos de la industria del aceite de oliva que se convierten en un 

desecho para los productores. Se componen de un 25% de celulosa, un 35% de hemicelulosa y un 

40% de lignina, de forma que tienen un 50,8% de carbono, un 42,7% de oxígeno, un 7,1% de 

hidrógeno, un 0,48% de nitrógeno y un 0,04% de azufre en su contenido.  

Los carbones activados (ACs) de los huesos de aceitunas que se utilizaron en este estudio se 

prepararon mediante un proceso que consta de dos etapas. Para ello se utilizó un horno tubular para 

calentar bajo un flujo de Ar de 100 ml min-1 con una rampa de temperatura de 5 °C min-1 hasta una 

temperatura predefinida durante 2 h. El primer paso del proceso fue la carbonización de la materia 

prima. En este paso se eliminaron la mayor parte de los elementos que no son carbono, 

principalmente el hidrógeno, oxígeno y nitrógeno, formando gases y alquitranes. El rendimiento fue del 

25% para las temperaturas de entre 600 y 800 °C y al producto carbonoso resultante se le denomina 

carbono duro (HC). Aunque el HC tenía algunos dominios grafíticos, también constaba de capas de 

grafeno apiladas no grafíticas, que impiden su completa grafitización. El segundo paso fue la 

activación química con KOH, para el cual se mezcló físicamente el HC obtenido previamente con 

diferentes proporciones de KOH. A continuación, la mezcla de carbón y KOH se sometió al tratamiento 

de temperatura. En todos los casos, las temperaturas de carbonización y activación fueron elegidas 

para que fuesen las mismas. Después de la activación, los carbones activados se lavaron, en primer 

lugar, con una solución diluida de ácido clorhídrico durante 2 h, y después, con agua, hasta que el pH 

fuese neutro. Finalmente, se secaron a 120 °C en un horno a vacío. En esta parte del proceso, el 

rendimiento se vio reducido a medida que se aumentaba la relación KOH/C. Mediante el proceso de 

activación se formaron grietas distribuidas al azar y se introdujeron microporos dentro de las capas de 

grafeno. 

En primer lugar, se analizaron las propiedades texturales de las muestras activadas con una relación 

KOH/carbono de 2,6 a temperaturas entre 700 y 1000 °C. Por un lado, se logró una distribución del 

tamaño de poro estrecho a 700 a 800 °C, con un tamaño de poro promedio por debajo de 1 nm y una 

diferencia en el área de superficie específica de ~ 100 m2 g-1. Por otro lado, cuando la temperatura se 

aumentó hasta 1000 °C, la distribución del tamaño de poro aumentó significativamente, obteniendo 

un tamaño de poro promedio mayor a 1 nm. 

Obviamente, la capacitancia gravimétrica cambió en concordancia a las diferentes propiedades 

texturales de los carbones activados. En el electrolito acuoso, 6 M de KOH, la capacitancia aumentó 

de 176 a 218 F g-1 al aumentar la temperatura de activación de 700 °C a 800 °C y disminuyó a 150 F 

g-1 para los ACs de 1000 °C. La disminución de la capacitancia de 800 °C a 1000 °C está 

directamente relacionada con el hecho de que el área de superficie específica disminuyó en el mismo 

porcentaje. Sin embargo, el aumento de la capacitancia de 700 °C a 800 °C no corresponde al 

porcentaje de aumento del área de superficie, lo que sugirió que era necesario un análisis detallado 

teniendo en cuenta el SSA, el tamaño medio de poro y la permitividad dieléctrica. 

En segundo lugar, se estudió la variación de las propiedades texturales en función de la relación de 

KOH/carbono utilizada en la activación. En general, la superficie especifica de área aumentó 

linealmente hasta un valor máximo de 2400 m2 g-1 para la relación de KOH/carbono 6.6, y disminuyó 

para proporciones de KOH/carbono mayores, debido a una combustión excesiva de carbono que 

destruyó algunas de las paredes de los poros. A la misma vez, el tamaño medio de poro aumentó 

linealmente, permaneciendo por debajo de 1 nm hasta la relación KOH/carbón de 6. Para mayores 

proporciones de KOH/carbón la tendencia lineal aumentó, lo que reflejaba la mayor variación del 

tamaño medio de poro con relación a KOH/carbón. La distribución del tamaño de poro mostró que, en 

efecto, la cantidad de agente activante amplía progresivamente el tamaño de poro hacia 2 nm. El 

cambio gradual del tamaño de poro permite usar la relación KOH/carbón como parámetro para 

controlar el diseño de la porosidad. 
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La  muestra la evolución de la capacitancia a diferentes relaciones de KOH/C. Cuando se testearon 

esta series de carbones activados como materiales activos para supercondensadores en electrolito 

acuoso 6 M KOH, los voltamogramas cíclicos mostraron que el valor de capacitancia gravimétrico 

aumentó hasta 260 F g-1 para la relación de KOH/C de 6,6, en correlación con el aumento del área 

superficial específica, mientras que la capacitancia volumétrica alcanzó su valor más alto, de 135 F 

cm-3, para la relación de KOH/C 2, cuando el carbón activado tenía menos porosidad, es decir, siendo 

este más denso. Desde el punto de vista práctico, el hecho de que la capacitancia volumétrica, el 

parámetro más demandado industrialmente, tenía un alto valor con un bajo burn-off es una ventaja, 

ya que requeriría menos cantidad de agente activante y presumiblemente menos agua para el paso de 

lavado, reduciendo el coste total del proceso. De forma similar al efecto de la temperatura en las 

propiedades texturales, la capacitancia específica no se vió afectada únicamente por la superficie 

especifica de área del carbón activado. Por lo cual hay una fluctuación en la dependencia de la 

capacitancia con la relación de KOH/C, el tamaño de poro promedio y la solvatación iónica que 

debería ser tomada en un cuenta. 

La capacitancia de los condensadores eléctricos de doble capa se puede describir mediante el modelo 

de capacidad en sándwich para los microporos con forma de hendidura. 

La fórmula se puede aplicar individualmente para la capacitancia del electrodo positivo y negativo 

individualmente. Las superficies de área accesibles a los iones de potasio e hidroxilo se calcularon a 

partir de datos de DFT, restando el área inferior al tamaño de cada ion a la superficie especifica total.  

Asimismo, la anchura de poro media accesible para cada ion se calculó teniendo en cuenta el 

volumen correspondiente a los poros mayores al tamaño de los iones. Se consideró que el tamaño de 

K+ era 0,42 nm, en forma hidratada, y el tamaño de OH-0,63 nm. 

Por un lado, la capacitancia por electrodo se calculó utilizando los datos de las adsorción de gas y el 

valor de la permitividad dieléctrica en vacío, en función a la permitividad dieléctrica relativa para cada 

uno de los iones. Mientras que, por otro lado, la capacitancia experimental de cada electrodo dentro 

de una celda simétrica se midió introduciendo un electrodo de referencia. Por lo tanto, se compararon 

la capacitancia calculada y la experimental. 

Cuando la capacitancia calculada se representó frente a la capacitancia experimental para cada uno 

de los electrodes, no se encontró ninguna correlación entre puntos para diferentes  carbones 

microporosos, lo que implica que la permitividad dieléctrica efectiva no es un valor constante. Sin 

embargo, cuando al representar la permitividad efectiva frente al tamaño de poro promedio, se halló 

una correlación lineal, lo que sugiere que el ensanchamiento de los poros permite que más moléculas 

de agua rodeen a los iones. Al mismo tiempo, los valores de permitividad efectiva se vieron 

incrementados progresivamente en medida que la desolvatación de iones disminuía. Además, 

dependiendo del ion,  se observó un cambio más pronunciado de la permitividad cuando aumentaba 

el tamaño del catión para el electrodo negativo, lo que sugiere que los iones K+ están más solvatados 

que los iones OH-. 

Como parte de la evaluación de los carbones activados a partir de los huesos de aceitunas para su 

utilización en supercondensadores, se analizó la respuesta capacitativa y se la relacionó con sus 

características porosas. Estos dispositivos deben tener alta potencia, por lo que la pérdida de 

capacitancia debe evitarse a altas densidades de corriente. La retención de capacitancia aumentó 

hasta una relación KOH/C de 6, es decir, para el carbón activados con mayor surpercifie especifica de 

area y tamaño medio de poro de ~ 1 nm. Además, a medida que se incrementó el tamaño de poro 

promedio de los carbonos activados, se mejoró la retención, de tal manera que al desbloquear la 

electrosorción de los iones solvatados se mejoró el transporte de iones a altas velocidades de 

corriente. En este sentido, los carbonos activados a partir de las relaciones KOH/C entre 2.6 y 6 ya 

tenían un tamaño un 25% mayor que los iones solvatados. La dependencia de la capacitancia con el 

tiempo de descarga mostró que los valores más altos de capacitancia para un tiempo de descarga 

bajo se obtuvieron con carbones con poros ligeramente más amplios que el tamaño de ión solvatado. 



129 

 

Por el contrario, cuando el tamaño de poro era significativamente más ancho que el tamaño del ion, la 

capacidad disminuyó. 

El carbón activado a partir de la relación KOH/C de 6 se usó como ejemplo para mostrar que cada 

electrodo experimenta un rango de potencial diferente. En ese caso, el electrodo negativo usó una 

ventana de potencial más baja a baja densidad de corriente, lo que implicaba que la capacitancia de 

ese electrodo era más alta en comparación con la positiva. Sin embargo, cuando la densidad de 

corriente era alta, este comportamiento se invirtió y el electrodo positivo pasó a tener mayor 

capacitancia. 

Teniendo esto en cuenta, la relación entre la capacitancia del electrodo positivo y el negativo se utilizó 

para tener una idea más clara del efecto del tamaño de poro sobre la capacitancia a diferentes 

densidades de corriente. Por lo que utilizando el concepto de la equivalencia de cargas almacenadas, 

se calculó la relación de capacitancia entre los dos electrodos.  

Se observó que la capacitancia del electrodo positivo y del negativo y su relación cambiaron a medida 

que aumentaba la densidad de corriente. A baja densidad de corriente, el electrodo negativo mostró la 

capacitancia más alta para todas las propiedades porosas y a alta densidad de corriente, el positivo 

se convirtió en el más alto en capacitancia. Por lo tanto, la electrosorción de iones OH- se vio 

favorecidad a alta densidad de corriente en comparacio a la de los iones de K+. Teniendo en cuenta 

los resultados obtenido del analysis de permitividad dieléctrica, la movilidad se vio más reducida en 

los iones e K+ debido a su mayor solvatación. 

En conclusión, respuesta de la capacidad en función de la densidad de corriente se relacionó con el 

tamaño del ion, la superficie específica, el tamaño medio de poro y la solvatación. Por un lado, los 

iones más pequeños pudieron acceder a una mayor superficie específica de área, proporcionando una 

mayor capacitancia gravimétrica. Además, un tamaño de poro desproporcionadamente amplio 

aumentó la solvatación de los iones, lo que dio lugar a la disminución del transporte de iones a altas 

densidades de corriente. Por otro lado, una menor contribución pseudocapacitiva que sólo ocurre en 

el electrodo negativo podría deteriorar la retención de capacitancia a alta densidad de corriente, por 

una mayor resistividad en el proceso de transferencia de carga faradáica. En cualquier caso, el 

electrodo negativo fue identificado como la causa de la pérdida de capacitancia a alta densidad de 

corriente para esta serie de carbones activados. 

Como se hizo para el electrolito acuoso, también se llevó a cabo el estudio para relacionar las 

características porosas de los carbones activados para su uso en supercapacioters de base orgánica. 

En este caso se evaluaron la superficie especifica de área y el tamaño de poro promedio accesible 

para cada uno de los iones para los diferentes carbonos activados con relación KOH/C. Para ello, se 

consideraron únicamente los poros con un tamaño más grande al del tamaño de iones utilizando los 

cálculos obtenidos mediante el modelo DFT de los experimentos de adsorción de N2 gas. El tamaño 

tomado para Et4N+ fue 0,68 nm y para BF4
- 0,48 nm, considerando que estaban parcialmente 

desolvatados. Por lo tanto, el área de superficie accesible es: 

La superficie especifica de área fue aumentando hasta que alcanzó un valor máximo alrededor de la 

relación KOH/C 6. Se encontró que la superficie accesible para BF4
- tenía valores muy similares a los 

de la superficie específica total, debido a que la molecula de prueba, N2, y el anión, BF4
- tienen 

tamaños similares. Sin embargo, se descubrió que la superficie accesible al Et4N+ es 

aproximadamente 3 a 5 veces inferior porque su tamaño es significativamente mayor al del N2. 

Evidentemente, la superficie específica determinada por la adsorción de N2 gas no se pudo tomar 

como la superficie accesible para el electrolito, especialmente cuando el tamaño de los iones era 

mayor que el tamaño de la molécula de prueba. De forma similar, el tamaño de poro accesible se 

calculó teniendo en cuenta los poros más grandes a los tamaños de cada ion. 

De manera similar que con el área superficial, cuando se tuvo en cuenta la porosidad accesible para 

calcular el tamaño de poro promedio, el tamaño de poro accesible para BF4 no difirió mucho del 
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calculado a partir de la adsorción de gas N2, mientras que el tamaño de poro accesible para Et4N+ 

varió mucho más (~ 0,35 nm). 

Por un lado, para los carbones activados con un tamaño de poro promedio menor a 1 nm, los 

voltamogramas cíclicos mostraron una disminución de la capacitancia al aproximarse a altos voltajes 

debido al efecto de tamizado de iones o la saturación de la superficie. Por lo que los poros con 

tamaños inferiores al nanómetro se vieron desfavorecidos para el almacenamiento capacitivo de 

carga, especialmente en el electrodo negativo, debido quelos cationes tuvieron poca accesibilidad. Por 

el contrario, los carbones activados con un tamaño medio de poro mayor a 1 nm, recuperaron la 

forma rectangular típica de los supercondensadores. Dado que el tamaño de poro promedio y el 

tamaño de poro accesible para el catión fueron diferentes, usar el primero para describir el 

rendimiento electroquímico podría conducir a interpretaciones erróneas. También se pudo observar 

que la disminución de capacitancia ocurrió para un tamaño de poro accesible mayor que el Et4N+ 

parcialmente desolvatado (0,68 nm), lo que indica que la eliminación de la capa de solvatación 

dificulta las mediciones de voltametría. 

La capacitancia normalizada por la superficie accesible para Et4N+ indicó que la capacitancia tenía 

valores mayores a ~ 10 μF cm-2 para tamaños de poro promedio superiores a 1 nm. En el caso de 

carbones activados que tuvieron el efecto de tamizado o saturación superficial, la capacitancia 

superficial superó 10 μF cm-2. Sin embargo, este efecto se observó cosiderando la capacitancia 

promedio por electrodo, que se asumió ser la misma capacitancia para los electrodos positivos y 

negativos. 

Sin embargo, podría haber una diferencia significativa en la capacitancia dependiendo de la 

compatibilidad carbono/ion, por ejemplo, debido a las restricciones de tamaño de poro. Por lo tanto, 

fue necesario analizar este efecto midiendo la capacitancia de los electrodos positivos y negativos por 

separado mediante el uso de un electrodo de referencia. Por lo tanto, la capacitancia superficial de 

cada electrodo se calculó dividiendo la capacitancia gravimétrica experimental de cada uno de los 

electrodos por los valores de la superficial accesible al contraión correspondiente, es decir, Cexp-/SEt4N+ 

y Cexp+/SBF4-. 

La capacitancia del electrodo positivo fue casi constante, ~ 5 μF cm-2, independientemente del 

tamaño de poro accesible. Por el contrario, la capacitancia del electrodo negativo se incrementó con 

los tamaños de poro accesibles más pequeños, teniendo en cuenta el valor de capacitancia extraído 

de la parte lineal del perfil de galvanostático de descarga. 

En el caso del electrodo positivo, la εr+ cambió linealmente a medida que aumentaba el tamaño de 

poro, en acuerdo con la capacitancia del electrodo positivo. En el caso del electrodo negativo, la εr- 

también cambió linealmente para los tamaños de poro que no mostraron restricciones para el 

transporte de iones. Sin embargo, para los tamaños de poro que mostraron una mayor saturación de 

poro o un efecto de tamizado de iones mayor, la εr+ se quedó fuera de la tendencia lineal debido a un 

confinamiento superior supuestamente de las moléculas de acetonitrilo entre los iones Et4N+. Este 

aumento anormal de la capacitancia puede ser causado porque la disminución en la separación de 

carga no se anuló por la disminución correspondiente en εr, antes de alcanzar el potencial de 

descomposición del electrolito. Sin embargo, esto afectó negativamente el rendimiento del 

supercondensador, ya que la ventana de voltaje completo no pudo utilizarse para el almacenamiento 

de carga. Desde la perspectiva práctica, la capacitancia gravimétrica máxima alcanzada con los 

carbones activados a partir de hueso de aceituna fue 140-150 F g-1 y volumétrica 60 F g-1, valores 

comparables a los comerciales. 

Los perfiles galvanostáticos de carga/descarga tanto de las celdas simétricas como de los electrodos 

por separado variaron dependiendo de las características porosas de los carbones activados debido al 

confinamiento o la no restricción del electrolito. La ¡Error! No se encuentra el origen de la referencia. 

muestra los perfiles galvanostáticos de carga/descarga de los supercondensadores simétricos para 

carbonos con diferente relación KOH/C en la activación. Los tamaños de poro con accesibilidades 
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restringidas sufrieron el fallo de la capacitancia en el electrodo negativo a altas densidades de 

corriente. Por el contrario, los tamaños de poro sin restricciones mostraron valores de capacitancia 

iguales para ambos electrodos a baja densidad de corriente, en este caso la disminución de 

capacitancia fue a causa del electrodo positivo, que también experimentó una ventana de potencial 

mayor, cerca del límite de descomposición del electrolito. 

Por lo tanto, para diferentes tamaños de poro, la relación entre la capacitancia del electrodo positivo y 

el negativo cambió en función de la densidad de corriente. Para tamaños de poro de accesibilidad 

restringida, la capacitancia del electrodo positivo fue más alta que la del electrodo negativo a alta 

densidad de corriente, para tamaños de poro adaptados al tamaño de los iones, ambas capacitancias 

fueron similares y para los poros extensamente más amplios la capacitancia del electrodo negativo 

fue mayor a alta densidad de corriente. Es decir, C-/C+ aumentó gradualmente a medida que el 

tamaño de poro se hizo más ancho. 

Teniendo en cuenta la retención de la capacitancia a altas corrientes, se pudo estimar qué tamaño de 

poro es óptimo. Este carbón activado tubo un tamaño de poro accesible de 1.2 y 1.04 nm para el 

EtN4
+ y BF4

-, respectivamente, que curiosamente se acerca al tamaño de los iones solvatados. Para 

este carbono activado, el valor de C-/C+ sobre la densidad de corriente no se desvió de la unidad, por 

lo que el electrolito era estable dentro de la ventana potencial del electrodo negativo y positivo. Por el 

contrario, con carbones activados que tienen tamaños de poros más amplios, la retención de la 

capacitancia fue menor al mismo tiempo que el valor C-/C+ aumentó, por lo que la ventana potencial 

que el electrodo positivo tuvo que abarcar se hizo más grande, más cercana al límite de 

descomposición del electrodo/electrolito. 

La conductividad eléctrica de estos carbones activados fluctuó con valores muy parecidos entre todos 

ellos. Por lo tanto, no se pudo establecer una correlación significativa entre los valores de 

conductividad y la retención de la capacitancia a altas densidades de corriente. 

Se seleccionó un carbón activado con accesibilidad de poro relativamente amplio, KOH/C 6, para 

estudiar los diferentes tipos de electrolitos basados en sales neutras, para los cuales se variaron los 

cationes y los aniones. En primer lugar, se investigó el efecto del anión, por lo que se prepararon 

soluciones de cloruro de litio, nitrato de litio y sulfato de litio en 1 M y se testaron con una ventana de 

voltaje estable de 1 V. Los voltamogramas cíclicos tuvieron la forma típica rectangular de 

supercondensadores para todas las soluciones de electrolitos, proporcionando valores de 

capacitancia entre 87 F g-1 y 111 F g-1 para Li2SO4 y LiCl, respectivamente. 

La capacitancia del LiCl fue ligeramente más alta a la del Li2SO4, que podría atribuirse al tamaño de 

aniones más pequeño Cl- (0.36 nm, en estado no hidratado) en comparación con los aniones de SO4
2- 

(> 0.58 nm, en forma hidratada). Con iones de tamaños más pequeños se pudo acceder a mayor 

cantidad de la superficie, por lo que se aumentó el valor de la capacitancia. 

En segundo lugar, se investigó el efecto del catión junto con el impacto de la conductividad del 

electrolito, la cual se optimizó aumentando la concentración de los electrolitos hasta 6 M para LiCl 

(170 mS cm-1), 5 M para NaCl (220 mS cm-1) y 2 M para KCl (205 mS cm-1). Se obtuvieron CVs de 

forma rectangular casi perfecta mediante el aumento de la concentración de los electrolitos acuosos 

de KCl, NaCl y LiCl. Además, el aumento de la conductividad del electrolito mejoró los valores de 

capacitancia, ~ 150 F g-1, que fueron muy similares para las tres sales probadas, y también se 

disminuyó la resistencia. Por lo que en términos de valores de capacitancia, la selección de cationes 

no tuvo una influencia significativa. 

Por espectroscopia de impedancia electroquímica, exhibieron el comportamiento típico de un 

supercondensador, es decir, mostraron una línea a baja frecuencia casi vertical que pasa a una línea 

en un ángulo de ~ 45º a  frecuencia media y finalmente intercepta el eje real. La resistencia 

equivalente en serie (ESR) se extrajo de la intersección del límite de alta frecuencia y se atribuyó a la 

resistencia electrónica de los electrodos y a la resistencia iónica del electrolito. Los valores obtenidos 
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fueron muy bajos, ~ 0,50 Ω cm2 para todas las soluciones electrolíticas de 1 M. Sin embargo, el 

aumento de la concentración del electrolito disminuyó estos valores aún más, a ~ 0,20 Ω cm2, lo que 

indica claramente que la mejora de la conductividad del electrolito ayudó a disminuir los valores de 

resistencia. Los valores de conductividad de todos los electrolitos fueron muy similares al igual que los 

valores de resistencia. Además, la línea diagonal de frecuencia media, que es característica del 

transporte de iones en la porosidad, era más pequeña. Por lo tanto, la resistencia del electrolito 

dentro de los poros se pudo relacionar con la conductividad del electrolito, posiblemente debido a que 

la superficie de este carbón activado era lo sufrientemente alta para que los iones accediesen a ella. 

La menor resistencia dentro de los poros acortó las vías de transporte cuando se polarizaron los 

electrodos. 

Con electrolitos de sales neutras, la ventana de voltaje se pudo extender hasta 1.8V, mientras que los 

CVs de LiCl y NaCl mantuvieron una forma muy rectangular, aunque el CV de KCl presentó una forma 

bastante distorsionada debido a la reducción de agua. La retención de la capacitancia a altas 

densidades de corriente también fue menor para el electrolito de KCl. A baja densidad de corriente, el 

valor de capacitancia mayor se obtuvo con las celdas de NaCl y KCl debido a la contribución faradáica 

de la descomposición parcial de los electrolitos. Sin embargo, la retención de capacitancia a alta 

densidad de corriente fue mucho mayor para LiCl (63%) en comparación con NaCl (47%) y KCl (32%). 

Cargar las celdas hasta 1,8 V implica superar la ventana de potencial estable del agua, lo cual 

también se puede observar para cada uno de los electrodos, es decir que superan los límites teóricos 

de la evolución del hidrógeno y el oxígeno. Por un lado, en la celda de tres electrodos se observa que 

el electrodo negativo se puede cargar hasta límites superiores a la evolución de hidrógeno. Por lo 

tanto, el uso de soluciones neutras acuosas concentradas evita que dos protones se absorban cerca 

el uno de otro en la superficie del electrodo para reaccionar entre sí y formar hidrogeno gas, al menos 

a potenciales donde comúnmente ocurre esta reacción. Esto podría deberse a la escasez de protones 

en la superficie del electrodo negativo, en comparación con el catión correspondiente. Por otro lado, 

los electrodos positivos también van más allá del límite de evolución de oxígeno pero en un menor 

grado, por lo que se mantendrían dentro de la ventana de potencial estable si se cargaran hasta 1,6 V 

solamente. La celda basada en NaCl está significativamente por encima del límite del electrodo 

porsitivo, lo que resulta en un peor desempeño bajo la floating test. La celda basada en KCl tiene un 

potencial de circuito abierto (OCP) desplazado hacia potenciales más negativos, lo que hace que el 

electrodo negativo se acerque más rápidamente a la degradación del electrodo negativo y 

probablemente cause un rendimiento de flotación extremadamente pobre. La comparación entre tres 

y dos celdas de electrodo muestra que una configuración simétrica no aprovecha la ventana de voltaje 

operacional completa para electrolitos de cloruro neutros. Por lo tanto, se podría realizar una mayor 

optimización balanceando la masa de las celdas. 

Después del Floating test, las celdas de KCl perdieron el 50% de la capacitancia después de 4 horas a 

1,8 V. Las celdas de NaCl perdieron un 40% de capacitancia después de 100 horas, mientras que las 

celdas de LiCl obtuvieron una retención de la capacitancia superior al 60%. Puesto que se debe 

considerar el 80% de la retención de capacitancia para pasar con éxito la prueba, ninguna de las 

celdas cumplió este criterio. Por lo tanto, la celda de LiCl se probó a un voltaje más bajo, 1,6 V, que 

mostró un rendimiento mucho más estable ya que retuvo el 80% de la capacitancia inicial después de 

100 horas. Por lo tanto, 1.6 V debe considerarse como la ventana de voltaje de operación. 

La ventaja de usar tamaños de iones pequeños se vio demostrada mediante este carbón 

moderadamente activado, que tenía la mayoría de los poros por debajo de 0,7-0,8 nm. Se compararon 

los CV de LiCl y Li2SO4, y los ambos mostraron una forma rectangular de supercondensador típica con 

valores de capacitancia ~ 150 F g-1. Li2SO4 en 1M mostró una peor retención de la capacitancia a 

altas densidades de corriente reteniendo sólo el 15% de la capacitancia, en comparación con el LiCl, 

especialmente en la disolución de 6 M, que obtuvo una retención del 66%. El papel de la 

concentración de electrolitos fue un parámetro decisivo para garantizar una respuesta capacitiva a 

altas velocidades de carga y descarga. El carbón activado en una relación de KOH/C de 2 y el de 

KOH/C de 6 mostraron un comportamiento similar a 1,6 V y 1,8 V respectivamente. El primero se 
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degradó debido a la coincidencia de tamaño entre los iones y de los poros que impide el transporte de 

iones de alta velocidad y el segundo debido a una mayor pérdida de capacitancia por la 

descomposición del electrolito. Por lo tanto, el uso de aniones de menor tamaño como el Cl- en lugar 

de SO4
2- mejoró la retención de la capacitancia. Por lo tanto, el LiCl podría ser una buena alternativa 

para acceder a una mayor superficie de los carbones activados, por lo que la capacitancia no está 

limitada por el carbón activado que se utilice, al tiempo que mejora la capacitancia a una alta 

densidad de corriente. Además, la capacitancia a altas densidades de corriente podría estar 

relacionada con la conductividad eléctrica del electrolito, ya que los carbones activados en la relación 

KOH/C de 2 y 6 mostraron una retención de la capacitancia muy similar, a pesar de que su 

conductividad eléctrica fuese diferente. 

Esta serie de carbones activados se testearon finalmente en electrolito de líquido iónico. La mayoría 

de los CVs de las celdas de supercondensadores simétricas mostraron una forma rectangular típica, 

que para carbones activados con relaciones de KOH/C de 4, 5, y 6 proporcionaron, 179, 163 y 171 F 

g-1, respectivamente, siendo estos valores de capacitancia muy altos para carbones activados 

puramente microporosos en líquido iónico a temperatura ambiente. Por el contrario, los carbones 

activados con una relación de KOH/C de 2 y 3 mostraron una forma distorsionada de los CV, debido al 

escaso acceso de los iones a los pequeños poros. Por lo tanto, la relación de 4 tuvo una distribución 

de tamaño de poro que proporcionaba un buen acceso al electrolito y también un fuerte 

confinamiento de iones, esto junto con un área de superficie específica alta permitió alcanzar la 

capacitancia gravimétrica más alta de todos los carbonos activados estudiados. Al contrario, el 

aumento del tamaño medio de poro no mejoró el valor de la capacitancia para un mayor grado de 

activación. Además, la capacitancia volumétrica de estos carbones activados también fue alta, 80, 75 

y 63 F cm-3, respectivamente, para las relaciones KOHC de 4, 5 y 6. 

La retención para los carbones menos activados, relaciones KOH/C de 2 y 3, fue muy baja, debido a 

que los poros no fueron accesibles. Para la relaciones de KOH/C de 4 a 6 se obtuvieron mejores 

retenciones, con valores similares para los tres, lo que demostró que las características porosas no 

tenían un efecto sobre este parámetro De esta forma, no se necesitaron procedimientos de activación 

más exhaustos para aumentar la retención de capacitancia a alta densidad de corriente. En este caso, 

la pérdida de capacitancia observada podría vincularse a la conductividad del electrolito, que para el 

líquido iónico es menor, 8,4 mS cm1, cuando el electrolito orgánico tradicional tiene 60 mS cm 1. 

La espectroscopia de impedancia electroquímica mostró el diagrama típico de Nyquist para 

supercondensadores con una línea cuasi vertical a baja frecuencia (excepto para KOH/C de 2), y una 

línea de inclinación de ~ 45 ° en la frecuencia media debido a la distribución RC de electrodos 

porosos. La resistencia en serie fue baja para las relaciones entre KOH/C de 4 y 6, variando entre 2.0 

y 2.8 Ω cm2, y la resistencia iónica en el poro fluctuó entre 3.8 y 7.0 Ω cm2. Por lo tanto, se confirmó 

que la porosidad estaba bien adaptada para KOH/C de 4, puesto que no fue necesaria una mayor 

ampliación de los poros para proporcionar una gran potencia. Debido a que estos carbones activados 

carecían de mesoporos, se demostró que no se necesitaban para garantizar una propagación rápida 

de líquidos iónicos a temperatura ambiente. 

Uno de los mejores carbón activados para electrolito orgánico y líquido iónico se utilizó para 

desarrollar el LIC y NIC junto con su precursor de carbon duro (HC). Los CVs de la semicelda de HC 

tuvieron un comportamiento similar entre 0.002 y 2 V frente a Na/Na+ y Li/Li+, con un pico reversible 

de oxidación/reducción amplio por debajo de 1 V, lo que indica que la mayor parte de la capacidad se 

obtuvo a este bajo potencial, y también hubo un pico de oxidación por debajo de 0.25 V. En 

comparación con la celda Li, la celda Na tenía una ventana de reducción/oxidación más grande, lo 

que podría deberse a una menor reversibilidad de la inserción del sodio, debido a su mayor radio, 

evitando la extracción e inserción de estos iones. 

Los perfiles de carga y descarga galvanostática proporcionaron una capacidad específica total de 360 

y 375 mA h g-1 para las celdas Na y Li, respectivamente. En ambos casos, la formación SEI tuvo lugar 
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a ~ 0.8-1.0 V como resultado de la descomposición del disolvente de carbonato y la descomposición 

reductiva del electrolito orgánico se mantuvo hasta ~ 0.25 V, donde comenzó la inserción de iones en 

los nanoporos. Después de la segunda carga, comenzaron a producirse diferencias significativas entre 

el electrolito basado en Na y el de Li, ya que la capacidad se redujo a 243 y 290 mA h g-1, 

correspondientemente, es decir con valores notablemente inferiores para el de Na. Usando el modelo 

de "la casa de naipes" en la región donde los iones se intercalan entre láminas de grafeno (entre 1.0 y 

0.2 V) para determinar la capacidad, a 0.5 V Na tenía 54 mA h g-1 y Li 61 mA h g-1 y los valores 

permanecieron similares hasta 0.25 V, 93 y 109 mA h g-1, respectivamente. En ambos casos, la 

inserción reversible de iones a altos potenciales fue bastante similar. Sin embargo, a bajos 

potenciales, la celda basada en Li tenía un valor de capacidad mayor, 180 mA h g -1, que la celda 

basada en Na, 147 mA h g-1, porque los iones de Na tuvieron menos accesibilidad a los poros. La 

capacidad con respecto a la densidad de corriente de las celdas fue bastante similar hasta 

velocidades medias, aunque el sistema basado en Li siempre obtuvo valores ligeramente mejores. Sin 

embargo, a corrientes altas la diferencia entre ambos se hizo más pronunciada, ya que la celda del Na 

experimentó una disminución notable en la capacidad. Como la espectroscopia de impedancia 

electroquímica mostró la celda basada en Na tuvo una mayor resistencia a la transferencia de carga 

que la basada en Li. 

Los CVs del carbon activado con una relación de KOH/C de 6 tuvo un comportamiento capacitivo de 

1.5 a 4.2 V así como cierto aumento de la corriente en los extremos. El potencial de circuito abierto 

del AC fue de 2.9 y 3.3 V frente a Na/Na+ y Li/Li+, respectivamente. La retención de la capacidad fue 

muy similar para ambas celdas de los electrolitos basados en Li y Na, teniendo una caída de óhmica 

muy similar en los perfiles de carga/descarga galvanostática y con una huella de espectroscopia de 

impedancia electroquímica prácticamente idéntica. 

Se construyó un condensador de iones de litio utilizando un balance de masa de 1/1 del HC y AC para 

electrodo negativo y positivo, correspondientemente, en 1 M LiPF6 en EC/DMC. Ambos electrodos se 

precondicionaron, ciclando 5 veces el HC entre 0,002 y 2,0 V frente a Li/Li+ a una tasa de C10, por lo 

que se formó la capa de SEI, y estableciendo un potencial de corte de 0,2 V para evitar la deposición 

de Li. El AC se precondicionó ciclando hasta 4,2 V frente a Li/Li+. El perfil galvanostático de carga y  

descarga  fue el típico de los supercondensadores, con un aumento/disminución constante de voltaje 

a lo largo del tiempo. El electrodo positivo sufrió un cambio de potencial entre 2.1 a 4.4 V y el negativo 

entre 0.2 a 0.6 V a 0.01 A g-1. Cuando la densidad de corriente se aumentó a 2 A g-1, el electrodo 

positivo resistió una carga de potencial más pequeña, entre 2,3 y 4,3 V, que el electrodo negativo, 

entre 0,2 y 0,8 V. 

En términos de densidad de energía y potencia, el LIC obtuvo valores tres veces más altos que el EDLC 

para un tiempo de descarga de 2 minutos- Además, mostró un muy buen resultado de ciclabilidad, 

pudiendo retener el 94% de la capacidad inicial después de 10000 ciclos a 2 A g-1. 

Un condensador de iones de sodio se ensambló también siguiendo la misma configuración, es decir, 

un balance de masas de 1/1 con un electrodo positivo de AC y un electrodo negativo de HC, en NaPF6 

1 M en EC/PC. El precondicionamiento del HC se llevó a cabo ciclando 5 veces de 0,002 V a 2 V frente 

a Na/Na+ a una velocidad de C10 y cortando a 0,2 V. El AC se cargó a 4,2 V frente a Na/Na+. El rango 

de potencial al que se sometió el electrodo negativo fue entre 0,1 y 0,7 V a 0,1 A g-1 y el electrodo 

positivo funcionó entre 2,2 y 4,3 V. Sin embargo, a 2 A g-1, el electrodo positivo se movió entre 3.0 y 

4.2 V y el electrodo negativo experimentó un rango potencial entre 0 y 1.5 V. Debido a este rango de 

potencial más extenso que experimento el electrodo negativo, se superó el potencial de inserción de 

Na, la forma del perfil galvanostático se desvio de la típica para supercondensadores. Porque primero 

tuvo una región de carga rápida y luego una región de carga lenta, lo que significa que solo la segunda 

fue impulsada por el AC. En comparación con el LIC, el NIC tuvo una disminución mayor de la energía 

en función de la potencia, lo que podría estar relacionado con la respuesta no ideal de 

supercondensador que se mostró a altas velocidades. De todos modos, ambos sistemas obtuvieron 
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altas densidades de energía mientras alcanzaban altas densidades de potencia. Después de 10000 

ciclos de prueba a 2 A g-1, sin embargo, este sistema solo pudo retener el 40% de su capacidad inicial 
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6 CONCLUSIONS 
The following can be concluded from mutually adapting electrolytes and nanoporous carbons for 

enhanced supercapacitors: 

 

 Hard carbons and activated carbons can be prepared by the pyrolysis and the chemical activation 

of olive pits, correspondingly. 

 

 The porous features of the carbon materials, such as SSA and PSD can be fine-tuned by 

modifying the temperature and the amount of activating agent of the synthesis. 

 

 These hard carbon and activated carbons from olive pits are efficient supercapacitor electrode 

materials in various electrolytes.  

 

 Aqueous 6 M KOH electrolyte only requires of an activated carbon produced with a low amount of 

activating agent to provide high volumetric capacitance value that can even be retained at very 

high current density or, with another words, at low discharge time. 

 

 Capacitive rate performance is related to the pore width, in such a way that if slightly solvated 

ions can provide a faster response in pores that slightly exceed solvated ion size the pore size 

slightly surpases the when pores are significantly wider than ions, there is an excessive solvation 

that worsens the ion transport as well as the capacitance at high current density, in 6 M KOH 

aqueous electrolyte. 

 

 Organic 1.5M (C2H5)4NBF4 electrolyte requires of an activated carbon produced with a higher 

amount of activating agent than that for aqueous electrolyte to provide a high capacitance.  

 

 The areal capacitance in the negative electrode increases for extreme confinement conditions, 

which underuses the electrolyte stability window and provides poor rate capability, implicating 

overall poor electrochemical performance of the supercapacitors. 

 

 The relationship between the capacitance of the negative electrode and that of the positive, C-/C+, 

increases as the accessible pore size increases, for organic electrolyte. This has been calculated 

taking into account the relationship between average pore size and rate capability of separate 

electrodes. 

 

 The maximum rate capability is achieved when capacitance values of the positive and negative 

electrodes are similar, i.e. C-/C+ ~1. This is the case when the accessible pore size at each 

electrode is close to the respective solvated ion size. 

 

 When the accessibility of the electrolyte is unhindered, the capacitance of the negative electrode 

is higher than that of the positive electrode.  

 

 Chloride salts have their highest capacitance retention and the lowest cell resistance when their 

concentration is increased to their maximum electrical conductivity.  

 

 The bulk electrolyte conductivity reduces both, the ESR and the in-pore transport resistance, 

based on a high ionic mobility of the ions and a high degree of dissociation of the free ions . 
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 Aqueous 6M LiCl electrolyte only requires of an activated carbon produced with a low amount of 

activating agent to provide high capacitance value. Therefore, a more affordable ultramicroporous 

carbon can be used in electrochemical capacitors, while providing a great rate response with an 

extended voltage in aqueous electrolyte.  

 

 Microporous carbons from olive pits can deliver high capacitance value and a low resistance at 

room temperature in neat EMI-TFSI.  

 

 Strictly microporous carbons also enable high volumetric capacitance, for an adapted pore to ion 

size. 

 

 High energy density and high power density lithium ion and sodium ion capacitors can be 

fabricated using carbons derived from olive pits. The positive electrode can be made by an 

activated carbon and the negative by a hard carbon.  

 

 LIC and NIC overcome the energy density and power density of the EDLCs, while still having a 

comparable cyclability. 
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6 CONCLUSIONES 
Se puede concluir lo siguiente a partir de la mutua adaptación de electrolitos y carbones nanoporosos 

para supercondensadores avanzados: 

 Los carbones duros y los carbones activados pueden prepararse mediante la pirólisis y la 

activación química de los huesos de olivo, respectivamente. 

 

 Las características de la porosidad de los materiales de carbón, tales como SSA y PSD se 

pueden ajustar modificando la temperatura y la cantidad de agente activador de la síntesis. 

 

 Estos carbonos duros y carbones activados de las aceitunas son materiales de electrodos 

supercapacitadores eficientes en varios electrolitos. 

 

 El electrolito acuoso 6 M de KOH sólo requiere de un carbón activado producido con una baja 

cantidad de agente activador para proporcionar un valor alto de capacitancia volumétrica el 

cual puede retenerse incluso a una densidad de corriente muy alta o, es decir, a un tiempo de 

descarga bajo. 

 

 El rendimiento de la capacitancia a altas densidades de corriente está relacionado con el 

ancho de los poros, de tal manera que si los iones están ligeramente solvatados pueden 

proporcionar una respuesta más rápida en los poros que exceden ligeramente el tamaño de 

los iones solvatados, el tamaño de los poros aumenta ligeramente cuando los poros son 

significativamente más anchos que los iones. Cuando la solvatación es excesiva, el transporte 

de iones empeora, así como la capacitancia a alta densidad de corriente. 

 

 El electrolito orgánico 1.5M de (C2H5)4NBF4 requiere de un carbón activado producido con una 

mayor cantidad de agente activador que el electrolito acuoso para proporcionar una alta 

capacitancia. 

 

 La capacitancia del área en el electrodo negativo aumenta en condiciones de confinamiento 

extremas, lo que subutiliza la ventana de estabilidad del electrolito y proporciona una 

capacidad pobre a altas densidades de corriente, lo cual se convierte en un rendimiento 

electroquímico deficiente de los supercondensadores. 

 

 La relación entre la capacitancia del electrodo negativo y la del positivo, C-/C+, aumenta a 

medida que aumenta el tamaño de poro accesible, para electrolito orgánico. Esto se ha 

calculado teniendo en cuenta la relación entre el tamaño de poro promedio y la capacidad de 

velocidad de electrodos separados. 

 

 La capacidad de velocidad máxima se alcanza cuando los valores de capacitancia de los 

electrodos positivo y negativo son similares, es decir, C-/C+ ~ 1. Este es el caso cuando el 

tamaño de poro accesible en cada electrodo está cerca del tamaño de ion solvatado 

respectivo. 

 

 Cuando la accesibilidad del electrolito no está impedida, la capacitancia del electrodo 

negativo es mayor que la del electrodo positivo. 

 

 Las sales de cloruro tienen su mayor retención de capacitancia y la menor resistencia de las 

celdas cuando su concentración aumenta a su máxima conductividad eléctrica. 
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 La conductividad del electrolito reduce tanto la resistencia eléctrica en serie (ESR) como la 

resistencia al transporte en los poros, basándose en una movilidad iónica alta de los iones y 

en un grado de disociación alto de los iones libres. 

 

 El electrolito acuoso 6M de LiCl solo requiere de un carbón activado producido con una baja 

cantidad de agente de activación para proporcionar un valor alto de capacitancia. Por lo 

tanto, se puede usar un carbón ultramicroporoso que sea más asequible en los 

condensadores electroquímicos, mientras se puede proporcionar una respuesta a gran 

velocidad con un voltaje extendido en electrolito acuoso. 

 

 Los carbones microporosos de los huesos de olivo pueden ofrecer un alto valor de 

capacitancia y una baja resistencia utilizando EMI-TFSI puro a temperatura ambiente. 

 

 Los carbonos estrictamente microporosos también permiten una alta capacitancia 

volumétrica, cuando el tamaño de poro está adaptado al tamaño de los iones. 

 

 Los condensadores de iones de litio e iones de sodio de alta densidad de energía y densidad 

de alta potencia pueden ser fabricados utilizando carbones derivados de huesos de aceituna. 

El electrodo positivo puede hacerse con un carbón activado y el negativo con un carbón duro. 

 

 Los LICs y NICs superan la densidad de energía y la densidad de potencia de los EDLC, a la 

vez que tienen una ciclabilidad comparable. 
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