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INTRODUCTION 

 

General description of work. The thesis is devoted to the use of activated 

carbons obtained from plant materials and carbon nanotubes for energy storage devices 

with high specific characteristics. In this work, in order to solve the problem, was 

carried out experimental studies on the creation of hybrid electrodes based on carbon 

nanomaterials for electrodes of electrochemical capacitors and Li/S batteries. 

This paper consists of 3 chapters. The first chapter describes the current state, 

problems and prospects for the use of carbon nanomaterials in electrochemical 

capacitors. The second chapter is devoted to the description of methods of experiments 

and equipment that are used to create electrodes and study their morphological, 

electrochemical characteristics. The third chapter presents the results of the analysis of 

the composite electrode Li/S batteries, electric double layer capacitors (EDLC) and 

pseudocapacitor electrodes. The third chapter consists of three parts. In the first part of 

the third chapter describes the results of identification of multi-walled carbon 

nanotubes (MWNTs) obtained by the chemical vapor deposition (CVD) method, where 

shungite is used as a matrix and its use as a composite material for cathode Li/S 

batteries. The second part of charter is devoted to the study of EDLC capacitor 

electrodes based on activated carbon (AC) and carbon nanotubes (CNTs). The third 

part of subchapter contains the experimental results of the analysis of the creation of 

Ni(OH)2-CNT pseudocapacitor electrodes. 

Importance of work. The storage of electrical energy has become one of the main 

factors for the sustainable development of society in the 21st century. The development 

of new methods of manufacturing electric energy storage devices, such as batteries and 

electrochemical capacitors, is important for the widespread introduction of electric 

vehicles and for increased mobility of portable electronics. Therefore, this study uses 

a unique approach to improve the devices of electrochemical energy storage devices 

by examining a new nanocomposite system to improve the performance of electrodes 

based on carbon nanomaterials. 

The traditional method of manufacturing an electrode includes a mixture of the 

active material, fillers, binders with a mass ratio: 80%, 10%, 10% and current 

collectors. The polymers are usually added as a binder to the active material to form a 

usable electrode. Due to the insulating nature of polymeric materials, various forms of 

conductive carbon materials are added to increase the electrical conductivity of the 

electrode. The main purpose of the use of a metal collector is to reduce the electrical 

resistance of the electrochemical capacitor. It is known that if heavy current collectors 

are replaced with lighter materials, the capacity of the capacitor can be improved since 

the specific capacitance depends only on the weight of the active material. In addition, 

the inactive insulating properties of the polymer lead to a decrease in surface area and 

an increase in the resistance of the devices. Therefore, the search for new materials to 

increase the capacity of the electrode, as well as the development of a more efficient 

method for their production in a less complex and inexpensive way, is an urgent task. 

Activated carbon is a material that is widely used in EDLCs due to the high 

specific surface area of about 1000-3500 m2/g and porous structure. Carbon nanotubes 
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due to their electrical conductivity and a structural feature that allows the creation of a 

self-supporting, 3D matrix can serve as a promising material for the replacement of 

polymer binders and held fillers. Improved contact with capacitive particles of 

activated carbon, which carbon nanotubes offer, opens up the possibility of developing 

thick electrodes that are more practical in devices with increased specific energy 

density.  

The capacitor electrodes, based on the principle of a double electric layer, show 

ultra-high power density and long service life, but their further practical application is 

limited by low energy density. Pseudocapacitors that store energy via redox reactions 

have a higher energy density. Recent studies have demonstrated the successful use of 

Ni(OH)2 in pseudocapacitors due to their low cost and existence in different 

morphologies. However, low conductivity limits its widespread use as pseudocapacitor 

electrodes. Carbon nanotubes can be used to increase the electrical conductivity of 

Ni(OH)2 based electrodes. 

Purpose and objectives of work. Obtaining composite electrodes of 

electrochemical energy storage devices based on carbon nanomaterials and studying 

the influence of physicochemical properties to increase their specific characteristics. 

To achieve the goal it is necessary to solve the following tasks: 

1. To apply MWNT synthesized by CVD using the shungite mineral as a catalyst 

matrix, as a composite cаthode of Li/S bаtteries; 

2. To investigate the electrochemical characteristics of hybrid EDLC electrodes 

based on activated carbons obtained from different biomass-derived materials and 

carbon nanotubes; 

3. To determine the influence of the content of carbon nanotubes on the 

electrochemical, physical characteristics of hybrid electrodes based on activated carbon 

and carbon nanotubes; 

4. To investigate the influence of the particle size of activated carbons on the 

characteristics of hybrid EDLC electrodes; 

5. To investigate the optimal synthesis conditions for obtaining an electrode with 

high specific characteristics of a pseudocapacitor using galvanostatic pulsed 

electrodeposition of Ni(OH)2 nanolayers on a self-supporting, 3D matrix of carbon 

nanotubes. 

The main results of the thesis, which are submitted for defense:  

1. It was determined that MWNTs obtained by CVD where shungite was used as 

a catalyst carrier are an effective material for creating a composite cathode of Li/S 

batteries with a high initial specific capacity of 1500 mAh/g and a stabilized capacity 

of 800 mAh/g after 50 cycles. 

2. The method of obtaining a self-supporting, flexible, ultra-light hybrid electrode 

based on activated carbons obtained from biomass-derived materials and carbon 

nanotubes is presented. It is established that the optimum percentage of activated 

carbon with carbon nanotubes is 9:1. 

3. It has been established that the relationship between particle size, the specific 

surface area of activated carbons and the electrochemical characteristics of the obtained 

electrodes is not directly proportional. It was found that electrodes made of AC, which 
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contain a wide range of particle diameters, have higher performance than 

monodispersed ones. 

4. The pseudocapacitor electrodes were obtained by the method of galvanostatic 

pulsed electrodeposition of Ni(OH)2 on the matrix of a carbon nanotube. It was found 

that the electrodes obtained using an aqueous solution of 1M Ni(NO3)2 with the 

addition of 1M NaOH at 50 vol%, at a current density of -30 mA/cm2, contribute to 

obtaining an electrode with a high specific capacity. 

Research object: composite electrodes of electrochemical energy storage 

devices. 

Research subject: the influence of physicochemical properties of carbon 

nanomaterials on the characteristics of electrochemical energy storage devices 

electrodes. 

Methods of research: To achieve the necessary goals and solve the set tasks, the 

following research methods were used: Raman spectroscopy, thermogravimetric 

analysis, electron scanning microscopy, Brunauer–Emmett–Teller (BET) analysis 

(low-temperature nitrogen adsorption), energy dispersive analysis, X-ray diffraction 

analysis, cyclic voltammetry. 

Scientific novelty of the work 

The scientific novelty lies in the fact that for the first time hybrid electrodes based 

on activated carbons obtained from biomass-derived materials (apricot stone (AS), rice 

husk (RH), walnut shell (WS)) and few-wall carbon nanotubes with a submillimeter 

length, without adding binders and other fillers. The exclusion of binders, held fillers 

contributes to an increase in active mass up to 90%. The results presented in the paper 

contain new experimental information on the influence of the size of activated carbon 

particles on the electrochemical characteristics of hybrid electrodes. 

– For the first time, it was determined that multi-walled carbon nanotubes 

obtained by CVD, where shungite (Koksu and Taldykorgan deposits) is a catalyst 

carrier, are an effective material for creating a composite cathode of Li/S batteries with 

a high initial specific capacity of 1500 mAh/g and a stabilized capacity of 800 mAh/g 

after 50 cycles. 

– For the first time, a technique was presented for producing a self-supporting, 

flexible, ultra-light hybrid electrode based on activated carbons obtained from 

biomass-derived materials and carbon nanotubes. The optimal percentage of activated 

carbon with carbon nanotubes is set to 9:1. 

– For the first time, it was established that electrodes made of AC, which contain 

a wide range of particle diameters, have a higher performance than monodisperse ones. 

– For the first time, pseudocapacitor electrodes were obtained by the method of 

galvanostatic pulsed electrodeposition of Ni(OH)2 on a matrix of a carbon nanotube. 

The influence of the electrolyte composition on the deposited amount of Ni(OH)2 and, 

accordingly, on the specific capacitance of the electrode was clarified. The 

galvanostatic pulsed electrodeposition method promotes uniform deposition of 

Ni(OH)2 particles and good contact with the carbon nanotube matrix, which allows for 

the rapid and efficient movement of electrolyte ions. 
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Theoretical significance 

The theoretical significance of the study is to establish the optimal parameters of 

galvanostatic pulsed Ni(OH)2 electrodeposition on the matrix of a carbon nanotube, 

which can be used for both fundamental and applied work related to electrodes of 

electrochemical energy storage sources. The optimal conditions for Ni(OH)2 

electrodeposition for the production of an electrode with a maximum specific capacity 

were established. It was determined that the carbon nanotube matrix is uniformly 

coated with Ni(OH)2 particles and the resulting electrode works on the pseudocapacitor 

principle. 

It is established that the optimal mass ratio of activated carbon:carbon nanotube 

for the manufacture of a hybrid electrode. There was a discussion of the results on the 

influence of the size of activated carbon particles (apricot stones, rice husk, walnut 

shell) on the electrochemical characteristics of hybrid electrodes. It is shown that the 

polydispersity of the particle size of activated carbons obtained from waste of biomass-

derived materials contributes to higher specific characteristics than the electrode made 

with the particles of uniform diameters. 

Practical application 

The practical significance lies in the fact that the developed composite materials 

based on carbon nanomaterials, such activated carbon obtained from plant materials 

and carbon nanotubes, have the prospect of being used in practice as supercapacitor 

electrodes, Li/S batteries. 

The use of a multi-functional carbon nanotube matrix provides a supporting 

structure for particles of activated carbon and electronic pathways to create ultra-light, 

thin, flexible composite electrodes with high specific characteristics without the 

addition of binders and conductive fillers. The method of obtaining a hybrid electrode 

based on AС and carbon nanotubes, which consists of mixturing, dispersion and 

filtration, and the method of galvanostatic pulsed electrodeposition of Ni(OH)2 

particles are simple to implement, which makes it possible to use these composites in 

the field of autonomous energy, in various radio-electronic facilities for power supply 

of aviation, marine, space and medical equipment. 

Approbation of work. The results of the thesis have been reported and discussed 

at the following international scientific and technical areas: 

The World Conference on Carbon, The Penn Stater Conference Center Hotel, 

State College, Pennsylvania, USA 2016, International Conference Research on 

Sustainable and Intelligent Manufacturing (RESIM 2016), Leiria, Portugal 2016, 

INESS The 5th International Conference on Nanomaterials and Advanced Energy 

Storage Systems, Astana, Kazakhstan, 2017, at the International Symposium 

"Combustion and Plasma Chemistry" Almaty, Kazakhstan, 2017, 8th European 

Combustion Meeting, Dubrovnik, Croatia, 2017,  the International Conference on 

Carbon – 2017, Melbourne, Australia, X International Symposium “The physics and 

chemistry of carbon and nanoenergetic materials” Almaty, Kazakhstan, 2018, The 

World Conference on Carbon 2018, Madrid, Spain 
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Experimental results were obtained using the latest equipment and research 

methods provided by the support of a foreign leader at Department of applied 

Chemistry, Waseda University (Tokyo, Japan). 

The author's personal contribution consists in the formulation and conduct of 

experiments, the synthesis and interpretation of the results obtained, the writing of 

articles and reports. Goals and objectives, planning of experiments, discussion of the 

results and the main provisions for the defense were discussed with both scientific 

consultants. 

Publications. The main results of the thesis were published in 19 printed works, 

which 3 of papers is included in the Scopus database, 1 patent for a utility model, 1– 

the act of implementation in the educational process, 3 publications were published in 

the editions recommended by the Committee for Control in Education and Science of 

the Ministry of Education and Science of the RK, 11 – in collections of international 

and regional scientific and practical conferences, 1 – publication in book. 

Scope and structure of work. The thesis is represented in 110 pages of printed 

text and contains 70 figures and 14 tables. The work consists of an introduction, a 

review of the literature, a description of the objects and methods of research, the results 

and their discussion, conclusion, a list of used sources from 159 references. 
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1  LITERATURE REVIEW 

 

1.1 Electrical energy storage in different devices 

The storage of electrical energy has become one of the fundamental enablers for 

the technologically rich society of the 21st Century. It seems electrical energy storage 

may be even more important for the developments and directions of human civilization 

in the future. Whether for technological convenience, environmental protection or 

geopolitical reason, development of new electrical energy storage devices is highly 

desired in today’s society [1]. Nowadays manufacturing and transportation activities 

depend on the combustion of fossil fuels. As we know these fuels non-renewable, due 

to this environment-friendly and fuel efficient systems are the aim of many studies. 

Electrochemical energy storage is fundamental in those energy systems and devices 

with defined mechanisms and structure are commercially available for various 

applications. Batteries, fuel cells, and electrochemical capacitors (ECs) are the most 

common electrical energy storage devices, each of which works by different principles. 

The main principle of batteries and fuel cells are based on the transformation of electric 

energy to chemical energy via redox reactions at the anode and cathode material. For 

example, in batteries, the anode and cathode are the charge-transfer medium and 

participate in the redox reaction as active materials [2].  

“Electrochemistry” treats studying of the reactions happening on a surface of solid 

and liquid phase between an electrode and electrolyte. The electrochemical cell makes 

electric current from the energy emitted because of the existence of a spontaneous 

reaction of reduction/oxidation (oxidation-reduction reaction). Proton-exchange 

membrane fuel elements, microbic fuel elements, flow batteries and alkaline batteries 

are examples of various systems which keep energy electrochemically [3]. 

ECs are power devices that can be fully charged or discharged in seconds, also 

known as supercapacitors, ultracapacitors or "double-layer capacitor”. An ECs is a 

device that stores electrical energy via using ion adsorption or fast surface redox 

reactions [4]. Figure 1 shows the plot of power versus energy density, it calls a Ragone 

plot, for the most widely used energy storage devices. Supercapacitors cаn store 

hundreds or thousаnds of times more chаrge thаn solid stаte cаpаcitors (tens to 

hundreds of fаrаds per grаm), because of a larger surface area (1,000 – 2,000 m2/g) 

accessible for charge storage in electric double layer capacitors. However, they have a 

lower energy density than batteries, and it leads to the limitation of the optimal 

discharge time to less than a minute, while for many applications need more [5].  

To compare the performance of various electrical energy storage device, could be 

used a Ragone plot. If a supercapacitor is used in an electric vehicle, the specific power 

shows how fast one can go, and the specific energy shows how far one can go on a 

single charge. Times shown are the time constants of the devices, obtained by dividing 

the energy density by the power. 
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Figure 1 – Ragone plot [28] 

 

ECs currently fill the gap between batteries and conventional electrolytic 

capacitors (Table 1). 

 

Table 1 – Characteristics of batteries and EC [6] 

 

Parameters Battery EC 

Discharge time 

 

0,3 – 3 h 

 

0,3 – 30 s 

 

Charge time 

 

1 – 5 h 

 

0,3 – 30 s 

 

Energy density (Wh/kg) 

 

10 – 100 

 

1 – 10 

 

Power density (W/kg) 

 

50 – 200 

 

~1000 

 

Charge discharge efficiency 

 

0,7 – 0.85 

 

0,85 – 0,98 

 

Cycle life 

 

500 – 2000 

 

>100,000 

 

 

Capacitance is a measure of the ability to hold a charge at a given voltage. In its 

simplest form, a capacitor consists of two parallel conducting plates separated by an 

insulator. When a voltage is applied, charges accumulate at the electrodes and an 

electric field forms across the insulator. For a structure consisting of two plates with 

area A, separation d, and an insulator material with permittivity e, its capacitance C is 

computed according to: 
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d

eA
C =                                                        (1) 

 

Capacitors are common passive circuit components that store energy 

electrostatically in the electric field that forms between two opposing electrodes as 

charge accumulates. They come in many different sizes and shapes and are broadly 

categorized into three groups: non-electrolytic, electrolytic, and electrochemical. 

Non-electrolytic capacitors are usually used for filtering in electronic circuits and 

have capacities between 10-15 and 10-5 F. Their electrodes are usually copper or 

aluminum, and various dielectrics such as polymer film, ceramics, or air are used. The 

energy density of packaged devices is about 10-3 Wh/kg. 

Electrolytic capacitors represent polar devices with the aluminum anode and 

liquid electrolyte as the cathode. The thin, usually micron layer of an oxide of 

aluminum (formed by anodizing of the anode) separates the two. The second element 

of aluminum foil is used as the cathode current collector. The thinness of an oxide layer 

allows these devices to have much higher specific capacity: the typical sizes of devices 

vary from 10-7 to 10-2 F with an energy density between 10-2 both 10-1 Wh/kg and 

working voltage to several hundred volts. 

Electrochemical capacitors consist of two electrodes with big surface area shipped 

in an electrolyte and are the only type of the capacitor suitable for storage of a volume 

of energy. The packed products can have capacities in the range of kilo-farad and have 

a density of energy from 5 to 10 Wh/kg. In 2013 sales of electrochemical capacitors 

have made about 500 million dollars, but in the market, the high growth rate more than 

25% a year is observed and it is expected that it will cost 11 billion dollars in 2024. 

There are two principles of storage of energy: 

1. Double-layer capacitance arising from the distributed electric field which is 

formed on the border between film and liquid environments between each electrode 

and electrolyte;  

2. Pseudocapacitance which relies upon transfer of a charge through oxidation-

reduction reactions or intercalation on electrodes. For pseudo-landing use materials 

with the high surface area are covered with electrochemical active agents, such as 

manganese oxide, an oxide of ruthenium or oxide of vanadium [7]. Though the 

pseudocapacitance offers typically excellent ability to energy storage, the existence of 

chemical reactions causes many problems which influence batteries: low cyclability, 

low density of power and higher temperature sensitivity. 

Symmetric electrochemical capacitors consist of two identical electrodes and can 

be either double layer capacitors or pseudocapacitors. Asymmetric electrochemical 

condensers, sometimes with humor called "supercabatteries", represent hybrid devices 

which have one electrochemical active and one inert electrode. Recently the 

asymmetric capacitor on the basis of lithium with a packaged density of energy of 22 

Wh/kg has been developed [3, 8].  
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1.2 Importance of electrochemical capacitors  

ECs are devices which show high power, able to store a limited amount of energy 

but indicating unlimited charge/discharge cycle life. The high surface area and the 

thinness of the double layer in ECs permit them to show very high specific and 

volumetric capacitances. The working voltаge per cell, limited only by the breаkdown 

potentiаl of the electrolyte, it is usuаlly ~1 or ~3 volt per cell for аqueous or orgаnic 

electrolytes respectively. Initially, EC was used to support power devices for volatile 

clock chips and additional metal-oxide-semiconductor computer memories. But recent 

applications include enhanced power quality for distributed power generation systems 

and high-efficiency energy storage for electric vehicles and hybrid electric vehicles. 

Supercapacitors also have a higher specific power than most batteries, but their specific 

energy is somewhat lower. This unusual conjunction of high power capability and good 

specific energy, allows supercapacitors to occupy a dynamic position between batteries 

and conventional capacitors [9]. 

ECs become increasingly popular storage devices because they work safely at a 

much wider temperature range, can charge and discharge much faster, are composed 

of non-toxic and abundant materials, and most importantly, can be cycled more times 

than rechargeable batteries. This last feature of ECs is important in electric vehicle and 

energy storage applications, where system costs are not depending in terms of $/kWh 

or $/W, but rather on a per cycle to capture costs of ownership and replacement.  

In 2007, Coleman developed a capacitor-powered cordless screwdriver that has 

about half the energy capacity of a same size battery-based device but could be fully 

recharged in 90 seconds [10]. There is obvious interest to have similar functionality for 

consumer electronics, but the energy density required for a storage device as a mobile 

phone with average use over a 12-hour period is bigger than what EC can show. ECs 

are widely used in the industrial sector. For instance, they are usually used as 

emergency backup power sources for large memory modules in computer and server 

systems. In 2006, commercial bus routes in Shanghai used fully EC powered vehicles 

that had the possibility to partially charge at bus stops along the route and can fully 

charge at the terminus, in addition to grabbing energy from regenerative braking. Over 

their operation, these buses are about 40% cheaper than similarly-sized lithium ion-

based vehicles and can reach accumulative fuel savings of $200,000 based on prices in 

2009 [11]. In 2012, Zhouzhou Electric Locomotive demonstrated a light metro-like 

train collected with ECs that had a range of 2 km and could be charged in 30 seconds. 

This train able to carry 320 passengers at a speed of 80 km/h. The company beholds 

this technology as a possible application in urban transportation in smaller cities [12]. 

For the large-scale ECs, the energy density is about 3,5 and 4,5 Wh/kg and the 95% 

power density is about 800 and 1200 W/kg. A packaged EC cell or device contains 

four components: electrodes, separator, metal collector, and electrolyte. These devices 

show energy densities between 5.0-5.5 Wh/kg and power density of about 3-8 kW/kg 

in organic electrolytes [13]. The characteristics of EC devices is shown in Table 2. 

The high-performance devices sold today by the companies Maxwell, Nesscap 

and other companies are calculated on 2,7 V (absolute at most 2,8 V) and about 7 W/kg 

have energy density. 
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Table 2 – Summary of the performance of different electrochemical devices [13] 

 

Compаny 

nаme 

Device nаme Cаpаcitance 

(F) 

Cell/module 

voltage (V) 

Type 

 

Аsаhi Glаss EDLC 500–2000 3, 14/42 Carbon/non-

aqueous 

 

АVX Bestcаp 0.022–0.56 3.5–12 Carbon/polymer

/aqueous 

 

Cаp-XX Supercаpаcitor 0.09–2.8 2.25–4.5 Carbon/non-

aqueous 

 

Cooper PowerStor 0.47–50 2.3–5 Aerogel/non-

aqueous 

 

ELNА Dynаcаp 0.333–100 2.5–6.3 Carbon/non-

aqueous 

 

Epcos Ultrаcаpаcitor 5–5000 2.3, 2.5 Carbon/non-

aqueous 

 

Evаns Cаpаttery 0.01–1.5 5.5, 11 Carbon/aqueous 

 

Mаxwell Boostcаp/Power

Cаche 

1.8–2600 2.5 Carbon/non-

aqueous 

 

NEC Supercаpаcitor 0.01–6.5 3.5–12 Carbon/aqueous 

Carbon/organic 

 

Nippon 

Chemi-Con 

DLCАP 300–3000 2.3, 2.5 Carbon/non-

aqueous 

 

Ness NessCаp 3–5000 2.3, 2.7 Carbon/organic 

 

Matsushita/Pa

nasonic 

Gold capacitor 0.1–2500 2.3–5.5 Carbon/organic 

 

Tavrima/ECO

ND 

Supercapаcitor 0.13–160 14–300 Carbon/aqueous 

 

 

Proceeding from the first principles, increase in working tension to 4,0 B on a cell 

will lead to an increase in density of energy twice. Restriction in this aspiration is often 

connected with a window of electrochemical stability of electrolyte [14], but it is 

incorrect. Both electrolytes on the basis of an acetonitrile and the propylene carbonate 
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which are usually used in commercial products can steadily work at higher voltages [7, 

15]. Besides, lithium-ion batteries which also demand stable electrolyte work at a 

voltage of about 3,7 V. 

Batteries have disadvantages such as limits in the speed of charge and discharge, 

also sensitiveness to operating temperatures, degradation of electrodes, losing its 

capacity performance and growing internal resistance due to irreversible reactions. EC 

store most of their energy in an electrochemical double layer and can store 20 kJ/kg 

(5.6 kWh). As mentioned before, they offer different features such as an operating 

range from 40 to 65 °C and lifetimes of about a million cycles, but most important 

features of ECs are the ability to supply more power per kilogram than batteries and 

electrolytic capacitors. The weight of devices is also one of the most important factors. 

In an application of ECs play crucial role factors as cost, efficiency, power, recharging 

time, leakage, cycle life, temperature range, weight. 

 

1.3 Work principles of electrochemical capacitors 

There are two types of ECs: electric double layer capacitors and faradaic 

pseudocapacitor. The principle of EDL is based on the adsorption and orientation of 

electrolyte ions at the electrode-electrolyte interface while pseudocapacitor treats the 

use of fast redox reactions which contribute with pseudocapacitance to charge storage. 

The characteristics of the EDL depend on the surface structure of the electrode, the 

composition of the electrolyte, and the potential field between the charges at the 

interface. They can store tens to hundreds of farads per gram because of the use of EDL 

mechanism to store energy. Depending on the specific surface area (SSA) of the 

electrodes and their surface charge, an amount of positive or negative ions from the 

electrolyte will form the solution part of the EDL at the interface between the electrode 

and the electrolyte [16].  

Depending on energy storage mechanism research into supercapacitors can be 

divided into two main areas: (i) the redox supercapacitor and (ii) the electrochemical 

double layer capacitor. 

In redox supercapacitors charge storage through reversible Faradaic-type charge 

transfer (also referred to as pseudocapacitors), and the following large capacitance, is 

not electrostatic in origin. Capacitance is related with an electrochemical charge-

transfer process that takes place to an active material or available surface [7]. Transition 

metal oxides (as ruthenium oxide) and conducting polymers such as polyaniline, 

polypyrrole or derivatives of polythiophene are the most widely studied kinds of 

pseudocapacitive materials [17-20]. Charge storage on pseudocapacitors is based on a 

redox process and its behavior similar to batteries. 

Supercapacitors can store more energy than a conventional capacitor. The reason 

of this is that charge separation occurs between a very smаll distаnce in the electricаl 

double lаyer which composes the interphаse between аn electrode аnd electrolyte [7], 

(ii) аn increаsed аmount of chаrge cаn аccumulаte on the highly extended surface-area 

of an electrode. Energy storage mechanism goes rapidly because the movement of ions 

from and to electrode goes by simple way. The charge storage mechanism of batteries 

occurs with some аdditionаl steps, such аs heterogeneous chаrge-trаnsfer аnd chemicаl 
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phаse chаnges, which leаds to relаtively slow steps into the process of energy storаge 

аnd trаnsfer. For this reаson, EDLCs show a very high reversibility in repetitive charge-

discharge cycling with cycle lives more than 500,000 times [21]. For the most 

electrochemical capacitors use the EDLC version of the supercapacitors [7, 17-21]. 

The study of the first double layer concept was modeled from the 19th century when 

von Helmholtz developed EDLC in researches of colloidal suspensions [22]. This work 

was then accepted to the surface of metal electrodes in the late 19th and early-mid 20th 

centuries [23-26]. 

The first patent about an electrochemical capacitor was published in 1957 by 

Becker [27], he used carbon with a high specific surface area coated on a metallic 

current collector in a sulphuric acid. They patented the application of a double-layer 

capacitor, for the storage of electrical charge. In 1971, NEC, the Japanese company 

developed ECs with aqueous-electrolyte under the energy company SOHIO’s license 

for power saving devices in electronics, and this application served as the first study 

for electrochemical capacitor use in commercial devices [9]. 

Charge separation takes place on polarization at the electrode-electrolyte interface 

and Helmholtz described this as the double layer capacitance C: 

 

                                           
d

A
C r 0
=  or 

d
AC r 0/


=                                            (2) 

 

where r  is the electrolyte dielectric constant, 0  is the dielectric constant of the 

vacuum, d is the effective thickness of the double layer and A is the electrode surface 

area [28]. The combination of high surface-area (>1500 m2 /g) with extremely small 

charge separation (Angstroms) is reason of extremely high capacitance in double-layer 

capacitors [29]. 

Supercapacitors contain two electrodes immersed in an electrolyte separated by 

ion permeable separator. On devices which were constructed by this way, each 

electrode–electrolyte interface represents a capacitor accordingly complete cell can be 

considered as two capacitors. For a symmetrical capacitor (similar electrodes), the cell 

capacitance (Ccell) can be calculated by 
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where C1 and C2 show the capacitance of the first and second electrodes, respectively 

[21]. Literature values of specific capacitance often quote the capacitance of a single 

carbon electrode, usually derived from a three-electrode laboratory test cell that also 

incorporates a reference and counter electrode [30]. 

The energy (E) and power (Pmax) of supercapacitors can be calculated by 
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where C is the cаpаcitаnce in Fаrаds, V is the аpplied voltаge, аnd R is the equivаlent 

series resistаnce (ESR) in ohms [21]. The cаpаcitаnce of а device is dependent on the 

chаrаcteristics of the electrode mаteriаl; аs surfаce-аreа аnd the pore-size distribution. 

The amount of energy E stored in electrochemical capacitors is related to the 

capacitance (C) and the potential difference, or voltage (V), between the two electrodes 

by equation (4). A triple increase in V results in about an order of magnitude increase 

in stored energy when a value of capacitance is same. Herein, the cell voltage is an 

important qualifier of the specific energy and the power of ECs. The working voltage 

of supercapacitor is dependent on electrolyte stability. The ionic conductivity of 

inorganic electrolytes, such as acids (e.g., H2SO4) and alkalis (e.g., KOH) is high (∼1 

S/cm). But, they have the disadvantage of a limited voltage range with a relatively low 

decomposition voltage of ∼1.23V. However, the specific capacitance (Farads/g) of 

carbons with high surface-area in aqueous electrolytes usually significantly higher than 

that of the same electrode in non-aqueous solutions because of the higher dielectric 

constant that concern to aqueous systems [7]. 

 

1.4 Components of electrical energy storage devices  

Supercapacitors and batteries carry two electrodes which have electrical contact 

with an outer circuit. The active materials which are important in energy storage are 

contained in the electrode. An electrolyte should be accessible to both electrode 

materials for the required interactions to take place between the ions of electrolyte and 

active material of the electrode. Moreover, as electrodes do not electrically conduct 

with each other, porous separator placed between electrodes to ensure isolation. The 

way of packaging components is important. The capacitance of electrodes plays crucial 

role in device performance. Battery and electrochemical capacitor electrodes can be 

combined from different materials. For example, in some type of batteries not only 

electrolyte a liquid, also electrodes are liquids as well. From this example, it is clear to 

see that there is not only one method of fabrication energy storage devices and 

electrodes. But nowadays for fabrication of commercially available electrochemical 

energy storage devices use a similar method. This method begins with the application 

of the powdered active material. Porous electrodes are fabricated by mixing an active 

powder with a polymer binder and conductive additive. This composite material than 

is casted or pressed onto a metallic substrate. The activated carbons are used in 

powdered form to create a porous structure with a high specific surface area which 

available for electrochemical reactions. Polymer materials added to an active material 

to form the usable electrode. Related to the insulating nature of the polymer materials 

different forms of conductive carbon materials are added to increase the conductivity 

of the electrode. The weight percentage of polymer binder 10-20 wt.%, conductive 

additive 5-15 wt.% of the electrode. However, even with the addition of conductive 

agents, the electrode conductivity is till now comparatively low (usually around 1 S/cm 

or less). The low conductivity of the electrode enforces the use of a highly conductive 
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metal, referred to as a current collector [31]. During charging electrons rapidly 

distribution over the total two-dimensional surface of the electrode into the current 

collector, and only have to move through the thickness of the electrode to reach all the 

active material. The current collector also functions as a substrate and mechanical 

support for the electrode material. While some electrode compositions can form a free-

standing film or sheet, the substrate is generally critical in order to maintain the 

structural integrity of the electrode throughout device manufacturing and operational 

lifetime. Though some compositions of electrodes can form a separate film or a leaf, 

the substrate, as a rule, is crucial for maintenance of structural integrity of an electrode 

during the whole time of production of the device and term of his service. Active 

materials for batteries can be compared thus, proceeding from their theoretical 

capacity. However, as soon as these active materials unite in electrodes, and then in 

devices, the mass of other components has to be considered in the evaluation. It means 

that the mass of any material which is not participating in energy accumulation 

mechanisms directly reduces the greatest possible theoretical specific energy. Now 

assuming that the electrode consists of 80% active material on weight, at the same time 

others 20 wt.% are inactive (binding and conductive additive). After accounting for 

those materials which are necessary for the formation of the working electrode the 

maximum received energy makes less than 300 mAh (80% from 372 make 297,6 

mAh). This value will decrease again if to consider the weight of any additional 

components necessary for the creation of the useful final product (a separator, a 

collector of current, packing, etc.). Therefore, for improvement of specific energy of 

batteries and electrochemical condensers it is important not only to use active materials 

with a possibility of storage of the bigger amount of energy but also to minimize the 

inactive weight necessary for the creation of the final device [1]. 

 

1.5 Application of activated carbons on electrochemical capacitors 

Carbon materials are used as the main material of energy-storаge devices 

electrodes: like electro-conductive аdditives, support for аctive mаteriаls, electron 

trаnsfer cаtаlysts, intercаlаtion hosts, substrаtes for current leаds, аnd аs аgents for the 

control of heаt trаnsfer, porosity, surfаce-аreа аnd cаpаcitance [32].  

As carbon material is the main material of capacitor electrodes, it is clear that the 

final performance of carbon-based supercapacitors will be directly linked to the 

physical and chemical characteristics of the carbon electrodes. There are different kinds 

of carbon materials that are available, and investigation of carbon materials and their 

properties is eligible for coordination of carbon characteristics with EC applications 

[9]. One of them is activated carbons. Nowadays, activated carbons are widely used as 

the main material for ECs electrode, because of their high SSA and reasonable cost. 

Activated carbons can be obtained from carbon-rich organic precursors by 

carbonization (heat treatment) in an inert atmosphere with following activation 

processes as oxidation in CO2, water vapor or KOH to increase the SSA and pore 

volume. Natural materials, such as coconut shells, wood, pitch or coal, apricot stones, 

rice husk [33], wallnut shell [34] or synthetic materials, such as polymers, can be used 

as precursors. 



20 
 

In [35-37], ACs obtained from vegetable raw materials such as apricot stones, rice 

husks and their combination with carbon nanotubes were used as absorption material 

of model samples of solar collectors. The possibility and prospects using of activated 

carbons obtained from carbonized vegetable raw materials structures for the absorbing 

layers of solar collectors.  

AC structures are synthesized by using activating agents KOH or NaOH, H3PO4 

at temperatures between 700 and 1100 °C [38]. Chars usually have a low porosity and 

their structure contains gaps between them. These gaps can be filled with 

‘disorganized’ pitch which blocks the pore entrances. Activation process opens these 

pores and can also make additional porosity. The nature of carbon precursors and 

activation conditions (as temperature, time and gaseous environment) allows some 

control over the resulting porosity and pore-size distribution.  

There are two general categories of activation: thermal activation and chemical 

activation [39]. Thermal activation (physical activation) involves the modification of a 

carbon by controlled gasification and usually occurs at temperatures between 700 and 

1100 °C in the attendance of oxidizing gases such as steam, carbon dioxide, air, or 

mixtures of these gases.  

The operating temperature of chemical activation is ∼400–700 °C and engages 

the dehydrating action of reagents such as phosphoric acid, zinc chloride, and 

potassium hydroxide. Chemical activation usually requires post-activation washing of 

the carbon to remove residual components as well as any inorganic residue. Entirely 

activated carbons with high surface-area (>2500 m2/g) have been prepared with 

potassium hydroxide activation techniques. 

Rice husk and apricot stones consists of a number of organic compounds, the main 

ones being cellulose, hemicellulose lignin, and amorphous silicon dioxide. The RH 

contain 35% of carbon and about 15-20% of silicon dioxide [40-42]. 

Activated carbons have large surface areas near 1000-3500 m2/g and wide pore 

size distribution which contribute to the storage of electrical charge through the 

adsorption of ions at the electrode/electrolyte interface. But the relationship between 

specific capacitance and surface area of the electrode is not linear [43], electrical 

conductivity, pore size, electrolyte type and surface chemistry play cruсial roles in the 

capacitance of electrodes. ACs are normally supported on metal foils with the aid of 

binders. Commonly an electrode material contains 5 wt% to 10 wt% of binders and 5 

wt% to 15 wt% of conductive agents. 

 

1.6 Carbon nanotubes in batteries and electrochemical capacitors  

One of the carbonaceous materials that are attracting a lot of attention in recent 

years is carbon nanotubes [44-46].  

Carbon nanotubes represent graphite allotrope carbon with cylindrical symmetry 

and usually have a diameter of less than 30 nanometers, but can have a length more 

than a millimeter. They are excellent electric and thermal conductors and can grow on 

various metal and nonmetallic surfaces. The most important, the leveled CNT in the 

dense woods can be made extremely clean and don't demand polymeric binding for 
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rigidity that means an opportunity for increase in working tension that brings to 

increase in density of energy of supercapacitors. 

Carbon nanotubes have been identified as a possible electrode material in 

supercapacitors with a high density of energy since their distribution by Iijima et al. in 

1991 [47]. The first option of such electrode has been offered by Niu et al. in 1997 

[48]. Accidentally tangled CNT have been acquired outside and processed by nitric 

acid to sort them. After filtering and drying they were annealed on the current collector 

from a nickel foil with the formation of an electrode. This contribution was 

considerable as it has shown that much higher density of power can be received by 

means of electrodes on the basis of CNT: at 8 kW/kg, electrodes of Niu surpass the 

existing materials five times. Despite these advantages, the density of energy of Niu’s 

devices is much lower, than at the existing ultracapacitors at about 0,5 of Wh/kg [3]. 

Uniform films of vertically-aligned CNTs for the first time have been shown in 

1995 [58], but only four years later such structures have been for the first time 

synthesized by means of the much simpler process of chemical vapor deposition (CVD) 

[50]. Yoon et al. [51] adapted this process of synthesis for production of the first 

vertically-aligned ultracapacitor electrodes based on CNT in 2004. 

In a new way without catalyst uniform films of the aligned CNT grew up directly 

on the current collector from a nickel foil, and two such electrodes have been 

successfully tested in a collected cell for coins. The group has also shown that short-

term exposure of ready films of CNT in ammoniac plasma increases the specific 

surface area of material probably because of removal of the amorphous carbon residue 

which is formed during the of growth of CNT. As a result of this treatment, they report 

an increase in capacity about five times. 

The earliest reference to use of CNT as electrodes in supercapacitors has appeared 

in 1997 [48]. However, the material prepared by authors wasn't competitive with the 

existing electrodes from absorbent carbon which have the capacity of a cell 350 

mF/cm2 (an area or Euclidean area) for a film 100 µm thick. In the last decade, huge 

efforts both in academic and in industrial conditions were clear for mechanisms of 

synthesis and CNT properties. Besides, the high-clean forms of CNT became 

commercially available and are on sale such companies as Hyperion Catalysis 

International (USA), Arkema (France), Bayer Material Science AG (Germany) and 

Showa Denko (Japan). In 2009 Riccardo Siñorelli has finished the doctoral 

dissertation. a thesis after the research of viability of carbon nanotubes as material of 

an active electrode for the purpose of commercialization of a product on the basis of 

CNT [52].  

Due to their unique structure and morphology CNTs can be used as electrode 

materials for energy storage and conversion devices [53-56] which may overcome 

disadvantages of conventional activated carbon materials such as limited electrical 

conductivity and mechanical strength, fair surface area [57]. The nanosized tubular 

structure of CNTs can show a low electrical resistivity. Single-walled (SWNT) and 

multi-walled nanotubes (MWNTs) have been used for an electrode of ECs in aqueous, 

also in non-aqueous electrolytes. MWNTs can be synthesized by CVD method on 

shungite substrate and hydrophobic sand [57-59]. The dependence of CNTs specific 
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capacitance on their structure and purity have been studied at work [60]. The 

capacitance of CNTs without catalyst and amorphous carbon is about 15-80 F/g when 

surface area of electrode between ∼120 to 400 m2/g [60]. To increase specific 

capacitance till ∼130 F/g modification of CNT’s surface with acids have been used at 

work [60-63].  

At work [64] freestanding flexible electrode was fabricated by using carbon 

nanotube to form network to hold activated carbon particles. It leads to fabricate 

electrodes without the use of polymeric binders. CNTs play the role of a 

multifunctional matrix which gives properties as flexibility, conductivity and creates a 

mesoporous structure. 

Single-wall CNTs demonstrated high performance in supercapacitor electrodes 

and Li-ion batteries. SWNTs can play the role of conductive and capacitive materials, 

because of high electrical conductivity and fair surface area (up to 1300 m2/g). But the 

cost of SWNTs is expensive at about 1000 USD per g and it limits their application. 

Also, SWNTs structure is biased to form bundles, disordered networks because of high 

van der Waals interactions. Such disordered structure of SWNTs limits its use for ECs 

as it leads to decreasing the mechanical and electrical properties [65]. Another type of 

carbon nanotubes MWNTs are available at the low cost about 100 USD per kg, but 

there are disadvantages as less conductivity and not large surface area 300 m2/g. 

MWNT can be synthesized by CVD using different types of as hydrocarbons as a 

propane-butane gas mixture, as a catalyst - Ni particles at 650 °C, 700 °C, 750 °C, 800 

°C [66, 67]. 

CNTs represent the three-dimensional network structures consisting of a large 

number of CNTs. CNTs are subject to the complication during growth on powder 

catalysts. Usually, the CNT catalyst consists of nanoparticles, that is the metal phase 

distributed on the catalyst carrier. With the introduction of a source of carbon, CNTs 

will grow from particles. For a chemical process of 60-90% of the prime cost comes 

from raw materials [68]. 

For the process of chemical vapor deposition process, an exit of carbon is a key 

factor for economic production of CNT. Researches of new inexpensive initial 

materials and more effective combinations of the catalysts/carriers suitable for mass 

production of the CNT are necessary. CVD is the main direction for production of CNT 

of large volume and usually uses reactors with a fluidized bed which provides uniform 

diffusion of gas and transfer of heat on nanoparticles of metal catalysts. Good mixing 

in fluidized beds allows the system to be uniform. As a result, all particles of the 

catalyst are affected by initial gases and take part in reaction that gives the best 

indicator of an exit per unit mass of the catalyst in comparison with  fixed-bed reactors 

[69]. 

Scaling, use of inexpensive initial materials, increase in productivity, reduction of 

consumption of energy and production of waste have significantly reduced the prices 

of multiwall CNT. 

At presented work were used sub-millimeter-long few-wall carbon nanotubes 

synthesized in a single fluidized bed reactor (Figure 2) [70]. CVD method can quickly 

convert C2H2 into sub-millimeter-long CNTs with the yield of about 70 at.%, with a 
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residence time less than 0.3 s. This method is promoted to minimize the time and 

energy needed for temperature control because processes for catalyst preparation, 

growth and separation of CNTs can be repeated simply by switching the gas flow. The 

FWCNTs synthesized in fluidized bed reactor have diameters around 6-10 nm, the 

number of walls FWCNTs are 3 and high purity of carbon about 99 wt.%. The process 

was conducted at a temperature of 1093 K and a length of synthesized FWCNTs around 

0.4 mm (Figure 3). 1 L of FWCNTs was produced over 20 cycles of fluidized CVD 

method. 

 

 
 

Figure 2 – (a) Schematic representation and (b) photo of the experimental setup of 

CVD method [70] 

 

 

a                                              b  

a – obtained by SEM; b – obtained by Transition Electron Microscopy 

 

Figure 3 – Electronic microscopy images of FWCNT [70] 
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1.7 Hybrid electrodes based on activated carbons and carbon nanotubes  

Various methods of using CNTs with AC for EC electrodes was studied at 

different works. At research of [71] Portet et al. the effect of addition double wall 

carbon nanotubes to AC was investigated and as a result, they have found that a load 

of 15 wt% of CNTs more suitable for best specific power and specific energy 

performances. Lu et al., [72] for developing of AC/CNT composite electrodes used 

SWCNT with a long length (10-100 μm) and high electrical conductivity (1000 S/cm), 

the weight ratio of components AC/CNT/IL (ionic liquid)/PVDF (Polyvinylidene 

fluoride) (wt%) was 64.0/20.3/7.7/8.0. The use of large-electrochemical-window IL 

electrolytes on supercapacitors provided a 4 V potential window with high energy and 

power densities 50 Wh/kg and 22 kW/kg, respectively. 

Show et al. [73] was who first uses CNTs as a substitute of conductive agents in 

composite electrodes using PTFE as the binder material. At work Lei et al. [74] the use 

of MWCNTs for making of composite electrodes with AC and PVDF binder was 

studied. When the weight ratio of MWCNTs was 0,15 wt% electrode generated the 

highest energy density and 7 wt% addition had the highest power density. 

Previous research where carbon nanotube networks used as the host matrix for 

activated carbon particles with a size of about several microns was the work of 

Smithyman [64]. This research showed the ability of CNTs to form freestanding 

flexible electrodes with activated carbons without using polymeric binders. The weight 

ratio of SWNTs and AC was equal to 1:1. The SWNTs behaved like multifunctional 

matrix which gives robust structural support, high conductivity and forms a 

mesoporous structure of composite electrodes. At research Smithyman the physical 

property and electrochemical characterization of electrodes were analyzed. The using 

of SWNTs networks as host matrix increase electron and ion accessibility to the higher 

energy density particles. Another group of researchers Xu et al. prepared AC/CNT 

composite electrodes with an addition of CNT about 1–10% [75]. The specific 

capacity, rate performance, and power density of the AC/CNT electrode were 

compared with AC/acetylene black electrode. Characteristics of obtained electrode 

paper were better than AC/acetylene black electrode papers. At work [76] Chen et al. 

to prepare AC/CNT paper use dipping of buckypaper in PAN precursor after they 

conducted a process of carbonization. The electrode paper shows the best performance 

with the loading of 75 wt% of CNTs. 

Depending on high conductivity, large surface area, the flexibility of SWNTs its 

use in AC/CNT composite electrodes provide to obtain electrodes with the best 

performance. But, large-scale production of SWNTs has more difficult conditions of 

synthesis than FWCNTs. Accordingly, the cost of FWCNTs cheaper than SWNTs. In 

future, the use of low cost, a small amount of CNTs as a host matrix for AC particles 

without using metal collectors will be studied. 

Combining CNTs with АC in hybrid electrodes hаve been explored to increаse 

the conductivity of conventionаl electrodes, аnd аs а replаcement for conventionаl 

conductive аdditives. Self-supporting hybrid films of АC аnd CNTs hаve been 

reported, which mаy produce light-weight, high cаpаcity electrodes without using 

metаl collectors, thus аvoiding their contribution to the weight of the device [77-81]. 
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1.8 Disadvantages of polymer binder based electrodes 

The inactive, isolating and adhesive nature of polymers leads to considerable 

shortcomings when using as binders for electrode production. Harmful influence of 

inactive weight in a cell was discussed earlier when the weight fraction binder (and the 

corresponding conductive additive), present in the electrode, automatically reduces the 

most achievable specific energy. Glue properties of binding demand that parts of a 

surface of particles of active material have been covered with polymer. It will reduce 

the quantity of a surface available to ionic particles in the electrolyte. For example, 

Gamby et al. have shown that the surface area of powders of absorbent carbon can be 

reduced more than by 25% after production of an electrode [82]. Mechanisms of 

accumulation of energy are initiated by interaction between ions of electrolyte and the 

surface of active material. Reduction of surface area limits the number of available 

interactions and, therefore, can promote the reduction of the maximum theoretical 

specific energy or power.  

The isolating character of the binder, certainly, is one of the biggest shortcomings. 

Any added resistance in the device which has the main functions of 

reception/distribution of electric current, certainly, is undesirable because of the 

inefficiency created by resistive losses. Not only the high resistance of the insulating 

binder reduces the efficiency of transfer of an electron, but this lost electric energy will 

be transformed into heat in an electrode. 

Minimization of resistance of an electrode will reduce thermal emission in the 

device. Binder can also promote further allocation of heat because of exothermic 

reactions with various components of a cell. For example, PVDF is represented by a 

thermoplastic fluoropolymer which is usually used as a binder in the electrochemical 

capacitor and battery electrodes. Researchers have reported about a possibility of 

interaction of PVDF with carbon atoms, lithium atoms of carbon and lithium [83]. 

These reactions can be strongly exothermic. For example, it was reported that reactions 

with metal lithium can give 7,2 kJ of energy on a gram of PVDF. The thermal runaway 

represents a serious problem with some systems of storage of electric energy, 

especially in batteries on the basis of lithium. Minimizing any forms of thermal 

emission would be favorable both from the point of view of safety and from the point 

of view of expenses. The life cycle is also an important reason in the economic 

assessment of EC, and a battery (that is the battery which you can use 5000 times would 

be more valuable, than the similar device which can carry out only 1000 cycles). Gallay 

and Gualous list easing of adhesion between an electrode and the current collector 

(with time and temperature) as one of three main modes of refusal for electrochemical 

condensers. This easing is connected with susceptibility of polymers to chemical, 

thermal and mechanical degradation. It is extremely important that electrons are 

accessible to the active material from an external surface; otherwise, electronically 

inaccessible weight can't promote energy accumulation. In addition to the reduction of 

specific energy, achievable, easing of adhesion can lead to the reduction of specific 

power of the device because of increase in the ESR.  

A number of the potential shortcomings inherent in the polymer was discussed up 

to this point. The shortcomings connected with polymeric binder electrodes arrive not 
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only directly from properties of a polymer, but also indirectly from components which 

are used for compensation of these properties, such as a requirement for metal current 

collectors. Metal current collectors in batteries and electrochemical capacitors enter a 

significant amount of inactive weight. This large mass can reduce the considerable 

amount of energy which is achievable within these cells. Landi et al. have carried out 

the theoretical calculations showing that for a cell with the high-capacity anode without 

copper current collector of 80% increase in specific density of energy can be reached 

in comparison with usual lithium-ion batteries [84]. 

Besides, a polymeric binder which is added for obtaining structural rigidity of an 

electrode (usually polytetrafluoroethylene (PTFE)) makes up to 15% of the total 

electrode mass and isn't chemically inert. For these reasons electrodes with activated 

carbon quickly decay at a voltage, even a little exceeding nominal. In a research of 

mechanisms of aging in electrodes of EDLC Ruch et al. observed the multiple 

destroying processes at a voltage above ~ 3 V, including defluorination of PTFE, loss 

of porosity of an electrode and electrochemical modification of activated carbon, all 

from which can be attributed to presence of non-carbonaceous products on an electrode 

[81].  

The existence of metal elements in an electrochemical cell can also limit the 

window of operating voltage. For example, because of the oxidizing potential of copper 

about 2,5 V, ionic elements of lithium can't be discharged to such potential. With the 

removal of copper from system depth of the category can be increased that will create 

expanded opportunities for long storage of the battery [86]. Also, the polymer binder 

electrode has shown lack of ability to provide the room for particles which during 

charging are exposed to large volumes. Big volume expansion of some particles is 

connected with large specific capacities. For example, silicon has the highest 

theoretical capacity of any known material for anodes of Li-ion batteries. However, the 

low amount of a cycle because of dispersion of particles and loss of electric contact 

limits quantity of cycles of charge-discharge for which this big capacity can be received 

[1]. 

 

1.9 Pseudocapacitive electrodes based on nickel hydroxide 

EDLCs store the charge using reversible adsorption and desorption of the 

electrolyte ions onto the surface of active materials. EDLCs, mainly based on carbon 

materials, that are electrochemically stable and charge energy via physical processes, 

hence they can perform ultrahigh power density and excellent cycle life, yet their 

further applications are confined by the limited energy density [87-90]. On the 

contrary, pseudocapacitors based on fast reversible surface redox reactions hold the 

potential of much higher energy density [91]. Although extensive studies have been 

made, there is still an urgent demand for pseudocapacitors that allow for fast charging 

and discharging with high stability for the storage of electrical energy in practical 

application [92, 93]. Noble metal oxide based materials, e.g. RuO2, exhibiting Faradaic 

pseudo-capacitance, have also been identified as the ideal electrode material for ECs. 

Several transition metal oxides and hydroxides have been investigated e.g. CoOx, 

Ni(OH)2, Co(OH)2. However, the high cost of such metal oxides has stimulated 
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research to determine other low-cost materials that exhibit similar behavior, as MnO2, 

NiO [94]. 

However, they are not stable, less conductive and have a large volume change 

during the charge/discharge processes. Among various 'pseudoactive' materials, nickel 

hydroxide (Ni(OH)2) is not expensive and available in various morphologies, making 

it an attractive candidate for high performance supercapacitors. In an attempt to 

improve the electrochemical characteristics of Ni(OH)2-based electrodes, 

nanostructures of Ni(OH)2 [95], and Ni(OH)2-carbon composites including high-

surface conductive materials such as carbon nanotubes [96], activated carbon [97] and 

graphene were studied [98-100]. These materials can increase the conductivity of 

composites and reduce the diffusion paths of electrons and ions for more efficient 

charge and mass transfer. Such composites have always been coated with a metal 

current collector to produce a continuous conductive structure, which significantly 

reduces the total gravimetric specific capacity. A typical addition of a polymer binder 

will not only hinder the charge transfer rate but also further increase the total mass of 

the electrode. 

Nickel hydroxide (Ni(OH)2) is one such material that shows high electrochemical 

activity [101-105] and cost-effectiveness. Different synthetic routes are available for 

the production of a wide range of various Ni(OH)2 structure. The electrocatalytic 

activity of Ni(OH)2 comes from the oxidized form, Ni(OOH), because of unpaired d 

electrons or vacant d-orbital which are available to bond with adsorbed species and 

intermediates. 

Electrocatalytic activity of materials increased significantly when particles are 

nanosized. Аmong electrocаtаlytic mаtrixes, cаrbon nаnotubes hаve been shown to be 

very аttrаctive for metаl nаnopаrticles [106] аnd metаl oxides [107] due to their inherit 

properties, such аs chemicаl stаbility [108] аnd nаnoscаle dimensions. Besides, 

compаred with other trаditionаl support mаteriаls, such аs cаrbon blаck, CNTs hаve 

been shown to suggest аn increаsed porosity аnd improvement of the kinetic rаte 

constаnt for the electrocаtаlytic process [109, 110]. Severаl methods hаve been аdopted 

for depositing metаl nаnopаrticles onto nаnotube electrodes, such аs sol gel [111], 

sonochemistry [112] аnd hydrothermаl methods [113]. But these methods cаn be time-

consuming аnd difficult to use. In contrаst, electrochemistry is fаst аnd eаsy, аnd greаt 

control over the nucleаtion аnd growth of metаllic nаnopаrticles cаn be аchieved by 

changing the deposition potential and time [114]. The manufacture of Ni(OH)2/CNT 

composite materials often involved the dispersion of CNTs into a solution followed by 

the chemical deposition of Ni(OH)2 [115]. After production, CNTs may contain a 

significant amount of metal impurities even after intensive [116] purification 

processes, and these purification procedures lead to considerable defects in carbon 

nanotubes [117]. 

It was shown that the electrochemical behavior of redox systems can be strongly 

influenced by such impurities and defects, which are particularly problematic for basic 

research of electrocatalysis [118]. In contrast, CNTs grown using the CVD method 

showed that they have a low defect density [119], high degree of crystallinity and 

relatively no metallic nanoparticles. Among the existing synthetic approaches to the 
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Ni(OH)2 materials, electrochemical techniques are of great interest due to their unique 

principles and flexibility in the control of the structure and morphology of the film 

materials. The main advantage of the electrodeposition technique is its relatively easy 

and accurate control of the surface microstructure of deposited films by changing 

deposition variables, such as electrolyte, deposition potential, bathing temperature, and 

so forth. 

Fundamentally, Ni(OH)2 deposition can be obtained electrochemically using two 

approaches: the direct approach [120-122] where Ni(OH)2 is deposited from highly 

supersaturated solutions by electrochemically generating high concentrations of OH- 

at the electrode/electrolyte interface, in the presence of Ni2+; and: the indirect approach, 

whereby Ni nanoparticles are first electrodeposited by direct deposition of Ni2+ and 

then electrochemically converted to Ni(OH)2 by potential cycling in a basic electrolyte 

[123].  

 

1.10 Electrolytes of supercapacitors 

First of all, the capacitance of an electrochemical capacitor is dependent on the 

specific capacitance (F/g) of the electrode material, but the cell voltage and resistance 

of devices are dependent on the type of electrolyte used in the device. There are three 

types of electrolytes which can be used in electrochemical capacitors: aqueous (sulfuric 

acid and KOH), organic (propylene carbonate and acetonitrile), and latest ionic liquids. 

To the organic electrolytes add salts to allow the ions that move in and out of the 

double-layers formed in the micropores of the carbon electrode. Table 3 shows the 

characteristics of different electrolytes. 

Electrolytes have differences on the ionic resistivity and cell voltage which uses 

an electrochemical window. These differences result in corresponding large 

differences in the characteristics of devices which was prepared by using the various 

electrolytes. Because the energy density is proportional to the square of the cell voltage, 

increasing the cell voltage is an important target of research about the electrochemical 

capacitor. The cell voltage for electrodes made with activated carbon is 2,3–2,7 V in 

organic electrolytes and 0,8–1,0 V/cell in aqueous electrolytes, because of the 

thermodynamic stability limit of water. Aqueous solutions are desirable in terms of the 

capacitance of EDL, and ionic conductivity. Also, the cell voltage is dependent to a 

limited extent on the carbon which is used in the device.  

Developing non-aqueous ECs in which potential up to 3 V can be applied is of 

high interest. However, depending on that the ions in non-aqueous electrolyte solutions 

are bigger compared to ions in aqueous solutions ECs usually show lower electro-

adsorption capacitance [124]. In this case, developing of electrodes with unique fractal 

porous structure can contribute to enhanced performances of ECs even with non-

aqueous solutions. However, the specific capacitance of high surface-area carbon 

electrodes in aqueous electrolytes is higher than that of the same electrode in non-

aqueous solutions, because of the higher dielectric constant that refers to aqueous 

electrolytes. 

The differences in the ionic resistivity of the electrolytes have a tremendous 

influence on resistance and accordingly the power capability of a device.  
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The electrical resistivity of non-aqueous electrolytes is higher than that of aqueous 

solutions and herein the obtained capacitors generally have a higher internal resistance. 

A high internal resistance limits the power capability of the EC and, accordingly, 

its application. In ECs, a number of parameters affect the internal resistance, which can 

be measured together and call as the equivalent series resistance, or ESR [125]. 

Parameters which affect the ESR of ECs are: 

• an electronic resistance of the electrode material; 

• the interfacial resistance between the electrode and the current-collector; 

• the ionic (diffusion) resistance of ions moving in small pores; 

• the ionic resistance of ions moving through the separator; 

• the electrolyte resistance. 

 

Table 3 – Characteristics of electrolyte  

 

Electrolyte Density (g/cm3) Resistivity (Ωcm) Cell voltage 

KOH 1,29 1,9 1,0 

Sulfuric acid 1,2 1,35 1,0 

Propylene 

carbonate 

1,2 52 2,5-3,0 

Acetonitrile 0,78 18 2,5-3,0 

Ionic liquid 1,3-1,5 125 (25 °C) 

28 (100 °C) 

4,0 

3,25 

 

From Table 3 it can be seen that the resistivity of propylene carbonate is about 

three times higher than the resistivity of acetonitrile. Depends on it, to the 

electrochemical capacitors with the best performance (highest energy density and 

power capability) use acetonitrile as the electrolyte. But there is a controversy about 

the safety of acetonitrile especially in application of ECs in vehicles because of its 

toxicity and flammability.  
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2 EXPERIMENTAL PART 

 

2.1 Application of multiwalled carbon nanotubes as a composite material for Li/S 

electrodes 

2.1.1 Synthesis of multi walled carbon nanotubes by Chemical Vapor Deposition 

method 

Carbon nanotubes were grown by one-step ambient pressure CVD. Figure 4 is a 

brief illustration of our thermal catalytic CVD system.  

This system is based on a modified Lindberg/BlueM furnace and consists of a 

quartz reaction tube (inner diameter of 35 mm and length of 45 cm). The central part 

of the reactor (where the sample is kept) can maintain a stable temperature up to 1000 

˚C. The temperature was measured by chromel-alumel thermocouple. The growth 

process was performed via the catalytic decomposition of the propane-butane gas 

mixture on a shungite substrate with a previously prepared catalyst. 

 

 
 

 

1– quartz tube; 2 – furnace; 3 – gas inlet; 4 – gas outlet; 5 –porcelain boat; 6 – 

CNTs on catalyst; 7 – catalysts 

 

Figure 5 – Schematic of catalytic CVD set-up using propane-butane mixture as 

the carbon feeding gas 

 

High purity propane-butane gas mixture was selected as a carbon source. High 

purity Ar was as the inert gas. Nickel salt has obvious catalysis effect, so nickel nitrate 

was as the catalyst for preparation CNTs. Shungite with nickel nitrate were heated at 

400-500 °C for optimizing of catalyst particles.  

A typical growth procedure involves an initial preheating step under an argon 

atmosphere (80 mL/min) to the growth temperature. The propane-butane gas mixture 

was then introduced into the gas stream for 30 min at a fixed flow rate of 80-100 

mL/min. The growth temperature was set to a fixed value for a given process (e.g., 800 

°C). The procedure was finished with a cooling step under an inert atmosphere. In 

general, the synthesis was performed across a wide range of temperatures from 650 °C 
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to 800 °C, under atmospheric pressure. Figure 6 shows a picture of the catalyst in 

porcelain boat before and after CVD method of synthesis of carbon nanotubes. 

 

 
   a                                              b 

 

a – shungite impregnated catalyst; b – sample after the CVD method for synthesis 

of carbon nanotubes 

 

Figure 6 – Picture of samples 

 

2.1.2 Method of preparation of sulfur/multiwalled carbon 

nanotubes/polyacrylonitrile composite for Li/S Battery Electrodes  

The S/MWNT/PAN composite was prepared by mixing 80% S, 1% MWNT, 19% 

PAN. Then all materials were grounded in a mortar and heat-treated at 300 °C for 3 h 

in a tube furnace in argon to form a molecular level composite. After heat treatment, 

the samples were weighted and were calculated the percentage of S. It was equal to 

42%. Then the composite cathode was prepared by mixing 80 wt% S/MWNT/PAN 

composite, 10 wt% PVDF (Kynar, HSV900) as a binder, and 10 wt% acetylene black 

(MTI, 99,5% purity) conducting agent in 1-methyl-2 pyrrolidinone (NMP, Sigma-

Aldrich, 99,5% purity). The resultant slurry was uniformly coated onto carbon coated 

aluminum foil using a doctor blade and dried at 70 °C in a vacuum oven for 24 hours. 

The resulting cathode film was used to prepare the cathodes by punching circular disks 

15 mm in diameter. The electrochemical performance of S/MWNT/PAN composite 

cathode was investigated using coin-type cells (CR2032), which were assembled in 

argon filled glovebox (MasterLab, MBraun), using lithium metal discs as cathode, 

porous polypropylene membrane as a separator (Celgard 2400), and 1M lithium bis 

(trifluoromethane sulfony)imide (LiTFSI) as a liquid electrolyte. The electrodes were 

pressed in order to decrease the thickness and thereby in order to achieve good 

contacting between the active materials. Typically, five drops of the electrolyte were 

added in each CR2032 cell. The assembled coin cells were tested galvanostatically on 

a multichannel battery tester (Neware) between 1 and 3 V vs. Li+/Li. Applied currents 

and specific capacities were calculated on the basis of the weight of S in each cathode. 

All electrochemical measurements were performed at room temperature. The 

assembled coin cells were tested galvanostatically on a multichannel battery tester 

(Neware) between 1 and 3 V vs. Li+/Li. Applied currents and specific capacities were 

calculated on the basis of the weight of S in each cathode. All electrochemical 

measurements were performed at room temperature. 
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2.2 Activated carbon and few-wall carbon nanotube based hybrid electrodes 

2.2.1 Methods of preparation hybrid electrodes based on activated carbon and 

few-wall carbon nanotubes 

All AC samples were sieved by AS ONE MVS-1 sieve Figure 7. Sieve has 3 parts 

with different size: 75 m, 53 m, 25 m and it has a mode of controllable automatic 

shaking. After sieving, samples of ACs (WS, AS) separated by different size:  100 

m, 100-75 m, 75-53 m, 53-25 m,  25 m.     

 

 
                          a                                                           b 

 

a – picture of vibro-sieve; b – ACs particles 

 

Figure 7 – Separation of ACs by size 

 

AC-FWCNT composite electrodes were prepared by mixing of FWCNTs with 

AC particles in weight ratio 9:1. FWCNTs produced by fluidized-bed CVD [70] were 

used in this work. Carbon nanomaterials were dispersed in ethanol at 0,1 mg/mL 

concentration. Four different ACs were examined as capacitive particles: AC obtained 

from apricot stones (AS), that from walnut shell (WS), and YP-80F (particle diameter 

of 5–20 μm, SSA of about 2042 m2/g, Kuraray Chemical Co., Tokyo, Japan). Also, 

different amounts of FWCNTs were mixed with ACs in ratios 9,5:0,5; 9,7:0,3; 9:1. The 

mixture of AC with FWCNT was dispersed in ethanol using a bath-type 600-W 

sonicator for 20 min with a cooling unit set at 20 °C. To obtain the electrode films, 

vacuum filtration of AC-FWCNT dispersions were carried out through PTFE 

membrane filters with a pore size of 5 μm. Residual ethanol was removed by drying at 

90 °C for 2 h. As a result, mechanically-strong films of interwoven FWCNTs that held 

the AC particles were obtained. Scheme of electrode preparation process have shown 

in Figure 8. 

Most electrodes were ~200 μm thick after drying in the vacuum and ~100 μm 

thick after pressing at 10 MPa.  
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Figure 8 – Scheme of electrode preparation method from FWCNT and AC particles 

in EtOH by vacuum filtration and image of the final self-supporting hybrid electrode 

 

 
                    a                                    b                                             c     

 

a – mixture of ACs with FWCNT; b – after bath-sonication treatment; c – film 

of after filtration process      

               

Figure 9 – Procedure of electrode preparation 

 

2.2.2 Methods of measurement of particle size distribution 

To determine a distribution of particles by the size of activated carbons, samples 

of YP80F, AS, RH particles from the different point of AC powder were dispersed in 

ethanol (Figure 10a). Bath-sonication treatment (10 min, 30 min, 60 min, 30+30 min) 

was applied to AS1, RH activated carbons (Figure 10b), then was mixed with CNT 

(Figure 10c). To observe the particle size distribution of ACs the dispersions were spin-
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coаted аt 4000 rpm for 30 s on Si wаfers thаt hаd been pretreаted in pirаnhа solution 

(96 wt% sulphuric аcid аnd 30 wt% hydrogen peroxide with а volume rаtio of 70:30) 

for 10 min (Figure 10d). 

Silicon wafer with spin-coated activated carbons was observed by SEM. Diameter 

of particles were measured from the SEM images of samples.  

 

 
 

a – ACs dispersed in ethanol, b – after bath sonication treatment, c – ACs mixed with 

CNT, d – the process of spin-coating 

 

Figure 10 – Schematic representation of particle size measurements 

 

2.2.3 Methods of electrochemical characterization of obtained electrodes  

Electrochemical cell configuration. To estimate the electrochemical performance 

of the FWCNT collector matrix, Ti-mesh (200 L*200 S) connected to the carbon 

electrodes were prepared. The way of connecting carbon electrode with Ti mesh was 

named “full contact” or “2D contact” depending on the area of the electrodes covered 

by the Ti mesh. When the Ti mesh covered the whole area of the electrode it calls “full 

contact” or “2D contact”. 

The Ti mesh configurations are shown in Figure 11. The obtained electrode cells 

were used to run cyclic voltammetry. 

 

 
 

Figure 11 – Full contact configurations used to connect AC-FWCNT hybrid 

electrodes to Ti mesh 
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To electrochemical test usually use cyclic voltammetry. Both type of cell, two 

electrodes, and three electrode cells, can be conducted by CV test. The main intention 

of the CV test is to show the potential at which redox reactions take place in a cell. 

Thus potentiostats are very sensitive to small voltage ramps (<100 mV/s). Also, 

supercapacitors do not produce the peaks of current specific for redox reactions. 

Cycling at fast scan rates (>1 V/s) is important to show the ability of electrodes to 

sustain constant capacitance under high current. CV test gives broad information on 

capacitance performance during potential range offered by the electrolyte nature. In 

this work, CV test was provided in the potential range -1–0.6 V. CV curve for a 

supercapacitor has a rectangular shape because ideal capacitors maintain identical 

constant charge and discharge currents and continuous proportionality between current 

and scan rate [147].      

To perform cyclic voltammetry were used three-electrode cells, galvanostatic 

charge-discharge measurements with a potentiostat 8 CH CHARGE/DISCHARGE 

UNIT 10V 1A HJ1001SD8. The three-electrode cell consisted of an AC-FWCNT film 

(YP-80F-FWCNT, RH-FWCNT, AS-FWCNT, WS-FWCNT) as the working 

electrode, YP-80F-CNT as a counter electrode and Ag/AgCl reference electrode (in 

saturated aqueous NaCl). An aqueous solution of 1M Na2SO4 was used as an 

electrolyte. Before the CV measurement, the electrodes were cycled 20 times at 30 

mV/s to release any side reactions. Figure 12 shows the photograph of the three-

electrode setup used for electrochemical characterization. 

 

   
                                        a                                                                 b     

   

a – potentiostat 8 CH CHARGE/DISCHARGE UNIT 10V 1A HJ1001SD8; b – 

configuration of three-electrode cell used in the work 

 

Figure 12 – CV measurements 
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2.3 Method of fabrication of Ni(OH)2-few wall carbon nanotubes electrodes for 

pseudocapacitors 

2.3.1 Fabrication of few walled carbon nanotube films 

CNT films were prepared by dispersion of 7 mg of FWCNTs in 70 mL of sodium 

dodecylbenzene sulfonate (SDBS). The FWCNT was dispersed using a bath-type 600-

W sonicator for 30-40 min with a cooling unit to keep the room temperature at 20 °C. 

To obtain films of the electrode, vacuum filtration of the FWCNT dispersions were 

carried out through PTFE with a pore size of 5 μm. Residual SDBS was removed by 

drying at 200 °C for 2 h (Figure 13).  

Most electrodes were ~25 m thick after drying in a vacuum and ~22 m thick 

after pressing at 10 MPa.  

 

 
 

Figure 13 – Scheme of obtaining CNT films 

 

2.3.2 Methods of deposition of Ni(OH)2 on few walled carbon nanotube films 

Water used in the synthesis and washing was deionized. The nanostructured 

nickel hydroxide films were deposited from 1M Ni(NO3)2·6H2O aqueous solution and 

1M NaOH. For electrodeposition of nickel hydroxide were used 4 types of solution: 

only 1M Ni(NO3)2·6H2O aqueous solution; 1M NaOH 9 vol% addition; 1M NaOH 30 

vol% addition; 1M NaOH 50 vol% addition to nickel nitrate (Table 4). The chemical 

reaction proceeds in this way: 

 

3223 2)()(2 NaNOOHNiNONiNaOH +→+  

 
The nickel hydroxide precipitate was removed by centrifugation at 2000 rpm to 3 

min. To obtain the solution of Ni(NO3)2+NaOH were carried out vacuum filtration of 

the solution through PTFE with a pore size of 5 μm. The obtained solution was used 

for deposition of Ni(OH)2 to CNT film. The nanostructured nickel hydroxide films 

were deposited from Ni(NO3)2·6H2O aqueous solution, NaOH:Ni(NO3)2 9:91 vol%; 

30:70 vol%; 50:50 vol% solutions and without addition of NaOH. The pH of 

NaOH:Ni(NO3)2 solution was 8~9. The properties of electrodeposition solution shown 

in Table 4. 
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Table 4 – Properties of electrodeposition solution 

 

1 w/o NaOH 1M Ni(NO3)2 

2 1M NaOH 9 vol% addition 

 

0,95M Ni(NO3)2 

 

3 1M NaOH 30 vol% addition 

 

0,55M Ni(NO3)2 

4 1M NaOH 50 vol% addition 

 

0,25M Ni(NO3)2 

 

 

The electrodeposition was conducted using with a potentiostat 8 CH 

CHARGE/DISCHARGE UNIT 10V 1A HJ1001SD8 with a three electrode cell 

consisting of a CNT film (1 cm2 in area) as cathode, and CNT film as anode, Ag/AgCl 

reference electrode (in saturated aqueous NaCl). The current density of 30, 60, 120 

mA/cm2 was applied. Before electrodeposition CNT film was cut (1 cm at width, 2,5 

cm in length) and washed with the solution of ethanol in water, then with deionized 

water. The distance between electrodes was about 1 cm. The CNT film was weighted 

and the thickness of electrodes was measured before and after deposition. The 

deposited electrode was washed with deionized water several times, then left to 

vacuum dry at 100 °С for 1 h. To estimate the electrochemical performance of the 

Ni(OH)2-CNT electrodes, dried CNT film were cut 0,25 cm2 in area and used for 

electrochemical measurement. 

 

 

 

 

 

 

 

 

Figure 14 – Configuration of cell for deposition of Ni(OH)2 

 

2.3.3 Electrochemical analysis of Ni(OH)2-few walled carbon nanotubes 

electrodes 

The freshly prepared Ni(OH)2-CNT films were directly used as the working 

electrode. A typical three-electrode experimental cell equipped with a working 

Cathode: CNT film 

Anode: CNT film 

Reference electrode: Ag/AgCl 

Electrolyte:  

NaOH:Ni(NO3)2=X:Y 

Pulse (I mA/cm2 0,5s rest 10 s)*n 

Total 3C=1,8 mg/cm2 
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electrode, an AC-CNT as a counter electrode, and a Hg/HgO reference electrode was 

used for measuring the electrochemical properties of the working electrode and its 

performance as a faradaic supercapacitor. All electrochemical measurements were 

carried out in 3M KOH aqueous solution as an electrolyte. Cyclic voltammetry was 

carried out on a potentiostat 8 CH CHARGE/DISCHARGE UNIT 10V 1A 

HJ1001SD8 at room temperature. 

 

 

 

 

 

 

 

 

 

 

Figure 15 – Electrochemical analysis of electrode 

 

2.4 Scanning electron microscopy 

Microstructures of the FWCNT, YP-80F, RH, AS, WS, CNT-based self-

supporting films were analyzed by scanning electron microscopy (SEM, Hitachi S-

4800, Tokyo, Japan). The samples were coated on Si wafers to analyze by SEM to 

evaluate their dispersion state.  

The specification of SEM Hitachi Model S-4800: electron beam size of 1,0 nm 

with accelerating voltage of 15 kV, and working distance of 4 mm; electron beam size 

of 2,0 nm with accelerating voltage 1 kV and working distance of varied from 1,5 mm. 

The SEM works on high (100  to 800,000) and low modification mode (30 to 

2,000). An electron optics characteristics electron gun ~ cold cathode field emission 

type, extracting voltage ~ 0 to 6,5 kV, accelerating voltage 0,5 to 30 kV (in 100 V 

steps), lens type ~ 3-stage electromagnetic lens, objective lens aperture ~ movable 

aperture (4 opening selectable/alignable outside column). Scanning coil ~ 2-stage 

electromagnetic-deflection type.  

In addition, an analytical method for the elementary and chemical analysis of the 

characteristics of Energy Dispersive Spectroscopy (EDAX) samples, which works in 

conjunction with a scanning electron microscope, was used for elemental analysis of 

the materials under study. 

SEM uses a focused electron beam to image conducting samples through 

secondary and backscattered electron emissions coming out of the material. SEM 

typically use heated tungsten filament or the field emission cold cathode as the primary 

source for electrons. These electrons are accelerated in a strong electric field where 

Cathode: Ni(OH)2 -CNT film 

Anode: AC/CNT film 

Reference electrode: Hg/HgO 

Electrolyte: 3M KOH 

Cyclic voltammetry 

Scan rate: 1-1000 mV/s 

Scan range: 0,1-0,6 V/s 
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they receive energies up to 40 keV. Electromagnetic lenses direct accelerated electrons 

to form a focused beam. This beam is then raster scanned on the sample in the same 

way as the images are formed on the screen of the cathode ray tube monitor. The 

electrons that hit the sample excite its atoms, which in turn emit secondary electrons. 

The size of the interaction volume can exceed 100 nanometers and depends on the 

electron beam energy. Each scan point will create a different intensity that will result 

in a monochromatic image of the sample. SEM can resolve parts up to approximately 

1 nm [126]. 

The electrons from the beam must pass through the sample and be pumped into 

the metal mounting plate to prevent electrostatic accumulation. Therefore, the samples 

must be conductive, otherwise, the images will quickly become white from saturation.  
 

2.5 Specific surface area measurement  

SSAs were calculated by Brunauer-Emmett-Teller analysis of N2 adsorption 

isotherms measured at 77 K (BEL Japan Belsorp-28SA, Osaka, Japan). 

Brunauer-Emmet-Teller surface characterization is a surface analysis technique 

that relies on nitrogen gas adsorption to determine the surface area of materials. The 

pore volume and pore size distribution of material can also be defined through gas 

adsorption measurements using density functional theory. Nitrogen adsorption and 

desorption isotherms are collected at the evaporation temperature of liquid nitrogen (77 

K) in the range of relatively low pressures. Nitrogen is injected into an evacuated quartz 

tube containing a sample with a known weight. Nitrogen will adsorb on the entire 

surface of the sample. The amount of registered molecular adsorption depends on the 

available surface area. The collection of an isotherm is a comparative process in which 

the adsorption of a gas in a tube containing a sample is compared to an identical but 

empty control tube [126]. 

Before measurements, the sample must be degassed and dried. In this work, AC 

and FWCNT samples, AC-FWCNT papers are dried and degassed at 200 ̊ C for 2 hours 

under vacuum. The mass of samples was accurately measured after drying.  

 

2.6 X-ray diffraction 

X-ray diffraction or XRD is a very popular technique in the field of materials 

science. This is a non-invasive structural characterization of the materials. XRD works 

by reflecting an X-ray from the crystal planes of the sample. Outgoing X-rays interfere 

constructively or destructively. The final signal is recorded. The interferences vary 

with the relative angle between the rays and the crystal samples, as the distance traveled 

by X-rays scattering off planes with a fixed distance varies with the relative angle. 

Probing X-rays have a known wavelength. Interference patterns are described by 

Bragg's law: 

 

                                                                  𝑛𝜆=2𝑑×sin𝜃                                                             (6) 

                                                                   𝑑=




sin2

n
                                                     (7) 
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θ is the angle between the incident X-rays and the planes of parallel crystal, 𝑑 is the 

distance between the crystal planes, and λ is the wavelength of the X-ray beam. 

During operation, the angle of incidence is measured continuously and the peaks 

of X-ray intensity are recorded. These peaks correspond to the structural interference 

at given angles. From the angular position of the peaks, planar distances in the sample 

are derived and the sample can be identified. It is worth noting that the samples are 

mainly powders with crystals in random directions. Contrary of the random orientation, 

the diffraction process works well with powders, and the sample given by the device is 

representative of the material, as the interplanar distances remain unchanged [126]. 
 

2.7 Raman-spectroscopy 

In this work, samples of a obtained material containing nanotubes were studied 

on an NTegra Spectra Raman spectrometer (NT-MDT, Russia), whose excitation 

radiation wavelength is 473 nm. Laser power 20 mW. The signal accumulation time 

for all spectra presented in the work is 30 seconds. 

Raman spectroscopy provides information on the purity, defects and relative 

position of CNT, and also helps to distinguish nanotubes from other carbon allotropes. 

This method is quite successful in describing the structural properties of single-walled 

carbon nanotubes. At the same time, Raman spectroscopy can be successfully used for 

the quantitative and qualitative analysis of samples containing carbon tubular 

structures. The Raman spectroscopy method makes it possible to identify multi-walled 

carbon nanotubes. In studies of the Raman scattering, MWNTs are considered as a set 

of CNTs with a wide range of changes in diameter. 

Due to the insufficient amount of theoretical work aimed at understanding the 

Raman spectrum of the MWNT, the interpretation of experimental spectra is always 

based on well-studied results obtained for SWNT. This approach is considered useful 

but also has some limitations due to a number of effects that are absent in SWNT, 

which are observed in the spectra of MWNT. 

The characteristic spectrum of CNT has the following main features: 

1) The low-frequency band corresponding to the radial mode is the main feature 

of SWCNT. The position of this mode depends on the diameter of the nanotube; 

2) The group of peaks in the region of 1340 cm-1, called the D-line, is associated 

with the presence of disorder in graphite materials. The appearance of a D-peak in 

nanotubes is often viewed as a measure of "disorder" as in graphite; 

3) The group of peaks in the region of 1550-1600 cm-1 is the G-line. In graphite, 

there is this region represented by a single peak at 1582 cm-1, which corresponds to 

tangential vibrations of carbon sp2 atoms. This peak is a measure of the sample 

graphitization; 

4) The line in the region of 2700 cm-1 is the second harmonic of the D mode. It is 

denoted as G’or 2D. This line indicates the long-range order in the sample structure 

and arises in the process of the two-phonon scattering process; 

5) The line in the region of 1610 cm-1 (and its second order is 3240 cm-1) - the 

intensity of this peak increases with increasing defects and is associated with 

amorphous inclusions in the sp2 grid of hybridized carbon. 
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Raman spectroscopy MWNT focuses on the use of the presence or absence of 

these lines in the respective spectra in order to draw conclusions about the electronic 

and structural features of a sample of nanotubes. 

Typically, the spectra of multi-walled nanotubes are represented by a peak G, the 

frequency and shape of which are comparable with the corresponding mode of 

graphite. The sign of single-wall oscillations is expressed in the presence of low-

frequency radial respiratory modes and in the splitting of the G-peak. In most cases, 

these two effects are not observed in the spectra of multi-walled nanotubes, even for 

highly oriented samples. Thus, we can conclude that the typical MWNT spectra have 

similarities with the spectrum of graphite and show little or no effect of cylindrical 

geometry [127]. 
 

2.8 Thermogravimetric analysis 

In this research, samples of obtained material containing nanotubes were studied 

by Thermogravimetric analysis (SDT Q600). 

Thermal analysis method, in which the change in sample mass is recorded 

depending on temperature. 

SDT Q600 is a device designed for simultaneous registration of analytical 

information of the three listed thermal methods. This makes the instrument convenient 

for analyzing poorly studied or unknown samples. By combining thermogravimetric 

analysis and differential scanning calorimetry information, it is possible to determine 

with sufficient accuracy whether the thermal effect found is a decomposition, oxidation 

or phase transition reaction. The high accuracy of differential scanning calorimetry, 

differential thermal analysis and thermogravimetric analysis allows the use of Q600 

for determining the heats and temperatures of phase transitions, studying complex 

mixtures, analyzing elastomers, metals, ceramics, composite materials and much more. 

The SDT Q600 uses a low-volume, high-temperature tube furnace for working 

with the sample. This makes the device ideal for combining with Fourier-transform 

infrared spectroscopy, mass spectrometers and gas chromatographs. Such systems can 

be easily used for the analysis of complex multicomponent materials both in terms of 

their qualitative and quantitative composition, and properties and thermal stability. 

A digital gas supply system in the cell is built into the device, providing precise 

control and switching of two gases. In addition, there is an additional gas line (third 

gas), which allows injecting gas directly into the region where the sample is located. 

Such a system makes it possible to study the processes of interaction of materials with 

a corrosive or reaction atmosphere, mixing gases in a furnace to simulate the working 

conditions of the final product. 

The device for measurement uses a two-beam balance (the test sample and the 

reference sample), which can operate at temperatures from room temperature to 1500 

˚C. The sensitivity of the scale is 0,1 µg. The device of the furnace allows you to control 

the composition of the sample atmosphere during the measurement process, and 

automatically change it during the experiment, using both inert and reactive gases. The 

analyzer has built-in systems for automated movement of the furnace, automated air 

cooling, and a touch display for easy control of the experiment [128]. 
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3 RESULTS AND DISCUSSION  
 

3.1 STUDY OF MULTIWALLED CARBON NANOTUBES OBTAINED BY 

CHEMICAL VAPOR DEPOSITION METHOD AND ELECTROCHEMICAL 

PERFORMANCE OF THE COMPOSITE ELECTRODE OF Li/S BATTERY 

3.1.1 Study of multiwalled carbon nanotubes obtained by Chemical Vapor 

Deposition method  

In this dissertation work results on the production of carbon nanotubes by the 

CVD method are given where a propane-butane mixture was used as a carbon-

containing gas, and shungite was used as the catalyst carrier, which is impregnated with 

an alcoholic solution of nickel nitrate and dried. 

The use of a propane-butane mixture as a carbon-containing gas is determined by 

its availability and safety, unlike other methods [129], which assumes the use of a 

vapor-gas mixture of hydrogen, aromatic compounds, saturated and unsaturated 

hydrocarbons as a carbon-containing gas, in addition, hydrogen is a combustible gas 

and a mixture of hydrogen with oxygen or air in an enclosed space may cause an 

explosion if appears sparks, flame whether other sources of ignition. 

The use of shungite as a catalyst carrier is due to its elemental composition and 

allows to the use of natural raw materials of the Republic of Kazakhstan, namely 

shungite of the Koksu, supplied to the market under the trademark "Taurit". The 

shungite comprises С – 4,0-6,0%, SiO2 – 65,02%, А12О3 – 13,2%, СаО – 0,26%, К2О 

– 4,04%, Na2O – 0,26%, TiO2 – 0,2%, FeO – 2,5%, MgO – 1,5% [130]. Carbon 

contained in the shungite, restores nickel oxide to metal particles of nickel. Nickel 

oxide forms by heating nickel nitrate to a temperature of 450-500 ˚C. In addition, the 

use of shungite as a carrier for the catalyst is due to the content in it of simple and 

mixed metal oxides that are not reduced under the conditions of CNT synthesis [131]. 

Catalytic reduction of Ni(NO3)2 with carbon under certain mild conditions at 

temperatures of 450-500 °C yields Ni nanoparticles suitable for the synthesis of 

MWCNTs [132]. 

As a result of impregnating shungite with an alcoholic solution of the nickel salt 

and drying, catalysts with active centers in the form of nickel are obtained. Nickel-

containing catalysts are the most catalytically active relative to hydrocarbon gas 

mixtures during their pyrolysis in the synthesis of carbon nanotubes. The nickel activity 

is dependent on the temperature interval of the stability of the existence of carbide 

phases in Ni-C systems [133]. According to this concept, the pyrolysis of a mixture of 

propane-butane on nickel-containing catalysts proceeds as the decomposition of 

propane-butane, with the further formation of nickel carbide and the growth of CNTs. 

The mechanism of CNT formation is carried out as the decomposition of the 

propane-butane mixture on the surface of a metallic nanoparticle, the formation of a 

carbide surface, the diffusion of carbon into the bulk of the crystal, and the deposition 

of carbon on the surface of a metallic nanoparticle. 

The role of the catalyst is reduced to adsorption of the initial carbon-containing 

compound on the surface of the catalyst particle, the dissociation of this compound, the 

dissolution of carbon in the bulk of the catalyst particle, and the subsequent release of 

dissolved carbon to form single-layer, multilayer nanotubes or nanofibers [134]. 
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The results of X-ray diffraction of shungite which used as a support material for 

the catalyst to the growth of CNT before CVD process is shown in Figure 16. Also, the 

elemental composition of shungite mineral is presented in Table 5. 

It can be seen from X-ray diffraction results that shungite contain metals such as 

Fe, Cr, Ca, Ni, Cu, K, Ti, Si, Mn, V, Zn, Al. For the synthesis of CNTs usually use 

hydrogen as a reducing agent, in this case, as a reducing agent served carbon that 

contains shungite mineral. 

 

 
 

Figure 16 – X-ray diffraction of shungite 

 

Table 5 – Elemental composition of shungite 

 

Element Concentration, % Intensity 

Fe 23,659 587,72 

Cr 0,079 2,59 

Ca 2,816 21,11 

Ni 0,041 0,71 

Cu 0,127 2,37 

K 8,127 23,45 

Ti 1,341 18,14 

Si 50,816 5,25 

Mn 0,127 2,92 

V 0,342 8,89 

Zn 0,269 5,26 

Al 12,256 0,40 

 

The morphology of shungite before CVD process is observed by scanning 

electron microscopy, which is shown in Figure 17. From SEM image of shungite seen 
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that the mineral is composed of dispersed particles with diameters ranging from 1 μm 

to 20 μm.  

 

 
 

Figure 17 – SEM image of shungite 

 

The main tool for optimizing catalytic active sites of the nickel catalyst at shungite 

substrate, which was used as catalyst for the growth of CNT, is reducing of nickel at 

400-500 °C. At this temperature, the reaction of decomposition of nickel nitrate, 

followed by reduction to nickel particles take place as follows: 
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It is seen from these reactions that catalyst particles of nickel which will contribute 

to the growth of CNTs on shungite substrate were formed. The catalyst used with an 

active component in the form of nickel makes it possible to synthesize CNTs during 

the pyrolysis of a propane-butane mixture. It is known that nickel-containing catalysts 

are the most catalytically active with respect to hydrocarbon gas mixtures. The nickel 

activity is due to the temperature interval of the stability of the existence of carbide 

phases in Ni-C systems. 

According to this concept, the pyrolysis of a mixture of propane-butane on nickel-

containing catalysts proceeds as the decomposition of propane-butane, with the further 

formation of nickel carbide and the growth of CNTs. 

The Raman spectral evolution for sample obtained after CVD process at 800 ˚C 

by pyrolysis of propane-butane gas mixture is shown in Figure 18. Figure 18 shows 

three typical Raman spectra for nanotubes collected using the above growth conditions. 

The spectra contain three common Raman bands which are more typical for MWNTs. 

The G band has a shoulder at 1555 cm-1, which is indicative of metallic CNTs. The D 
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band has very high intensity, suggesting of higher defectiveness of the carbon material. 

The ID/IG ratio is equal to 1, which suggests an increased formation of disordered 

carbon material and then the higher surface area of multiwalled carbon nanotubes, 

which led to increasing the specific capacitance for carbon nanotubes grown by one 

step CVD at 800 ˚C. 

 

 
 

Figure 18 – Raman shift 

 

The surface morphology and structure of the MWNT were imaged by TEM and 

SEM and presented in Figure 19a and 19b, respectively.  

   

 
 

a                                                  b 

 

a – SEM images of MWNT; b – TEM images of MWNT 

 

Figure 19 – Electronic microscopic images of MWNTs obtained by using shungite 

substrate as catalyst matrix 

    

100 nm 2 𝜇𝑚  
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Figure 19 shows the formation MWNTs on the surface of shungite in the presence 

of Ni-particles. Also, it can be seen that MWNT irregularly stacks together, forming a 

highly porous structure. This porous MWNT network could serve as not only a current 

collector for long range electron transfer but also as a macroporous robust matrix to 

allow deep penetration of the electrolyte and to prevent segregation of sulfur particles 

[135]. We note that the decomposition of propane at a higher temperature leads to 

deposition of additional carbonaceous compounds besides nanotubes. These 

compounds are barely visible in Figure 19b. 

X-ray diffraction (XRD) can analyze products by wavelength and strength of 

elements, so the elements in the product will be identified. Figure 20 is the XRD pattern 

for the crude CNTs products. From Figure 20, it can be seen that the d values of the 

diffraction peaks are identical with pyrolytic graphite. So if there are nanotubes in the 

products, they must be CNTs. The sample contains a significant amount of nickel and 

silica.  

 

 

 

                  Figure 20 – XRD pattern for MWNT  

 

To analyze weight percentage of MWNTs obtained by deposition of propane-

butane gas mixture on shungite matrices was used thermogravimetric analyses. Figure 

21 shows the thermogravimetric curve of the synthesized MWNT. It can be seen from 

the TG curve, that up to 400 °C, the carbon containing material emits steam with a 

slight loss in weight, between 650-700 °C all carbon atoms burned. It means that 

obtained sample from CVD contains about 40 wt.% of MWNTs and amorphous 

carbons.  
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Figure 21 – TG curves of MWNT  

 

Thus, the method for obtaining MWNTs presented in this paper is simple and 

energy saving, external diameter of them is from 15 to 110 nm. Also, one of the 

advantages of presented method is using of raw materials of the Kazakhstan the 

shungite mineral as a carrier for catalyst.  

 

3.1.2 Investigation of the electrochemical performance of Li/S battery composite 

electrode based on multi-walled carbon nanotubes 

MWNTs obtained by CVD method on shungite substrate were used as a 

composite material for Li/S batteries [136]. Also at work [138] carbon soot was used 

as composite material for Li/S battery electrodes. Carbon soot was synthesized through 

the combustion of propane-butane mixture on surfaces of metals. Experimental studies 

on the synthesis of soot produced in the combustion process of the propane-butane gas 

mixture were carried out on an installation that consists of a system for the dosed supply 

of gases, a burner and a drum-type soot collection. The structure and property of soot 

particles depends on the temperature in the volume of the flame. The cell with this 

S/soot/PAN composite cathode with a S-loading of 42 wt% demonstrates a stable 

reversible specific discharge capacity of 800 mAh/g after 50 cycles at 0,2 C. 

The electrochemical performance of the S/MWNT/PAN composite, as a cathode 

material in Li/S batteries was further investigated by galvanostatic discharge/charge 

tests, and the results are displayed in Figure 22. Starting from the first plateau at about 

2.4 V is related to the formation of higher-order lithium polysulfides (Li2Sn, n ≥4), 

which are soluble in the liquid electrolyte. The following prolonged plateau around 2,0 

V in the discharge profiles reflects the following electrochemical transition of the 

polysulfides to lithium sulfide Li2S2/Li2S. During galvanostatic cycling of batteries, the 

charge and discharge current intensity is often expressed as C-rate, calculated on the 

basis of the battery capacity. C-rate is a measure of the speed that a battery was 

charging or discharging relative to its maximum capacity. For lithium cells with 
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S/MWNT/PAN composite was used 0,2 C, which means the battery is charged and 

discharged fully in 5 hours. 

 

 
 

Figure 22 – Discharge/charge profiles of lithium cells with S/MWNT/PAN composite 

with a S-loading of 42 wt% at 0,2 C 

 

As we can see from Figure 22, the 2,4 V plateau is short, and the system’s 

discharge capacity mainly depends on the 2 V plateau. Starting from the following 

cycle, this composite exhibited the typical Li/S potential profile features associated 

with the reversible reaction of Li and S. The S/MWNT/PAN composite delivers a high 

initial discharge capacity of about 1500 mAh/g. After fifty cycles discharge capacity is 

decreased to 800 mAh/g.  

Thus, simple method, which employs sulfur particles and MWNT which were 

synthesized by CVD on shungite substrate, for fabricating a homogeneous 

S/MWNT/PAN composite has been developed. Synthesized S/MWNT/PAN 

composite has been tested as a cathode in rechargeable Li/S batteries. The 

S/MWNT/PAN composite exhibits excellent performance with a high initial capacity 

up to 1500 mAh/g and a stabilized capacity of 800 mAh/g after 50 cycles at 0,2 C 

which could be attributed to the uniform dispersion of sulfur with MWNT enabled by 

the simple heat treatment method and resulting charge transfer impedance reduction. 

The electrode with MWNTs at only 1 wt% showed the same performance as that with 

soot at 1 wt%. The performance of the obtained composite cathode is not inferior to 

the electrochemical characteristics of the Li/S electrodes of the batteries obtained in 

the works [139, 140], which indicates the possibility of using as a composite cathode 

material MWNTs obtained by the CVD method on shungite substrate by 

decomposition of propane-butane gas mixture. 
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3.2 INVESTIGATION OF ELECTRIC DOUBLE LAYER CAPACITOR 

ELECTRODES BASED ON ACTIVATED CARBONS AND CARBON 

NANOTUBES  

 

3.2.1 Characterization of activated carbons obtained from biomass-derived 

materials  

Physico-chemical properties and structural characteristics, morphological 

features of activated carbon samples which were used in thesis were studied. The 

ultimate properties of these carbons are dependent on a number of critical factors, e.g. 

the carbon precursor (apricot stones, rice husk, walnut shell, YP-80F) conditions of 

process as temperature, time, weight ratio. In Table 6 have summarized specific surface 

area of ACs obtained at the Institute of Combustion Problems at the laboratory of 

Bionanomaterials. Table 6 shows the methods of activation, an experimental condition 

such as weight ratio of the activating agent with raw material, temperature, and values 

of the texture properties of the investigated samples of activated carbons from the 

isotherms of the BET model based on low-temperature nitrogen adsorption (N2). The 

standard processing of the samples was carried out by the BET method using a 

conventional cylindrical pore model with the calculation of the total specific surface 

area. 

According to the calculation of low-temperature nitrogen adsorption by the BET 

method, activated carbon samples have a specific surface area from 1300 m2/g to 2552 

m2/g. The sample of WS shows the highest specific surface area value. 

 

Table 6 – Parameters of activation and specific surface area of ACs 

 

Name of raw materials WS AS YP-80F AS-1 RH 

Activating agent H3PO4 

(70%) 

H3PO4 

(70%) 

steam H3PO4 

(70%), 

HNO3 

(5%) 

H3PO4 

(70%), 

HNO3 

(5%), 

desilication 

Weight ratio of raw 

material/agent 

1/3 1/3 N/A 1/2 1/2 

Duration 

time/temperature of 

activation, ˚С/min 

12/115 12/115 N/A 12/200 12/200 

Temperature and time of 

carbonization, ˚С/min 

850/90 850/90 N/A 500 500 

Atmosphere Argon argon N/A argon argon 

Washing with Н2О up to 

pН=7 

up to 

pН=7 

N/A up to  

pН=7 

up to  

pН=7 

Output of the obtained 

AC, % 

30 30 N/A 30 30 

SSA, m2/g 2552 1615 2042 2030 1300 
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Morphology and elemental composition of activated carbons were studied by the 

method of scanning electron microscopy and energy-dispersive X-ray spectroscopy. 

Figure 23 show pictures of the morphology of the surface of activated carbon obtained 

from apricot stones with SSA of 2030 m2/g.  

 

 
                                        а                                                        b 

 

a – 100 times; b – 3,000 times 

 

Figure 23 – SEM images of activated carbon AS1, obtained from carbonized apricot 

stones 
 

As can be seen from Figure 23, that at a magnification of 100 times (a) we see 

that the ACs contain particles of different diameters. At high magnification images, the 

magnification of 3000 times, the sample have a porous, rough structure. Powder of 

activated carbon obtained from AS contain some particles with the diameter larger than 

250 µm.   

Figure 24 shows SEM images of activated carbons obtained from AS with lower 

specific surface area of 1615 m2/g (activated by 70% H3PO4 at 850 °C), at 

magnification 5000 times and 50000 times.  

 

 
a                                                       b 

 

a – 5000 times; b – 50,000 times 

 

Figure 24 – SEM images of activated carbon AS, activated by 70% H3PO4 
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AC have the rough surface, which consists of curved flat pores that have a thin 

film-forming structure associated with production technology. 

The data of the elemental composition of the sample AS shown in the Figure 25 

show that the material contains 92% carbon and 7% oxygen. 

 

 
 

Figure 25 – EDAX analysis of activated carbons AS, obtained from carbonized 

apricot stones 

 

The Figure 26 shows SEM images of the activated carbon sample RH with an 

increase of 100 (a) and 3,000 times (b). AC has a non-uniform morphology, which 

consists of individual particles with a diameter of 500 μm or less. And also, from Figure 

26 it can be seen that the samples have a highly developed surface. 

 

 
                                        a                                                       b 

 

a – 100 times; b – 3,000 times 

 

Figure 26 – SEM images of activated carbon RH, obtained from carbonized rice husk 

 

Data of the elemental composition of RH sample, which presented in the Figure 

27, show that the material consists 91% carbon and 9% oxygen, indicating a high 

concentration of its carbon component. 
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Figure 27 – EDAX analysis of activated carbons AS, obtained from carbonized 

apricot stones 

 

The Figure 28 shows the morphological structure of the WS sample, which also 

has a developed porous structure inherent in the activated carbons. The activated 

carbon sample have unordered structure, contain particles with different form. Figure 

28a shows high magnification images of WS surface, which indicates roughness of 

sample morphology.  

 

 
                                          а                                                     б 

 

a – 3000 times; b – 30,000 times 

 

Figure 28 – SEM images of activated carbon WS, obtained from carbonized walnut 

shell 

 

The element structure of a sample of WS presented in the Figure 29 has shown 

that activated carbon for 87% consists of carbon and for 12% from oxygen and also 

0,75% of phosphorus. It should be noted that phosphorus impurity availability in 

element structure is caused by a technique of carbonization and chemical activation of 

WS.  
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Figure 29 – EDAX analysis of activated carbons AS, obtained from carbonized 

walnut shell 

 

Thus, activated carbons obtained by different biomass-derived materials and 

conditions shows a various specific surface area values due to experimental parameters. 

The distribution of RH, AS, WS particle size is large, they contain particles with a 

diameter about 500 µm and smaller.   

  

3.2.2 Particle size distribution of activated carbons  

One of the key parameters which affect specific capacitance of particle based 

electrodes is particle size. For the capacitive particles of activated carbons their particle 

diameter is crucially important to obtain 3D, self-supportive, conductive electrodes. If 

FWCNT matrix could not cover all capacitive particles, electrodes will have low 

electrical conduction. In the case of AC particles, the effect of their size is carefully 

assessed. In work by Quintero et al 2015 [65], specific capacitance of hybrid electrodes 

made with different size of activated carbons was compared. The hybrid electrodes 

with smaller particles show higher specific capacitance and rate performance than 

electrodes with the larger one. Also Zhang et al [141] investigated the effect of particle 

size of activated carbon with the high surface area and they have found that using of 

smaller AC particles for hybrid electrodes are effective in at enhancing the rate 

performance. It is due to the low resistivity between particles and rapid diffusion of 

ions within pores of AC particles. 

The dispersion state of different ACs was studied by SEM. ACs dispersed in 

ethanol were spin-coated on Si wafers and then observed by SEM. The particle size 

distribution of standard sample YP-80F activated carbon and AS1, AS, WS, RH 

activated carbons were observed and number-based and volume-based average 

diameter of particles were calculated. Figure 30 shows volume ratio of AS particles 

obtained from multiple points. The diameter of a particles was calculated by  

21ddd =                                                      (11) 
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where 1d , 2d are the length of major and minor axes of a particle. The number-

based and volume-based average diameters were calculated by the equations shown 

below: 

 

 

 (12) 
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where, numberd , volumed is the number-based and volume-based average diameters, 

respectively, id is the diameter of particles, and in  is the number of particles with a 

diameter of id . 

Figure 30 has shown the graphs of volume and number ratio of YP-80F activated 

carbons. As can be shown from Figure 30 standard sample of YP-80F activated carbon 

contains particles with the diameter less than 10 μm. Related to number ratio as shown 

in Figure 30b the particles with the diameter less than 5 μm exceed the particles with 

the diameter more than 5 μm. It means the fine dispersed status of AC. 

 

 
            a                                                            b 

 

 a – volume ratio; b – number ratio 

 

Figure 30 – Particle size distribution of YP-80F  

 

Figure 31 provides information about the particle size distribution of AS1 

activated carbon. The volume ratio of AS1 particles at the different point of powder is 

same, it means that bigger and smaller particles are uniformly distributed by volume 
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of AS powder. Also as can be shown from Figure 31, an AS samples contain particles 

with diameter 55 μm and less. The number of particles with diameter of 55 μm is more 

than particles with the smaller diameter. The distribution of particles by size in three 

different points of AS1 sample was similar. The volume ratio of AS particles at the 

different point of powder is same, it means that bigger and smaller particles are 

uniformly distributed by volume of AS powder. The highest content by volume in the 

AS sample of activated carbon showed particles with a diameter of more than 55 μm. 
 

 
                               a                                                              b 

 

a – volume ratio; b – number ratio 
 

 Figure 31 – Particle size distribution of AS1 activated carbons 

  

It is expected that, ultrasonication due to the cavitation energy could break down 

particles. To determine the effect of bath sonication treatment on the particle size of 

AS1, activated carbons were dispersed in ethanol and bath-sonicated for 10 min, 30 

min, 60 min and 30+30 min (30 min sonicated, then the bottle was shacked and 

sonicated 30 min). After observing by SEM, particle size distributions of different ASs 

were calculated and shown in Figure 32. The diameter of AS particles after applying 

bath sonication treatment decreased, the volume ratio of particles with the diameter 

less than 10 μm exceeds those with diameter larger than 10 µm for the sample 

AS30+30. It means that the process of shaking during the ultrasonication treatment is 

needed to obtain well-distributed particles with the smaller diameter. AS60 contain 

about 83% of particles with diameter less than 5 μm and 17% of particles bigger than 

5 μm, also, from graph, it is observed that some particles with 55 μm present in this 

sample. This effect can be explained by fact that ultrasonication wave influence not 

uniformly to whole over the samples, and applying of shaking process leads to 

homogenous decrease of particle diameters.  
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                                    a                                                                    b   

 

a – number ratio; b – volume ratio 

 

Figure 32 – Particle size distribution of AS1 after bath-sonication treatment 

 

Figure 33 have shown particle size distribution of RH sample after bath-sonication 

treatment for 10, 30 min, RH 10 and RH 30 respectively. RH samples contain particles 

with the diameter less than 10 μm and some biggest particles with the diameter about 

45 μm. As observed from the obtained results distribution of particle size, strong shear 

forces from the cavitation process could not break down particles of RH activated 

carbon.  
 

 
a                                                                    b  

 

a – number ratio; b – volume ratio 

      

Figure 33 – Particle size distribution of RH activated carbons after bath-sonication 

treatment 
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Thus, study of particle size distribution of activated carbons obtained from AS, 

RH and YP-80F demonstrate polydispersed state of AS, RH and fine powders of YP-

80F. The results of measurement particle size distribution of AS after bath sonication 

treatment shows dependence of particle size on ultrasonication duration, but for RH 

activated carbons this dependence does not work which indicate hardness or smaller 

size of RH particles than AS. Different physical properties of ACs can be explained by 

difference in surface area, vegetable raw materials, parameters of activation process.  

 

3.2.3 Characterization of few wall carbon nanotube films  

From the point of view of practical applications, it is important to take into 

account the dispersibility and cost of CNTs. In the manufacturing of AC-CNT 

electrodes, the type of CNTs will affect the characteristics of the final electrode mainly 

in terms of electrical conductivity due to the different ease of manipulation between 

them. In this work, FWCNT with a sub-millimeter length [70], synthesized by the 

fluidized bed method, were dispersed in ethanol to obtain their electrodes after vacuum 

filtration.  

The production of CNTs usually results in entangled solid products that, first, 

need to be dispersed uniformly to effectively use their properties in a different 

application. The entanglement can be either physical (intertwined particles or forming 

loops between themselves), or chemical substances because of the strong attractive van 

der Waal’s forces between carbon surfaces [142]. In the case of FWCNT used in this 

work, the structures grown on the surface of the beads are in close contact with each 

other. Due to their length, aspect ratio and flexibility, a significant amount of their 

surface area comes into contact with each other, making them difficult to disperse 

effectively compared to other shorter and tougher CNTs. The main purpose of CNT 

dispersion is the formation of three-dimensional networks capable of covering a large 

surface area as possible in order to effectively reinforce other materials and or transport 

electric charges. Several methods of dispersion for the production of films from pure 

CNTs for electrodes or in aqueous solution using surfactants [143, 144], or organic 

solvents [145, 146] are reported. The role of surfactants in high-polar solvents is to 

wrap CNTs with their hydrophobic tails and weaken the attractive forces between the 

tubes through the formation of micelles [147]. 

Dispersion of CNTs using surfactants or organic solvents is usually obtained by 

ultrasonic treatment of liquid mixtures. Many factors can affect to the process of 

ultrasound treatment, as the solvent nature (viscosity, surface tension, solubility in gas), 

temperature, ultrasound intensity (the probability of cavitation events per unit volume), 

ultrasound frequency and the time of ultrasound treatment (total energy input). 

Despite the number of studies on nanotube dispersion, consensus on the most 

appropriate ultrasonic treatment conditions has not been achieved due to the wide range 

of CNT types, solvents and treatment conditions. But due to many researches there is 

a strong correlation between the total energy of bath sonication process and final 

dispersion state of nanotubes. Increasing the sonication energy results in better 

dispersion state and shortening of CNTs, which may be not desirable for certain 

applications. 
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Figure 34 have shown SEM images of FWCNT paper. As can be seen from the 

figure, carbon nanotubes are intertwined together forming a flexible film. The pore 

sizes are less than 50 nm, and the carbon nanotubes have a length of several 

micrometers or more. As can be seen from SEM images, carbon nanotubes are evenly 

distributed without forming bundles, which suggests good dispersibility in ethanol.  

 

 
 a                                                   b 

 
                                           c                                                  d 

 

a – magnification of 3 000 times, b – magnification of 10 000 times, c – 

magnification of 30 000 times, d – magnification of 100 000 times 

 

Figure 34 – SEM images of FWCNT papers 

  

The CV plots in Figure 35 provide information about the rate capability of 

FWCNT electrodes. The gravimetric сapacitance of the pure FWCNT electrodes was 

equal to 16 F/g at 10 mV/s and the shapes of the CVs (Figure 35b) were narrowed 

which did not indicate the high capacitive behavior of obtained film. In all likelihood, 

a film of carbon nanotubes is a tightly packed structure that does not act as a capacitive 

material. 
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                                 a                                                              b 

 

a – dependence of capacitance on scan rate; b – CVs 

 

Figure 35 – Electrochemical performances of FWCNT film  

 

Specific surface area of FWCNT was measured by using BET method. Figure 36 

shows N2 adsorption and desorption isotherms at 77 K of the FWCNT electrodes. The 

isotherms of FWCNT showed the hysteresis phenomena typical to porous materials 

[148]. The low pressure segment of the electrode has a longer vertical segment that 

suggests a higher proportion of micropores.  

 

 

Figure 36 – The results of BET of CNT paper 

 

SSA of FWCNT paper is about 361 m2/g. This SSA value is relatively low for 

obtaining electrodes with high specific capacitances. Considering the specific EDL 

capacitance of carbon materials of 10 F/m2, the capacitance values correlate well with 

the surface areas of 360 m2/g in the case of FWCNTs. The dispersion of FWCNT is 

hard to achieve and the strong agglomeration makes a large part of their surface not 
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available for charge storage. This is the reason why the measured value of 16 F/g is 

below of the theoretical maximum of 130 F/g. Due to the lack of surface for the 

transfer of ions of electrolytes, the resulting film shows a specific capacitance below 

20 F/g. 

Thus, as a result of the analysis of the morphological structure, specific 

electrochemical characteristics of films based on FWCNT, it was found that the 

dispersion of carbon nanotubes using ethanol as a surfactant helps to obtain self-

supporting, free standing films without any polymeric binders. Specific surface is low, 

which indicates the efficiency of the combination of high surface area materials with 

sub millimeter long FWCNTs. 

 

3.2.4 Investigation of the influence of the amount of carbon nanotubes on hybrid 

electrodes based on activated carbon and few-wall carbon nanotubes 

In order to obtain the light weight, flexible, self-supporting electrodes and replace 

conventional conductive additives as acetylene black it is necessary to combine the 

FWCNTs with AC in hybrid electrodes.  

How to effectively use materials with poor electrical conductivity is another 

problem that can be solved using CNTs. High-capacity particles of AC in combination 

with additives are usually used as thin films covering the metal foil. However, this 

configuration limits the specific energy density. Improved contact with the particles 

that CNTs offer opens up the possibility of developing thick electrodes that are more 

practical than thin films and translates into devices with increased specific energy 

density as the content of the metal collector decreases. The improved contact that CNTs 

offer opens the possibility of developing thick electrodes that are more practical than 

thin films and translates into devices with increased specific energy density as the 

content of the metal collector decreases. 

The added amount of FWCNT to create a hybrid electrode is also an important 

parameter since the resulting electrode must have a low cost, the large amount of 

capacitive particles, a high specific capacitance. Also, physical characteristics such as 

flexibility, full carbon nanotube coverage of activated carbon particles play an 

important role in creating AC-FWCNT electrodes. 

At work [57] were investigated electrochemical performances of the AC-FWCNT 

electrodes at a weight ratio of 10:0, 9,5:0,5, 9:1, 8:2 and the AC to FWCNT at 9:1 

weight ratio shows the best performances. To obtain a self-supportive, high-

performance hybrid electrode were provided experiments by using different weight 

ratio of AS1-FWCNT electrodes 90:10, 95:5, 97:3. The specific capacitance of hybrid 

electrodes collected with different amount of FWCNT and AS is presented in Figure 

37 (a, b). 
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                                                  a                                                                b 

 

Figure 37 – Gravimetric (a) and volumetric (b) capacitance of AS1-CNT 

electrodes at different weight ratio 

 

Based on data in Figure 37a the capacitance of AS1-FWCNT was the same in 

three different weight ratios. This is because the role of active material plays ACs not 

carbon nanotubes and the 3%, 5%, 10% changes in weight did not impact on capacity 

performance. At the development of electrodes for ECs volumetric and areal 

capacitance also play crucial roles. Figure 37b has shown volumetric capacitance of 

hybrid electrodes. As can be seen from Figure 37b there is also no difference between 

the volumetric capacitance of hybrid electrodes prepared by using the different amount 

of FWCNT. An increase in volumetric capacitance with a decreasing amount of 

FWCNT was expected. Loading FWCNT in 5% leads to decreasing mass density than 

10% one (0,33 and 0,38 g/cm3), but the mass density of hybrid electrode with the 

weight ratio of AS-FWCNT 3:97 is bigger comparatively with 5:95 (Table 7). With 

increasing amount of CNTs, the films become more elastic, resulting in smaller mass 

density. 

 

Table 7 – Physical properties of AS1-FWCNT hybrid electrodes 

 

 AS-FWCNT 

90:10 

AS-FWCNT 95:5 AS-FWCNT 

97:3 

Thickness (after press), 

mm 

0,08 0,069 0,077 

Mass, mg 4,694 4,577 4,74 

Mass density, g/cm3 0,33 0,38 0,35 

Loading density, mg/cm2 2,67 2,60 2,69 
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Thus, the conducted studies allow to conclude that the weight ratio of AC with 

FWCNT equal to 9:1 is the most optimal ratio for creating a hybrid electrode. The use 

of a 9:1 weight ratio of AC-FWCNT is effective in the physical and electrochemical 

characteristics of the obtained electrodes. In further studies, the 9:1 weight ratio of AC-

FWCNT was used to create an AC-FWCNT electrodes. 

 

3.2.5 Morphological characterization of hybrid electrodes made from hybrid 

electrodes based on activated carbon and few-wall carbon nanotubes       

At the traditional electrode fabrication method is to mix the active material with 

a binder, conductive fillers to form a sheet or film. At work networks of carbon 

nanotubes are investigated to replace the polymer binder in the fabrication of hybrid 

electrodes based on activated carbons obtained from biomass-derived materials. 

Preparation of electrodes from CNTs with AC in hybrid electrodes has been developed 

to improve the electrical conductivity of common electrodes, and to replace ordinary 

additives, as polymeric binder, fillers.  

Figure 38a have shown schematic images of electrodes made with binders and 

with the conductive additive and only CNT with activated carbons. Combination of 

high surface area of ACs with conductive FWCNTs introduces increase in mass of 

active materials and leads to reach high electrolyte-accessibility. The Figure 38b shows 

uniform distribution of AS1, and covering with FWCNT. The long flexible FWCNTs 

wrap around AC particles, which would not be possible with other conductive 

materials. Due to carbon nanotubes that cover particles of activated carbon, it has self-

supporting flexible nature. Figure 38c have shown high magnification SEM image of 

AS1-FWCNT electrodes. As can be seen from images carbon nanotubes could not 

cover the surface of some particles, it is may occur due to bath sonication conditions 

and diameter of activated carbon particles. 

Figure 39 have shown low magnification (a) and high magnification (b) images 

of RH-FWCNT papers. In the morphological structure of the RH-FWCNT sample, 

carbon nanotubes also cover activated carbon particles obtained from a carbonized rice 

husks. Figure 39b shows a rough surface covered with carbon nanotubes and pores of 

less than 40 nm in diameter and about 100 nm in diameter. 

The Figure 40 shows the SEM images of the sample WS-FWCNT at 300 (a) and 

10,000 (b) times. The obtained electrode has a developed porous structure with a 

plurality of cells and voids. Carbon nanotubes covered the surface of activated carbon 

particles thereby facilitating the creation of self-supporting films of the WS-FWCNT. 
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a 

 

 
b                                                     c 

 

a – schematic diagrams of conventional and AC-CNT electrodes; b – 100 times 

magnification; c – 10000 times magnification 

 

Figure 38 – SEM images of AS-FWCNT electrodes  

 

 
a                                                         b     

                   

а – 100 times magnification: b – 10000 times magnification  

 

Figure 39 – SEM images of AS-FWCNT electrodes  
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a                                                      b 

 

а – 300 times magnification, b – 10000 times magnification 

 

Figure 40 – SEM images of AC-FWCNT electrodes 

 

Different morphologies of AC-FWCNT interactions can be observed at the 

surface of electrodes. Some AC particles have CNTs extending from their surface and 

appear to be included into the CNT network. From the data of scanning electron 

microscopy, it can be concluded that all obtained electrodes have a characteristic 

surface morphology for an electrode based on activated carbon with carbon nanotubes 

and have a rough, self-supporting nature. Thus, it shows effective use of carbon 

nanotube matrices as 3D current collectors for lightweight, high performance 

electrodes without binding additives.  

 

3.2.6 Electrochemical characterization of hybrid electrodes based on activated 

carbons and carbon nanotubes  

Electrochemical performances of the AC-FWCNT electrodes was obtained from 

CV tests in a three-electrode cell in the range -1–0,6 V vs. Ag/AgCl, using the full-

contact Ti-mesh configuration. 

The specific capacitance was calculated from the CV plots using the expression:  
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                                                  (14) 

 

where C is cаpаcitаnce [F],  is scаn rаte [mV/s], E is voltаge [V] аnd i is current [А]. 

Specific cаpаcitаnce wаs cаlculаted by dividing C by the mаss of CNTs for pure CNT 

electrodes, аnd the mаss of CNTs аnd АC for hybrid electrodes.  
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Figure 41 – Specific capacitance of electrodes prepared from different AC with 

FWCNT 

 

The mass of AC-FWCNT electrodes was used in the capacitance calculation. The 

Figure 41 shows the gravimetric capacitance of AC-FWCNT hybrid electrodes. Based 

on the results of a study of the electrochemical characteristics of electrodes made on 

the basis of carbon materials, the hybrid electrode AS-FWCNT, WS-FWCNT showed 

a higher specific capacitance than the RH-FWCNT, YP-80F-FWCNT. The maximum 

specific capacity of AS-FWCNT, WS-FWCNT was about 140 F/g, while the specific 

capacitance of the standard electrode YP-80F-FWCNT and RH-FWCNT was equal to 

112 F/g and 106 F/g. Specific capacitances did not decrease so much with the 

increasing scan rate, even at 100 mV/s, revealing the good rate capability of these 

electrodes. 

The CVs in Figure 42 provide information about rate capability of the WS-

FWCNT, AS-FWCNT, RH-FWCNT, YP-80F-FWCNT electrodes, and the influence 

of using different activated carbons. The shapes of all CV curve of the hybrid electrodes 

has a semi-rectangular shape, without defined redox peaks but with some broad signals 

present around -1 V and 0,6 V. CV curve of WS, AS electrodes, shows a wide peak of 

oxidation and reduction at -1 V and 0,6 V, which appears due to rapid redox reaction. 

Redox peak sources can be associated with the release and adsorption of activated 

oxide groups on the surface of the carbon electrode and the subsequent formation of 

quinone groups [149]. As observed from CV curves, with increasing scan rate CV 

curves of AC-CNT electrodes deformed gradually from rectangular shape to a diamond 

shape, implying that the with faster scanning speed, fewer pores contribute to the 

specific capacitance since ion motion occurs faster and the available surface area is not 

large. A higher capacity at low scanning speeds is typical for porous electrodes.  
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a – YP80-F-FWCNT; b – RH-FWCNT; c – AS-FWCNT; d – WS-FWCNT 

 

Figure 42 – CV curves of AC-FWCNT electrodes 

 

Thus, from the results of CV measurements, it is clear that hybrid electrodes 

obtained from AS and WS activated carbons show better capacitance performance than 

RH and YP-80F-FWCNT electrodes. It possibly results from the porous structure of 

ACs which led to the formation of an electrically conductive network with the higher 

electrolyte-accessible surface area. 

 

 3.2.7 The effect of dispersion state of activated carbons to the specific capacitance 

of hybrid electrodes 

As shown in chapter 3.2.2, activated carbons capable to break down particles by 

applying ultrasonication treatment. Since changes in the duration of ultrasonic 

treatment of AS1 activated carbons, particle size distribution of them changed, for RH 

no change in size was observed, in this chapter these activated carbons were used for 

fabrication of hybrid electrodes. 

9:1 weight ratio of AC and FWCNT were used to prepare hybrid electrodes to 

examine the effect of ultrasonication treatment on the performance of AC-FWCNT 

hybrid electrodes. The rate capability plots in Figure 43 provides insight into the effect 

of bath sonication on the porous structure of the hybrid electrodes. The RH-FWCNT 

electrodes in which RH were used without sonication (RH) or pretreated by sonication 
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for 10 min (RH 10) and 30 min (RH 30) show almost the same capacitance. It is due 

to the no influence of bath sonication to morphological features of RH which was 

shown in Figure 43.  

 

 
 

Figure 43 – Specific capacitance of RH-FWCNT electrodes after ultrasonication 

treatment 

 

The specific capacitance of AS1-FWCNT electrodes after ultrasonication 

treatment was shown in Figure 46. The specific capacitance of electrodes increased by 

increasing the duration of bath-sonication. Effect of particle size on electrochemical 

capacitance were discussed at works [65], increase in capacitance occurs related to 

decreasing of the diameter of activated carbon particles. The cаvitаtion energy during 

ultrаsonicаtion cаn disperse аnd frаcture solids аnd аn overаll reduction in АC pаrticle 

size from 5–55 to 5–20 μm wаs observed following ultrаsonic treаtment. Higher rate 

performance for smaller AS particles can be due to the low intraparticle resistivity and 

rapid ion diffusion within the pores of AC particles.  

As it is observed from the results of the study on the effect of ultrasound 

processing on the particle size distribution (chapter 3.2.2) and on the specific 

capacitance, in the case of activated carbon obtained from apricot stone, electrodes 

based on monodispersed, small-sized particles shows lower capacitance than sample 

which consists of 80% of the particles with the diameter between 5 and 55 µm. The 

electrodes with AS 30 and AS 60 showed high capacitance at low scan rate but such 

high capacitance was not repeatable and remains unclear. 
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Figure 44 – Specific capacitance of AS1-FWCNT electrodes after bath sonication 

treatment 

 

For real device applications, in addition to specific capacitance, volumetric 

capacitance and areal capacitance are very important. Figure 45 summarizes the 

volumetric capacitance values for the representative YP-80F-FWCNT, AS10, AS30, 

AS60, RH10, RH30 and FWCNT electrodes at 10 mV/s. These electrodes have mass 

densities of 0,20–0,50 g/cm3, which is close to the conventional AC-based electrodes 

(0,5 g/cm3) [31]. Volumetric capacitance values increase by applying bath-sonication 

treatment to the AS activated carbons. Whereas, bath-sonication treatment did not 

impact on the volumetric capacitance of RH-FWCNT samples and volumetric 

capacitance of these electrodes lower than YP-80F and AS based hybrid electrodes. 

The volumetric capacitance of samples was calculated from the gravimetric 

capacitance using the expressions: 

  

                                                  (15) 

 

V

m
=                                                          (16) 

                                                 gravvol CC =                                                  (17) 

 

where V , r, h are the volume, radius, thickness of electrodes, respectively,  is the 

constant and  and m are the density and mass of electrodes. Volumetric capacitance 

volC was calculated by multiplying gravimetric capacitance gravС  by the density of 

electrodes  .  
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Figure 45 – Volumetric capacitance of AC-FWCNT electrodes after bath-sonication 

treatment (scan rate: 1 mV/s) 

 

 Table 7 summarizes the bath sonication duration, particles size, specific 

capacitance volumetric capacitance, areal capacitance values for the AS-FWCNT and 

RH-FWCNT, YP-80F-FWCNT electrodes. As can be shown from Table 7, AS 

sonicated 60 min before electrode preparation shows the best electrochemical 

performance. But such high capacitance was not repeatable and remains unclear.  

 

Table 8 – Electrochemical performances and particle size distribution of electrodes 

 

Electrodes Bath 

sonication 

duration 

Particle size 

distribution, 

μm  

Specific 

capacitance  

Volumetric 

capacitance 

Areal 

capacitance 

AS- - 1-55 121-76 34-21 0,31-0,19 

AS 10 10 1-55 130-99 37-28 0,35-0,27 

AS 30 30 1-20 176-105 50-30 0,47-0,29 

AS 60 60 85% <5 μm 

15%  15-55 

μm 

203-136 59-40 0,53-0,35 

AS 30+30 30+30 1-15 132-98 35-26 0,34-0,26 

RH - 1-50 106-86 34-28 0,31-0,25 

RH10 10 1-50 116-81 33-24 0,31-0,22 

RH30 30 1-50 116-91 31-24 0,30-0,24 

YP-80F - 1-10 106-87 43-36 0,29-0,24 
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Thus, the analyzes of the electrochemical characteristics of the hybrid electrodes 

clearly demonstrate that the relationship between particle size and specific capacitance 

is not linear. It has been found that electrodes manufactured with AC which contain a 

wide range of particle diameter possess high capacity performance than monodispersed 

one. It was found, that the distribution of AC particle size which consists 80% of 

particles with the diameter smaller than 5 µm and 20% of particles between 5 to 55 µm 

shows highest specific capacitance about 200 F/g. 

 

 3.2.8 The effect of mechanical treatment of the initial activated carbon to specific 

capacitance of hybrid electrodes 

 To study the effect of particle size on specific capacitance was used mechanical 

separation of particles by size. To separate the AS particles (specific surface area 2030 

m2/g) by size was used the sieve with different size (100 µm, 75 µm, 53 µm, 25 µm). 

As a result, AS particles were separated in three sizes: bigger than 100 µm (referred to 

as biggest), 100-75 µm (referred to as medium), less than 75 µm (smallest). AS 

particles were separated by size to enhance the electrical contact, by increasing number 

of contact points in the parallel circuit between AS and FWCNTs. 

The specific capacitance of hybrid electrodes collected with different size of AS 

particles presented in Figure 46a. According to the analysis, gravimetric capacitance 

of electrodes obtained from different size of ~100, 75~100, ~75 AS1 particles were 

about 125, 131, 120 F/g at scan rate 1 mV/s and 94, 98, 81 F/g at 100 mV/s. The scan 

rate 100 mV/s is enough amount of scan rate for conventional supercapacitors.  

An increase of specific capacitance was observed for the AS 75~100 -FWCNT 

and AS ~75 FWCNT hybrid electrodes. Hybrid electrodes which were made with the 

biggest size of AS particles (AS 100~ -FWCNT) show lower rate performance than 

other electrodes. At the development of electrodes for ECs volumetric and areal 

capacitance also play crucial roles. Figure 46b, c has shown volumetric capacitance of 

hybrid electrodes. There is a large difference between the volumetric capacitance of 

hybrid electrodes prepared by using different size of AS particles. The AS 100 ~ -

FWCNT electrodes showed the lowest volumetric capacitance. The AS-FWCNT 

hybrid electrodes which were made with 75~100 and ~75 AS particles exhibit higher 

volumetric capacitance than the AS 100~ -FWCNT electrode. It is mainly due to the 

rapid diffusion of ions within the pores of AS particles. But the rate performance of 

hybrid electrodes AS 75~100 -FWCNT and AS ~75 -FWCNT is the same, accordingly 

separation of AS particles with the size bigger than 100 µm needed for obtaining of 

hybrid electrodes with high rate performance. 

The specific surface area for the AS-FWCNT (9:1) hybrid films is shown in Table 

9. The SSA of activated carbon obtained from apricot stones is about 2030 m2/g and 

FWCNT is about 360 m2/g. The SSAs of the hybrid electrodes AS-FWCNT included 

the particular contributions of AS and CNTs surface area. Specific surface area of two 

hybrid electrodes made with different AS1 samples about 1514 and 1547 m2/g. 

According to this fact, it is seen that the size of the activated carbon particles does not 

affect the specific surface area of the hybrid electrodes. 



71 
 

 

a 

  
                                                                     b 

 

a – gravimetric capacitance, b – volumetric capacitance 

 

Figure 46 – Specific capacitance of AS1-FWCNT hybrid electrodes 

 

Table 9 – Specific surface area of AS-FWCNT films 

 

 AS1 FWCNT AS1-FWCNT 

100 ~  

AS1-FWCNT 

100 ~ 75 

SSA, m2/g 2030 360 1514 1547 

  

Thus, the measurement results of the electrochemical characteristics of electrodes 

made with different particle sizes AS1: ~ 100, 75 ~ 100, ~ 75, shows that the 
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mechanical separation of particles by size does not affect the gravimetric capacitance 

of hybrid electrodes. Specific surface area of electrodes did not change at three 

samples, which means that available surface area for ion transportation in hybrid 

electrodes is the same. From the results of study volumetric capacitance of AS1-

FWCNT electrodes after separation particles by size was stated that bigger activated 

carbon particles contribute to lower volumetric capacitance due to low packing density. 

 

3.2.9 Study of electrochemical performance of apricot stones and few-wall carbon 

nanotubes hybrid electrodes 

To determine the effect of influence of separation of particles by size on the 

specific capacitance of hybrid electrodes based on activated carbon with surface area 

1615 m2/g obtained from apricot stones and FWCNTs, initial AS particles were sieved 

to the different size and also milled by mortar before sieving process. Figure 50a shows 

the results of AS-FWCNT hybrid electrodes with the size of AS particles between 75-

100 µm after and before milling with mortar. This size was chosen to compare specific 

capacitance with the performance of electrodes after milling.  

 

 
                                       a                                                            b        

 
                                       c                                                             d        

 

a – 75-100 AS-FWCNT electrodes after and before milling; b – 53-75 AS-

FWCNT; c – 25-53 AS-FWCNT; d – 25 AS-FWCNT electrode 

 

Figure 47 – Specific capacitance of AS-FWCNT electrodes after milling 
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The specific capacitance was independent of the scan rate, even at 100 mV/s 

showing the good rate capability, 139 F/g at 1 mV/s and 103 F/g at 100 mV/s of before 

milling 75-100 AS-FWCNT electrodes. With the providing mechanical treatment by 

using mortar, there is a minor increase 10 F/g in the specific capacitance. The 

capacitance of the electrodes 75-100 AS-FWCNT after milling, was the highest at low 

scan rate, at 150 F/g and 108 F/g at 100 mV/s. Also, Figure b, c, d shows the specific 

capacitance of hybrid electrodes after milling 25, 25-53, 53-75 AS-FWCNT electrodes. 

It was about 150 F/g at the slow scan rate and 108-110 F/g at fast scan rates. 

Increase in specific capacitance of samples after milling could be explained by 

the attrition of large particles during the milling. Milling of AC particles can be 

expected to expose more graphitic edges and produce broken carbon-carbon bonds that 

are highly reactive [150]. These sites react to exposure to atmospheric oxygen resulting 

in surface functionalities that may be able to participate in side reactions with 

electrolytes.  
Thus, it was found that when processing the starting material by mechanical 

action, such as milling, an increase in the specific capacitance of the hybrid electrodes 

is observed. It is likely that the exposure of a big quantity of graphitic edge groups 

during milling process is responsible for the increase in capacitance, either by 

accelerating the decomposition of electrolyte or by forming surface functionalities that 

participate in side reactions during the charging process.  

  

3.2.10 Studies of electrochemical performance of electrodes based on walnut 

shells and few wall carbon nanotubes hybrid electrodes  

To study the influence of particles size of WS activated carbons on 

electrochemical performances of electrodes initial sample was separated by sieve for 

different size 25 μm, 25-53 μm, 53-75 μm, 75-100 μm. The resulting material is 

referred to as WS-FWCNT: size 25, 25-53, 53-75, 75-100. 

Figure 48 have shown the specific surface area of WS-FWCNT hybrid electrodes 

prepared with the different size of WS activated carbons. The specific capacitance of 

WS-FWCNT electrodes made from different size of ACs was similar about 140 F/g. It 

means that specific capacitance of WS-FWCNT electrodes does not depend on particle 

size. 

The specific surface area, structure and capacitance values for the WS-FWCNT 

hybrid films are summarized in Table 10. As can be seen from the measurements, the 

specific surface area of papers increases with the decrease of particle size of activated 

carbons. But with the change in the size of the activated carbon particles obtained from 

the walnut shell, the specific capacitance of the hybrid electrode does not change. The 

maximum specific capacity in 1 mV/s was reached when was used WS particles 

between 75100 μm.   
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Figure 48 – Effect of WS particle size on the electrochemical performance of WS-

FWCNT electrode 

 

Table 10 – Structure and capacitance values of the WS-FWCNT electrodes 

 

 25 WS-

FWCNT 

2553 WS-

FWCNT 

5375 WS-

FWCNT 

75100 WS-

FWCNT 

Thickness (μm) 136 154 139 148 

Mass density (g/cm3) 0,195 0,185 0,200 0,191 

Specific surface area 

(m2/g) 

1432 1436 1353 1145 

Specific capacitance 

(F/g) (at 1–100 mV/s) 

135-101 136-99 133-100 138-96 

Volumetric capacitance 

(F/cm3) (at 1–100 mV/s) 

26-20 25-18 27-20 26-18 

Areal capacitance 

(F/cm2) (at 1–100 mV/s) 

0,36-0,27 0,38-0,28 0,37-0,28 0,39-0,27 
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As a higher SSA translates into higher EDL capacitance, surface area of electrodes 

fabricated from different size of WS was studied. The results of BET measurement 

show, that the electrode prepared with the smaller size of WS exhibit higher surface 

area than bigger ones. Аt low scаn rаte, the АC pore structure could be fully used, 

yielding the highest EDL cаpаcitаnce for аll electrodes. Fаster scаn rаtes cаused the 

performаnce of аll electrodes to decreаse, but this decreаse wаs less pronounced for 

the 25 WS-FWCNT electrodes than the other one because of the easier ionic diffusion 

in the pores of smaller particles.. 

Also, the volumetric and areal capacitance were calculated to the WS-FWCNT 

hybrid electrodes. As can be seen from Table 10 volumetric and areal capacitance of 

electrodes did not differ among the four electrodes with differently sized WS particles. 

The volumetric capacitance at scan rate 1 to 100 mV/s lies in the limit 27-18 F/cm3, the 

areal capacitance at scan rate 1 to 100 mV/s 0,39 to 0,27 F/cm2. 

Thus, the results of the CV measurement show that hybrid electrodes made from 

different sizes exhibit similar electrochemical performance. Pаrticle pаcking is difficult 

to predict, especiаlly for powders contаining complex mixtures of non-sphericаl 

pаrticles such аs the mаteriаls used in this study. In generаl, reducing pаrticle size 

results in increаsed voidаge [151, 152]. This effect is most аppаrent for pаrticles under 

100 μm in size, due to the effect of long-rаnge interpаrticle forces, which hinders the 

relаtive movement of fine pаrticles. It hаs been shown thаt аn increаse in the frаction 

of fine pаrticles leаds to higher vаlues of voidаge. The breаdth of the pаrticle size 

distribution cаn аlso hаve аn effect on the voidаge, with reseаrch showing thаt аn 

increаse in the pаrticle size distribution breаdth reduces totаl voidаge [153]. Due to the 

effect of particle size distribution on the total void volume and void sizes, it can be 

expected that particle size of activated carbons can affect the resistance and 

performance of electrodes. But as the results of study of the effect of particle size 

distribution of WS-FWCNT electrodes specific capacitance did not change with 

decreasing particle sizes. It means that in hybrid electrodes made by mixing CNT with 

AC particles due to long length of FWCNT, total void volume and void size of AC-

FWCNT is in same range.  

 

3.2.11 Electrochemical characterization of electrodes based on Sigma Aldrich, 

YP-80F, Mesoporous carbon activated carbons and few-wall carbon nanotubes 

The biggest issue is the sample uniformity and repeatability with the 

activated carbon samples obtained from apricot stones, rice husk, walnut shell at the 

Institute of Combustion Problems. To determine the dependence of electrochemical 

characteristics on the particle size or pore size of activated carbons, electrodes based 

on activated carbons of the brand Sigma Aldrich, Mesoporous carbon were prepared. 

To prepare hybrid electrodes, AC particles were mixed with CNTs in 9:1 weight 

ratio in ethanol. The Table 11 presents characteristics of activated carbons Mesoporous 

carbon, Sigma-Aldrich, YP-80F and specific capacitance of hybrid electrodes. 

Activated charcoal from Sigma-Aldrich (St. Louis, MO, USA) has a specific surface 

area 1000 m2/g and particle size diameter between 100-200 μm. Mesoporous carbon 

with surface area 1680 m2/g, have well designed pore size and structure. Sigma Aldrich 
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activated charcoal has a large diameter and thus it would be an ideal material to break 

and check the size effect on the capacitor performance. 

 

Table 11 – Characteristics of activated carbons Mesoporous carbon, Sigma-Aldrich, 

YP-80F and specific capacitance of hybrid electrodes 

  

ACs Surface 

area, 

m2/g 

 

Features Specific 

capacitance, 

F/g 

Mesoporous 

carbon 

 

1680 Mesoporous structure (pore size 

10 nm) 

139-93 

Sigma-Aldrich 1000 Particle size (100-200 μm) 96-35 

YP-80F 2200 Particle size (5-20 μm) 112-88 

 

Figure 49 have shown specific capacitance of electrodes based on Mesoporous 

carbon, Sigma Aldrich and CNT, also as a comparison the rate capability of YP-80F-

CNT electrodes. As the results of the study, hybrid electrodes Mesoporous carbon-

CNT shows the highest capacity than other electrodes. This results confirm that fact 

the relationship between specific capacitance and surface area is not linear. Because 

electrode based on Mesoporous carbon activated carbon with surface area 1680 m2/g 

shows higher specific capacitance than that one with YP-80F activated carbon with 

surface area 2200 m2/g. For EC аpplicаtions, cаrbon mаteriаls with high SSАs usuаlly 

hаve high energy densities becаuse there is more аreа for chаrge аccumulаtion аnd 

EDL formаtion. But other fаctors such аs electricаl conductivity, pore size distribution, 

type of electrolyte аnd surfаce chemistry аlso plаy mаjor roles in the cаpаcitаnce of а 

mаterial. 

The rate capability of hybrid electrode SigmaAldrich-FWCNT was worse than 

other electrodes, it means that low specific surface (about 1000 m2/g) area and large 

diameter of particles are not desirable for ACs in electrochemical capacitor 

applications.  

As the cavitation energy during ultrasonication can disperse and fracture solids, 

SigmaAldrich and Mesoporous activated carbons were bath sonicated for 30 min 

before addition of CNT.  The effect of ultrasonication treatment is shown in Figure 50. 

Bath sonication treatment did not impact on the specific capacitance of AC-FWCNT 

hybrid electrodes. This is most likely to the fact that cavitation energy during 

ultrasonication could not fracture AC particles. The specific capacitance of the 

electrodes was reasonable at slow scan rate (130 F/g at 5 mV/s), but decreased at high 

scan rates to 93 F/g at 100 mV/s for Mesoporous carbon without sonication and 104 

F/g for mesoporous 30 min bath-sonicated. For the electrode with Sigma Aldrich 

activated charcoal capacitance decrease sharply with increasing the scan rates, at low 

scan rate 78 F/g (5 mV/s) and 34 F/g at high scan rate (100 mV/s). After 30 min bath-
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sonication treatment, no changes were observed at the performance of SigmaAldrich 

(SigmaAldrich30) electrodes. 

 

 
 

Figure 49 – The specific capacitance of YP-80F-FWCNT, Mesoporous carbon-

FWCNT, SigmaAldrich-FWCNT electrodes 

 

 

                                         a                                                                 b  

 

 a – Mesoporous carbon-FWCNT electrodes; b – Sigma-Aldrich-FWCNT 

electrodes 

 

Figure 50 – Specific capacitance of Mesoporous carbon-FWCNT, Sigma-

Aldrich-FWCNT electrodes after bath-sonication treatment 

 

Figure 51 shows SEM images of Mesoporous activated carbon without (a) and 

after (b) bath sonication treatment. From the images, an overall reduction in 

Mesoporous carbon particle size was not observed following ultrasonic treatment. It 

means that ultrasonication did not impact on the particle size of Mesoporous ACs. 
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From Figure 51b which was obtained after 30 min sonication of AC has observed 

flattening of edges of particles.  

 

 

                                                                    a 

 

 

                                           a                                                             b 

 

a – without ultrasonication treatment; b – after ultrasonication treatment 

 

Figure 51 – SEM images of Mesoporous activated carbon  

 

From the studies carried out, it can be stated that the electrochemical 

characteristics of the electrodes do not depend only on the particle size or the pore size, 

specific surface area of the activated carbons. That other factors such as electrical 

conductivity, pore size distribution, type of electrolyte and surface chemistry also play 

major roles in the capacitance of a material. 

Our studies suggest that mesoporosity of activated carbon results in a hybrid 

electrode with carbon nanotubes with a higher specific capacity despite low SSA. 

Finely dispersed state of particles of activated carbons are not key parameter for 

obtaining of high specific capacitance hybrid electrodes. 
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Thus, the obtained results of the study of the specific capacity of hybrid electrodes 

of a known trademark showed the reliability of the study with activated carbon 

obtained from vegetable raw materials at the Institute of Combustion Problems. 

 

3.2.12 Investigation of the cycle stability of hybrid electrodes based on activated 

carbons and carbon nanotubes 

Due to their highly reversible charge storage process, supercapacitors have longer 

cycle-lives than batteries and fuel cells about 500 000 cycles. The Stability of specific 

capacitance of electrodes during charge-discharge process is important parameter for 

practical application of electrochemical capacitor devices. To check the cycle stability 

of AC-FWCNT electrodes was chosen AS1-FWCNT electrodes (30 min sonicated) 

(chapter 3.2.7) with gravimetric capacitance about 180 F/g at 1 mV/s. To study cycle 

stability hybrid electrode AS1-FWCNT were charged-discharged 10000 times at scan 

rate 100 mV/s and was calculated gravimetric capacitance from CV curves.  

The Figure 52 shows the gravimetric capacitance of AS1-FWCNT electrodes 

cycled for 10000 cycles at scan rate 100 mV/s. As can be shown from results of CV 

measurement, the capacitance of AS1-FWCNT electrode changed from 90 F/g in the 

1st cycle to 78 F/g in the 10000th cycle. The average capacitance loss is about 13%, 

which confirm the stability of the obtained electrodes.  

 

 
 

Figure 52 – Specific capacitance of AS1-FWCNT electrodes for 10000 cycles at 100 

mV/s 

 

The CV plots in Figure 53 provide information about the rate capability of the 

AS1-FWCNT composite papers in 3, 2000, 4000, 6000, 8000, 10000 cycles at scan 

rate of 100 mV/s. The shapes of the CVs were similar after 2000, 4000, 6000, 8000, 

10000 cycles for the electrode prepared from AS1 and FWCNT. The electrode at scan 

rate 100 mV/s at different cycles exhibited regular rectangular shapes without any 

apparent peaks. This behavior is similar to the one of an ideal capacitor:  
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                                                             q = CV                                                       (18) 

 

where electric charge (q) is proportional to applied voltage (V), and the constant of 

proportionality is capacitance (C). High electrical conductivity and the absence of 

parasitic reactions translate into rectangular CVs, which indicate uniform ion diffusion 

and good rate performance [154]. 

 
 

Figure 53 – CV plots of AS1-FWCNT electrodes for 10000 cycles at 100 mV/s 

 

Thus, investigation of cycle life of hybrid AS1-FWCNT electrodes demonstrated 

stability of specific capacity of obtained electrodes.  

 

3.2.13 Electrical conductivity and electrical resistance of hybrid electrodes based 

on activated carbon and few-wall carbon nanotubes 

The electrical properties of carbon materials are associated with their structure. 

The resistivity/conductivity of the material is important for the electrode application. 

This аpplies both to the internаl properties of cаrbon аnd to the "аggregаte" properties, 

especiаlly in the normаl situаtion where fine-grаined forms of cаrbon аre linked 

together to form а composite electrode structure. Most cаrbon mаteriаls аre generаlly 

good insulаtors (resistivity >10-12 Ωcm) which contаin а high proportion of σ or sp3 

bonded cаrbon structures.  

The increаsing proportion of conjugаted cаrbon in the sp2 stаte during 

cаrbonizаtion grаduаlly increаses the conductivity of the initiаl mаteriаl, аs the 

electrons аssociаted with π-bonds delocаlize аnd become аvаilаble аs chаrge cаrriers 

[9]. Electricаl conductivity increаses аs the individuаl conjugаted systems аlso become 

interconnected, forming а conductive network. For example, CNT, graphene is 

conductive carbon materials because of the morphology. SWCNT perform better on 
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pure CNT electrons due to its better conductivity and higher SSA than FWCNT, 

whereas FWCNT performs better in AC hybridization due to good dispersibility in 

EtOH which does not kill pores in AC.  

The electrical conductivity, resistivity, SSA of electrodes are presented in Table 

12. A higher bulk conductivity (σ) of 159 S/cm was achieved using pure FWCNTs 

dispersed in EtOH. This was because of the better dispersion and network formation 

of CNTs in EtOH also demonstrate high conductivity of FWCNTs. The effect of 

dispersant on the available surface area of capacitive particles is an important 

consideration when aiming to maximize charge storage. Considering that EtOH can 

disperse both ACs and FWCNTs without a reduction of the capacitance, the effect of 

the dispersant over the structure of the capacitive particles is an important point to 

avoid reduction of stored electrical charge.  

 

Table 12 – The electrical conductivity, resistivity, mass density, SSA of hybrid 

electrodes 

 

Properties  75~100 

AS-

FWCNT 

75~100 

WS-

FWCNT 

AS1-

FWCNT 

RH-

FWCNT 

YP-80F-

FWCNT 

Pure-CNT 

Conductivity 

(S/cm) 

2,06  1,88  2,25 2,24 4,28 159 

Specific 

surface area 

(m2/g) 

1344 1145 1665 - - 360 

Resistivity 

(Ωcm) 

0,485 0,531 0,445 0,446 0,234 0,006 

Mass 

density, 

(g/cm3) 

0,221 0,191 0,285 0,324 0,414 0,582 

 

The conductivity of AC-FWCNT electrodes: AS-FWCNT, WS-FWCNT, AS1-

FWCNT, RH-FWCNT, as shown in Table 12 is about 2 S/cm. The electrical 

conductivities of the corresponding AC-FWCNT and YP-80F-FWCNT electrodes 

were about 2 and 4,28 S/cm, respectively, suggesting less disturbance of the electrical 

conduction pathway by smaller YP-80F particles than other activated carbons. Particles 

with the diameter less than 20 μm being mostly covered in contrast with the other AC 

and FWCNT electrodes. It was mentioned that YP-80F Kuraray activated carbons 

contain particles with the diameter less than 20 μm. 

The resistance of a carbon material depends on its chemical and structural 

morphology, the electrical resistance of a compacted layer of carbon particles depends 

on both its intraparticle resistance and contact (or interparticle) resistance [9]. In 
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addition, for a porous carbon artifact, there is resistance associated with a conductive 

pathway, through a carbon particle, through carbon/carbon and carbon/metal collector 

interfaces, and through a metal collector [28]. 

In our case, the resistivity of hybrid papers depends on physical morphology of 

activated carbon particles, like size, shape, aggregation and FWCNT. The resistivity of 

AS-FWCNT; WS-FWCNT; AS1-FWCNT; RH-FWCNT papers are 0,485; 0,531; 

0,445; 0,446 Ωcm. But the resistivity of YP80F-FWCNT papers is twice smaller than 

other hybrid electrodes – 0,234 Ωcm. It is due to low interparticle resistivity of YP-

80F-FWCNT electrodes, which could be explained by finely dispersed particles of 

activated carbon.   

Smaller particles offer smaller lengths which translate into smaller flow 

resistances to the pass of electrical current. FWCNTs cannot enhance neither electric 

conduction nor ionic diffusion within individual AC particles so smaller particles offer 

higher conductivity. For the macroscopic electric conduction, electricity flows through 

the CNT network, thus the interior of AC particles is not important. The mass density 

of the composite film is more important. This is a reason why finely dispersed YP-80F 

ACs shows 0,234 Ωcm shows in contrast with 0,485 Ωcm of the as-received AS-based 

electrode. 

 

3.3 ELECTRODES BASED ON Ni(OH)2-CNT FOR PSEUDOCAPACITORS 

3.3.1 Influence of electrolyte composition on Ni(OH)2 deposition by galvanostatic 

pulse deposition method 

The strategy of the doctoral dissertation is to use a thin, flexible, self-supportive 

CNT film like the matrix on which the redox active Ni(OH)2 inorganic nanostructure 

is deposited through the galvanostatic pulse deposition method. The use of 

electrochemical techniques leads to homogeneous deposition of Ni(OH)2 particles into 

CNT matrix, the method is relatively easy and flexible in control of the deposited 

amount, the morphology of Ni(OH)2. To obtain Ni(OH)2-CNT electrodes with best 

electrochemical performances, to control deposition amount of Ni(OH)2 flakes were 

used various electrolytes: 1M Ni(NO3)2 w/o NaOH, 9 vol%, 30 vol%, 50 vol% addition 

of NaOH and different current density of -30 mA/cm2, -60 mA/cm2, -120 mA/cm2 were 

applied.  

The property of CNT film before deposition is shown in Table 13. Characteristics 

of CNT film is playing a crucial role for further electrodeposition as porosity, 

conductivity, free-standing nature, resistivity. As can be seen from the results CNT 

film possess bulk conductivity, low resistivity.  

 

Table 13 – The property of CNT film 

 

Thickness 

[µm] 

Sheet 

resitance 

[Ω/ sq] 

Resistivity 

[Ω cm] 

Conductivity 

[S/cm] 

density of 

CNT 

[mg/cm2] 

Tap density of 

CNT [g/cm3] 

37 3,73 0,013 73 0,76 0,21 
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It is shown thаt the electrodeposition of the Ni(OH)2 film from the Ni(NO3)2 mаy 

include the following processes. When аn electric current pаsses the electrolyte 

contаining Ni(NO3)2, nitrаte ions cаn be reduced on the cаthodic surfаce to produce 

hydroxide ions. The generаtion of OH- аt the cаthode rаises the locаl pH, resulting in 

the precipitаtion of Ni(OH)2 аt the electrode surfаce аccording to the following 

reаctions [155]: 

 

                         
−+−−

+++ OHNHeOHNO 1087 423                             (19) 

                                   + −+

2

2 )(2 OHNiOHNi                                  (20) 

 

Аt work [155] hаve shown thаt the predominаnt species of soluble complexes in 

concentrаted Ni(NO3)2 аqueous solutions (1M in our work) is the polymeric 

Ni4(OH)4
4+. The polymeric species Ni4(OH)4

4+ then combines with more OH- to form 

Ni(OH)2 deposit аs given in equаtions:  

 

(21)

+−+ +
4

44

2 )(44 OHNiOHNi                                   (22) 

 

These reactions are likely to occur simultaneously during the electrodeposition 

process. Addition of 1M NaOH to Ni(NO3)2 solution leads to the formation of OH- ions 

which cause a steep increase in the pH close to the electrode surface and nickel 

hydroxide precipitation takes place.  

Figure 54 shows time profile of the potential during pulse deposition of the 

Ni(OH)2 deposition at different electrolyte of 1M Ni(NO3)2 w/o NaOH, 9 vol%, 30 

vol%, 50 vol% addition of NaOH at the current density of -60 mA/cm2. As can be seen 

from Figure 54a on electrodeposition of Ni(OH)2 by using only Ni(NO3)2 electrolyte 

and electrolyte with 9 vol% NaOH addition, the potential difference is the same. 

Overpotential has increased dramatically in 50 vol% addition of NaOH to the 

electrolyte (Figure 54b). 

The dependence of deposited nickel hydroxide on the fraction of NaOH on CNT 

films shown in Figure 55. The areal density of Ni(OH)2 were calculated by  

   

CNT

Ni(OH) deposited

S

m
density  Areal 2=                                    (23) 

 

where 
2Ni(OH) depositedm is the mass of deposited Ni(OH)2 which was calculated by 

weighting CNT film after and before deposition and CNTS is the area of CNT film. At 

50% addition of NaOH the areal density of Ni(OH)2 was 1,78 mg/cm2 and after 

electrodeposition without the addition of NaOH areal density was about 0,5 mg/cm2. 

+ −+

2

4

44 )(44)( OHNiOHOHNi
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Figure 54 – Time profile of the potential during pulse deposition of the CNT-Ni(OH)2 

film at 60 mA/cm2 in addition different amount of NaOH 

 

But there is not so big change in areal density of Ni(OH)2 deposited by using 

electrolyte with 30 vol% NaOH and 50 vol% NaOH, 1,52 mg/cm2 and 1,78 mg/cm2. 

The results of calculation shown in Figure 58a demonstrate that by increasing of added 

NaOH volume the areal density of deposited Ni(OH)2 increased. This fact can be 

explained by the amount of OH- anion which form from NaOH. Also, in Figure 56b 

have shown the dependence of pH of electrolyte for electrodeposition on the volume 

fraction of NaOH. As can be shown from images by increasing the amount of NaOH 

the pH of the solution increased due to the increased concentration of OH- anion.  

 

 
 

Figure 56 – a – Dependence of areal density of Ni(OH)2 on fraction of NaOH 

b – pH vs volume fraction of NaOH 

 

The effect of loaded NaOH volume on the electrodeposited amount of Ni(OH)2 

films is discussed in detail by SEM and EDS analysis. Figure 57 shows SEM images 
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of Ni(OH)2-CNT electrodes after electrodeposition with a different solution of 

Ni(NO3)2: w/o NaOH, 9%, 30%, 50% addition at current density -30 mA/cm2. As can 

be seen from the figures, the amount of NaOH is significant, which was added to nickel 

nitrate. From the obtained images it is possible to see how the surface of the CNT film 

is coated with electrodeposited Ni(OH)2. In the case with Ni(NO3)2 solution w/o NaOH 

and with 9% NaOH addition intertwined carbon nanotubes were observed (Figure 57 

(a, b)). After electrodeposition with Ni(NO3)2 solution with 30 vol% and 50 vol% 

NaOH addition, CNT films were covered with deposited nickel hydroxide (Figure 59 

(c, d)) showing different surface structure than those w/o and 9% NaOH addition. 

There are no bundles of CNT, indicating uniform dispersion of Ni(OH)2 over the film.  

 

 
                                         a                                                        b        

 
                                         c                                                        d 

 

 a – w/o NaOH; b – 9 vol% NaOH; c – 30 vol% NaOH; d – 50 vol% NaOH 

addition 

 

Figure 57 – Morphology of a Ni(OH)2-CNT electrodes deposited at -30 mA/cm2 

 

Figure 58 shows SEM images of Ni(OH)2-CNT electrodes after electrodeposition 

with the different solution of Ni(NO3)2: w/o NaOH, 9%, 30%, 50% addition of NaOH. 

From SEM images of electrodes at high magnification, a clear difference can be seen 

in morphology of electrodes for different NaOH addition. Thus, the direct influence of 
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added NaOH amount on Ni(OH)2 deposition is confirmed by images of scanning 

electron microscopy.  

 

 

 
 

Figure 58 – High magnification SEM images of Ni(OH)2-CNT electrodes 

 

The structure of the Ni(OH)2-CNT electrodes was also studied by EDS mapping 

(Figure 59). As can be shown from the results the amount of deposited Ni(OH)2 

increase with increasing concentration of NaOH, which was confirmed by areal density 

of Ni(OH)2 and SEM images of samples. Also, we need to take into account, that EDX 

analysis show elemental composition only in one point, and could not measure weight 

percentage of elements in the total electrodeposited electrode. 

Figure 60 shows cross-sectional images of electrodes obtained by SEM. The 

elements indicated with the different color in Figure 62: carbon with red, oxygen with 

green, nickel with blue. It is demonstrating the difficulties to analyze obtained 

electrodes by EDS. 
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Figure 59 – EDX analysis of Ni(OH)2-CNT electrodes 

 

 
  

Figure 60 – Investigation by EDAX analysis Ni(OH)2-CNT electrodes 

 

SEM images of cross section of Ni(OH)2-CNT electrodes have shown in Figure 

61. The Ni(OH)2-CNT electrodes have layered, well-packed structure where fibers of 

carbon nanotubes (Figure 61a) clearly seen after electrodeposition with 1M Ni(NO3)2 

without the addition of NaOH. By increasing the added amount of NaOH the structure 

of electrodes became more packed, the fibers of CNTs disappear by increasing the 

volume ratio of NaOH. Also, by SEM images of cross-section CNT films can be seen 

that Ni(OH)2 deposited uniformly, even through the inner layers CNT film.  

The cross-sectional view shows that the Ni(OH)2 film has well adhered to the 

CNT structure (Figure 61 (c, d)). No peeling off of the Ni(OH)2 film from the CNT 

film. The Ni(OH)2 thin film exhibits a highly random architecture, which is composed 

of nanoflakes.  
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 a                                                                  b        

 

 
c                                                                d  

 

a – w/o NaOH; b – 9 vol% NaOH; c – 30 vol% NaOH; d – 50 vol% NaOH addition 

 

Figure 61 – Cross-section SEM images of Ni(OH)2-CNT electrodes 

 

The crystal structures of the obtained samples are characterized by X-ray 

diffraction (XRD) patterns. As shown in Figure 62 (a, b), all the diffraction peaks of 

the CNT film and Ni(OH)2-CNT films w/o, 0 vol%, 30 vol%, 50 vol% NaOH can be 

indexed to α-Ni(OH)2. The 2θ degrees for diffractions of (003), (101), (110), planes 

are at 19,258, 33,064 and 62,726°, respectively. The peaks due to Ni(OH)2 have been 

assigned in reference to the ICDD card number of 14-0117 for Ni(OH)2. In Figure 64 

(a, b) by circle indicated peak which shows CNT structure. For Ni(OH)2-CNT 

deposited by using Ni(NO3)2 without addition of NaOH and with addition of 9 vol% 

NaOH the XRD diffraction peaks are low and broad, revealing the poor crystallinity 

and small size of the crystallite. Interestingly, with the increasing of NaOH volume 

ratio, the diffraction peaks become obviously stronger, indicating the enhanced 

crystallization of the Ni(OH)2-CNT. It can be found that the crystallization can be 

optimized with an increasing amount of NaOH, as is displayed by the XRD patterns of 

Ni(OH)2-CNT in Figure 62b.  
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               – Ni(OH)2; – CNT 

 

Figure 62 – XRD pattern of the CNT and Ni(OH)2-CNT film deposited at current 

density -60 mA/cm2 

 

In this way, the deposition of Ni(OH)2 on CNT film at -60 mA/cm2 current density 

in addition to different amount of NaOH was confirmed by X-ray diffraction pattern.  

The results of the analysis of the morphological features and structural 

characteristics of the obtained electrodes by physicochemical methods of analysis 

showed the dependence of the deposited Ni(OH)2 on the amount of NaOH. Deposited 

amount of Ni(OH)2 increase with increasing of the volume ratio of NaOH. According 

to the results of the study samples was established that the most optimal electrolyte 

composition for deposition of Ni(OH)2-CNT is 1M 50 vol% Ni(NO3)2 and 1M 50 vol% 

NaOH. 

 

3.3.2 Influence of current density on Ni(OH)2 deposition on CNT film by 

galvanostatic pulse deposition method 

To study the influence of current density on Ni(OH)2 deposition by galvanostatic 

pulse deposition method experiments was conducted at -30, -60, -120 mA/cm2. Total 

applied electric charge equals to 3 C ((0,5 s pulse with rest of 10 s)·n). 

Figure 63 shows the deposited amount of Ni(OH)2 on CNT film at different 

current density: -30, -60, -120 mA/cm2. Based on the obtained results, it can be stated 

that deposited amount of Ni(OH)2 are the same at different current density of -30, -60, 

-120 mA/cm2 at 50% volume addition of NaOH. The total amount of deposited 

Ni(OH)2 about 2 mg/cm2. From the results, it can be seen that the change in the current 

density does not have a significant effect on the deposited amount of Ni(OH)2. It is due 

to fixed total applied electric charge. 

Time profiles of potential of the CNT film during Ni(OH)2 deposition at the 

different current density in 50 vol% NaOH are shown in Figure 64. By the results of 

the study pulse condition of electrodeposition Ni(OH)2 on CNT film is established, that 

by increasing the loading amount of current density, the potential is increased. This 

◆ 〇 
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phenomenon is explained by the fact that the value of the potential is a function of the 

current density. 

 

 
 

Figure 63 – Dependence of areal density of Ni(OH)2 on current density 

 

  
 

Figure 64 – Time profiles of potential of the CNT-film during Ni(OH)2 deposition at 

different current density in Ni(NO3)2 solution with 50 vol% NaOH addition 

 

The crystal phase and structure information on the obtained electrodes were 

obtained by XRD measurements. Figure 65 shows the acquired XRD patterns of CNT-

Ni(OH)2 electrodes deposited with the electrolyte of Ni(NO3)2 with 50 vol% NaOH 

addition at different current density.  

As shown in Figure 65, all the diffraction peaks of the precursor CNT Ni(OH)2 

can be indexed to α-Ni(OH)2. The 2θ degrees for diffractions of (003), (101), (110), 
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planes are at 19,258, 33,064 and 62,726° respectively. For CNT-Ni(OH)2 film obtained 

at different current density XRD diffraction peaks are not intensive, which reveal the 

poor crystallinity and small size of the crystallite.  

From the obtained XRD results it is shown that with the increase of current density 

XRD pattern of electrodes has not changed.   

 

 
                      – Ni(OH)2;  – CNT 

 

Figure 65 – XRD patterns of the CNT and Ni(OH)2-CNT film  

 

SEM images at the high and low magnification of the prepared samples with 

applying different current density: -30, -60, -120 mA/cm2 are shown in Figure 66. As 

shown in Figure 66, CNT film precursor Ni(OH)2 is stacked particle and the deposited 

Ni(OH)2 on CNT is observed as aggregated nanoplate. Figure 66 displays the 

morphology and structure of CNT-Ni(OH)2 composite, we can also observe the layer 

of CNT under stacked particles of Ni(OH)2. 

The SEM images of electrodes indicate that Ni(OH)2 and CNT are homogenously 

contacted and intercalated with each other. Besides, CNTs overlap with each other and 

therefore lead to three-dimensional and a porous net. 

.The (SEM) image in Figure 66a shows the formation of the thick film of Ni(OH)2 

structure. At current densities of -30 and -60 mA/cm2, rough structures are observed. 

The Figure 66b shows that Ni(OH)2 deposited at -60 mA/cm2 condition forms thick on 

CNT network.  

 
 

◆ 〇 
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a 

   
b 

 

a – high magnification; b – high magnification 

 

Figure 66 – SEM images of the Ni(OH)2-CNT film 

 

According to the results of the study, it is established that Galvanostatic pulse 

deposition leads to homogenous deposition of Ni(OH)2  on CNT film. For further 

investigation, Ni(OH)2-CNT electrodes deposited by using aqueous solution of 1M 

Ni(NO3)2 with addition of different volume ratio of 1M NaOH at current density -30 

mA/cm2 were chosen.   

 

3.4.3 Electrochemical performance of Ni(OH)2-CNT film deposited at -30 

mA/cm2 by different volume addition of NaOH to electrolyte 

To further explore the potential application of CNT-Ni(OH)2, electrochemical 

measurements were carried out with electrodes deposited at 30 mA/cm2 by different 

volume addition of NaOH (w/o, 0 vol%, 30 vol%, 50 vol% NaOH). Figure 67 displays 

the CV curves of the CNT-Ni(OH)2 electrode deposited at 30 mA/cm2 deposited with 

electrolyte w/o NaOH in 3M KOH at the potential window of 0,10 – 0,60 V (vs. 

Hg/HgO) with various scan rates (1-300 mV/s). During the scanning, oxidation and 

reduction peaks are observed, which are corresponding to the reversible reactions of 

Ni(II)–Ni(III), revealing typical pseudocapacitor behavior. Anodic and cathodic peaks 

appear between 0,1 and 0,4 V vs SCE at the CVs (Figure 67 (a, b)) of an electrode 

deposited from a Ni(NO3)2 aqueous solution. The appearance of these peaks is typical 

-30 mA/cm
2

 -60 mA/cm
2

 -120 mA/cm
2
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of those found in the literature and attributed to the formation and subsequent reduction 

of a few monolayers of Ni(OOH). It is well accepted that the surface faradic reactions 

will proceed on the base of the following reaction: 

 
−− ++=+ eOHNiOOHOHOHNi 22)(                      (24) 

 

The anodic peak is due to the oxidation of Ni(OH)2 to NiOOH, and the cathodic 

peak is for the reverse process. The potential difference )( ROOR EEE −  between the 

oxidation potential and the reduction potential is a measure of the reversibility of the 

redox reaction and the relatively small values obtained here indicates better 

reversibility [156]. Besides, the shape of curves displayed that the capacitance 

characteristic was distinct from that of the electric double layer capacitor, which would 

produce a CV curve close to an ideal rectangular shape. Although solution and 

electrode resistance can deform the current response at the switching potential and this 

distortion is dependent upon the scan rate [157], as can be seen from Figure 67a, the 

shape of CV curves of the Ni(OH)2 films are not significantly influenced with the 

increasing of the scan rates. This indicated that the improved mass transportation and 

electron conduction within the material. These results indicate that the measured 

capacitance is mainly based on the redox mechanism shown by equation (23). 

The gravimetric capacitance of the Ni(OH)2-CNT electrodes was calculated from 

the CV curves and is shown in Figure 68 by formula indicated in chapter 3.2.6. The 

specific capacitance of the Ni(OH)2-CNT electrodes increases almost linearly with the 

increasing NaOH vol% addition. The specific capacitance reaches a maximum of 1600 

F/g electrode at low scan rates for the electrode deposited by using Ni(NO3)2 with 

NaOH 50 vol% addition. The Ni(OH)2-CNT electrodes prepared w/o NaOH electrolyte 

shows the best rate performance than others, but the specific capacitance was around 

400 F/g at 1 mV/s and it was stable till 100 mV/s. The specific capacitance of pure 

Ni(OH)2 without CNT, is only 96 F/g [158, 159]. It can be rationalized that highly 

dispersed, loosely packed Ni(OH)2 phase and its nanometer-sized whiskers on the 

exteriors and interiors of CNT provide an important morphological foundation for the 

extraordinary high specific capacitances of CNT-Ni(OH)2 electrodes. This strategy to 

use CNT matrix as a template for the directed synthesis of redox active nanocomposite 

plays a critical role in increasing the specific capacitance of the composite material. 

This can be explained by the contribution from double layer capacitance that may 

supply the additional boost of observed specific capacitance. 
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a 

 
b 

 

 a – CV curves at 1-5 mV/s; b – 1-300 mV/s 

 

Figure 67 – CVs of the Ni(OH)2-CNT at different scan rates  
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Figure 68 – Specific capacitance of Ni(OH)2-CNT electrodes at different volume 

addition of NaOH  

 

The Figure 69 (a, b) shows areal and volumetric capacitances of Ni(OH)2-CNT 

electrodes formed at different volume addition of NaOH to Ni(NO3)2 solution (w/o, 0 

vol%, 30 vol%, 50 vol%) at current density of –30 mA/cm2. The volumetric 

capacitances were calculated by formula indicated in chapter 3.2.7. The areal 

capacitances were estimated from the following equation: 

lCC volareal =                                               (25) 

where volC  is volumetric capacitance, l  is the thickness of the electrode.  

As can be shown from Figure 69a the increase in the areal capacitance was 

observed to 50 vol% NaOH sample up to 4 F/g, when the areal capacitance of electrode 

prepared by using electrolyte for electrodeposition w/o NaOH equal to 0,5 F/cm2 at 

slow scan rates. The volumetric capacitance of Ni(OH)2-CNT electrodes formed with 

30 vol% and 50 vol% NaOH volume addition are similar, but volumetric capacitance 

of that with NaOH 9 vol% addition is twice smaller, about 550 F/cm3 (Figure 69b). By 

the addition of NaOH to the electrolyte, significant improvement was observed in the 

electrochemical performances of Ni(OH)2-CNT electrodes. 

 As the loaded amount of Ni(OH)2 is known (electrodes were weighted before and 

after deposition), the capacitances per gram of Ni(OH)2 were calculated. The Figure 70 

shows the results of capacitance per gram of deposited Ni(OH)2. The Ni(OH)2-CNT 

electrodes at 50 vol% NaOH condition shows excellent performance equal to 2500 

2)(/ OHNigtoltalF − , and that with 30 vol% NaOH addition shows 2000 
2)(/ OHNitoltalF  at 1 

mV/s. The Ni(OH)2-CNT electrodes prepared with the electrolyte of Ni(NO3)2 w/o 

NaOH exhibit better rate performance than other electrodes. 
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                                   a                                                                  b 

 

 a – areal capacitance; b – volumetric capacitance 

 

Figure 69 – Areal capacitance (a) and volumetric capacitance (b) of Ni(OH)2-CNT 

electrodes at different volume addition of NaOH 

 

 

 

Figure 70 – Specific capacitance per gram of Ni(OH)2 of Ni(OH)2-CNT electrodes 

 

 Table 14 summarizes the structure, property, and capacitance values for the 

synthesized Ni(OH)2-CNT electrodes deposited by w/o, 9 vol%, 30 vol%, 50 vol% 

NaOH. As observed from the results, with an increase in the amount of NaOH in the 

electrolyte deposited amount of Ni(OH)2 on CNT films increases accordingly 

electrochemical performance of electrodes became higher.  
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Table 14 – Structure and capacitance values of the Ni(OH)2-CNT electrodes 

 

 w/o NaOH 9 vol% 

NaOH 

30 vol% 

NaOH 

50 vol% 

NaOH 

Deposited amount of 

Ni(OH)2, mg/cm2 

0,3 0,8 1,5 1,8 

Weight percentage of 

Ni(OH)2, % 

29,4 50,8 65,7 66,4 

Specific capacitance at 

1 mV/s, F/g 

400 850 1300 1600 

Volumetric capacitance, 

F/cm3 

200 500 1200 1180 

Areal capacitance, 

F/cm2 

0,5 1,4 3 4 

Capacitance per 

Ni(OH)2, Ftotal/Ni(OH)2 

1400 1650 2000 2400 

 

 Thus, it was found that the specific capacitance directly depends on the deposited 

volume of Ni(OH)2. The unique microstructure is responsible for the good 

electrochemical capacitance performance, which creates the fast electrochemical 

accessibility of the electrolyte and OH- ions to the bulk of the Ni(OH)2 phase, providing 

an important morphological basis for a high specific capacitance. The maximum 

specific capacitance of Ni(OH)2-CNT electrodes shows excellent capacitance up to 

1600 F/g was obtained for the Ni(OH)2-CNT deposited by using the aqueous solution 

of 1M Ni(NO3)2 with 50 vol% NaOH addition, at current density of -30 mA/cm2.  

As shown by the results of the analysis, the high capacitive performance of the 

Ni(OH)2-CNT electrodes is due to deposition of the thin and porous active material 

onto the self-supporting CNT matrix which allows making electrodes without the 

poorly conductive and electrochemically inactive binder; the 3D interconnected 

structure of CNT film gives a highly conductive network to effectively transfer enough 

electrons to the active material; the larger surface area of the CNT (360 m2/g, which 

provides thousand-times larger surface than that of a flat current collector), gives a 

more open surface for the contact with the active material; the good contact between 

the Ni(OH)2 and CNT facilitates electron transfer; and the thin and porous Ni(OH)2 

nanoflakes within the 3D interconnected electrode structure ensures fast and efficient 

transport of the electrolyte ions. 
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CONCLUSIONS 

 

1. Composite material (S/MWCNT/PAN) for electrodes of Li/S batteries, 

which employs sulfur particles and MWNT synthesized by CVD on shungite substrate 

have been developed. It was established that electrodes based on obtained composite 

material exhibits excellent performance with a high initial capacity 1500 mAh/g and a 

stabilized capacity of 800 mAh/g after 50 cycles at 0.2 C, which could be attributed to 

the uniform dispersion of sulfur with MWNTs. 

2. Self-supporting, flexible hybrid EDLC electrodes were obtained by 

combination of high capacitive biomass derived ACs with an electrically conductive 

matrix of few-wall carbon nanotubes (FWCNTs). The optimal weight ratio of 

AC:FWCNT, 90:10 in weight to obtain physically robust, high capacitive electrodes 

was find. AS-FWCNT, WS-FWCNT hybrid electrodes exhibited higher specific 

capacitance equal to 140-150 F/g with comparison to the YP80F-FWCNT standard 

electrode.  

3. The effect of particle size, specific surface area of ACs on electrochemical 

performance of AC-FWCNT electrodes were investigated. It has been found that 

electrodes manufactured with AS ACs which contain a wide range of particle diameter 

possesses high capacity performance than monodispersed one.  

4. Ni(OH)2 nanoparticles were deposited on thin, flexible, self-supporting 

CNT film through galvanostatic pulse deposition method. It has been established, that 

by increasing the volume addition of NaOH to the 1M Ni(NO3)2 aqueous solution 

deposited amount of Ni(OH)2 on FWCNT film proportionally increases. It is shown, 

that the maximum specific capacitance of Ni(OH)2-CNT electrodes up to 1600 F/g-

electrode was observed for the Ni(OH)2-CNT deposited by using aqueous solution of 

1M NaOH:1M Ni(NO3)2, equal to 50:50 vol%, at current density -30 mA/cm2. 
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