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Abstract  

Hodlevska M.A. Electrode Materials of Hybrid Supercapacitors on the Base of 

Nanocomposite Materials NiFe2O4 / rGO. – Qualifying Scientific Work on the Rights of 

Manuscript.  

Dissertation for Obtaining the Degree of Doctor of Philosophy, Specialization 

105 – Applied Physics and Nanomaterials. – Vasyl Stephanyk Precarpathian National 

University, Ivano-Frankivsk, 2023.  

The main result of the dissertation research is establishing of the general 

principles of development of simultaneous hydrothermal synthesis (with the 

determination of the effect of cationic surface acting agent) and simultaneous sol-gel 
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autocombustion synthesis of nanocomposite materials of spinel nickel ferrite/reduced 

graphene oxide and the effect of morphological (specific surface area and porosity 

parameters) and electrophysical (specific electrical conductivity and activation energy 

of charged carriers transport) properties of these materials on electrochemical 

parameters of electrodes and their base in an aqueous alkaline electrolyte under the 

condition of the development of contribution of electrostatic and Faraday components to 

the total capacitance of the material.  

Chapter 1 is dedicated to the comparative analysis of data, obtained from 

scientific literature, about types and performance characteristics of supercapacitors, 

characteristics of electrostatic (with the development of a double electrical layer) and a 

pseudocapacitive (accompanied by fast Faraday reactions) mechanism of the carrier 

storage. The chapter emphasizes the development of the sole block of criteria required 

for the effective use of the materials as electrodes of electrochemical capacitators. The 

Dissertation reveals advantages and disadvantages of the use of ultradispersive 

materials as a base for electrode composition. The Dissertation reviews the potential use 

of basic types of carbon nanomaterials (porous carbon, carbon nanotubes, and reduced 

graphene oxide) in supercapacitors technology. The author analyses possibilities of 

transition metal oxides use for the development of battery-type supercapacitors 

electrodes. Further, the author outlines the main ways of modification of 

electrochemical parameters of electrodes based on nickel and iron oxides under the 

condition of their participation in the development of composites of carbon 

nanomaterials. The conclusion of the critical overview is the formulation of the main 

goal of the Dissertation – establishing of the general principles of the effect of specific 

surface area and parameters of porous structure, specific electrical conductivity, and 

activation energy of conductivity on specific capacity of electrodes based on composite 

nanomaterials of spinel nickel ferrite/reduced graphene oxide and tasks required for 

achieving the goal.  

The second chapter of the dissertation research is devoted to a detailed description 

of the features of the application of experimental methods for studying the obtained 

nickel-iron spinel / reduced graphene oxide composite materials. The general principles 
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of operation and functional features of the equipment used are described very briefly. In 

particular, X-ray diffractometry (phase composition and structural features, unit cell 

parameters, particle size (coherent scattering regions)), Mössbauer spectroscopy 

(indirect phase analysis, parameters of electron-nuclear interactions), adsorption 

porosimetry (the value of the specific surface area, type of their pores and their size 

distribution), impedance spectroscopy (frequency-temperature dependences of 

conductivity, dominant charge transport mechanisms, determination of conduction 

activation energies), Raman spectroscopy (structural characteristics of graphene 

materials) and cyclic voltammetry (specific capacitance characteristics, ratio of 

electrostatic and Faraday components of capacitance).  

The third chapter describes the preparation of colloidal solutions of graphene oxide 

according  to  the  Hamers  (GO-H)  and  Tour  (GO-T)  methods,  the  reduction  of  the  

obtained graphene oxides by chemical method (hydrothermal method, hydrazine 

hydrate was used as a reducing agent, at a temperature of 120oC for 12 hours) and 

thermal microwave method (microwave irradiation at a magnetron power consumption 

of 950 W for a total of 100 s). A comprehensive comparative analysis of the structure of 

reduced graphene oxide (rGO) synthesized on the basis of colloidal GO obtained by the 

Hamers (rGO-H) and Tour (rGO-T) methods was carried out. It has been found that, 

regardless of the protocol used to obtain the initial GO and the reduction method, rGO 

particles have a thickness of 1.3-1.4 nm, and consist of 4-5 graphene planes with 

dimensions in the direction parallel to the basal plane of 6.2-7.5 nm. At the same time, 

rGO samples obtained by the chemical method (rGO-H(Chem) and rGO-T(Chem)) 

have lower specific surface area (S ) (172 and 196 m2/g, respectively) compared to 

materials obtained by thermal microwave method (rGO-H(MW) and rGO-T(MW)), for 

which  the  S values are 214 and 243 m2/g, respectively. Regardless of the GO 

synthesis protocol and the reduction method, the obtained samples of reduced graphene 

oxide have a mesoporous structure with the presence of two most probable pore sizes: 

about 7 nm (“small” pores, formed by packets of graphene planes) and about 20 nm 

(“large” pores, formed by the gaps between aggregates of rGO packages). The relative 

content of “small” mesopores is minimal for rGO-H(Chem), and for materials obtained 
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by the chemical method, their contribution to the total pore volume is smaller or close to 

the contribution of “large” pores. For rGO obtained by thermal microwave reduction, 

“small” mesopores dominate. It has been found that for rGO samples obtained by the 

chemical method, the proton jumping mechanism of electrical conductivity (the 

Grotthuss mechanism) dominates at activation energies of about 0.13-0.20 eV. For rGO 

materials obtained by the thermal microwave method, a weak frequency dispersion of 

the temperature dependences of the electrical conductivity is observed; moreover, for 

the rGO-H(MW) material, the conductivity at T  125°C increases in the high-

frequency region (typical for disordered semiconductors), while manifestations of the 

skin effect are observed for the temperature range of 150-200°C. The conductivity of 

the rGO-T(MW) material decreases with increasing temperature. The observed 

differences in the electrophysical properties are explained by the structural and 

morphological features of the samples at a relatively high degree of reduction of 

materials obtained by the thermal microwave method. Regardless of the reduction 

method and the type of protocol for obtaining GO, as the basis of the electrode 

composition in an alkaline electrolyte (6M aqueous KOH solution) in the study by 

cyclic voltammetry, approbation of rGO materials has revealed an exponential decrease 

in specific capacitance with increasing scanning speed of the potential with the 

achievement,  in  the  s approximation, of equilibrium values of the specific 

capacitance of 18.6 and 23.2 F/g for rGO-H(Chem) and rGO-H(MW) (32 and 38 F/g at 

s=5 mV/s) and 20.2 and 25.9 F/g for rGO-T(Chem) and rGO-T(MW) (34 and 46 F/g at 

s=5 mV/s) with a relative contribution of EDL capacitance in the total capacitance of 

27.6 and 31.9%, and 27.9 and 34.0%, respectively. The pseudocapacitive response of 

rGO in an alkaline electrolyte can be caused by the following redox reactions: -
+ -; - -+ + -; - -  - . There is a strong 

positive correlation between the equilibrium values of the specific capacitance and the 

specific surface area of the rGO samples, regardless of the preparation protocol. At the 

same time, the thermal microwave reduction method makes it possible to achieve 

relatively higher equilibrium values of the specific capacitance. 
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The fourth chapter of the dissertation work is devoted to establishing the influence 

of production conditions (type of synthesis – hydrothermal or sol-gel auto-combustion, 

the presence of additional factors of influence – the presence of surfactants, a colloidal 

solution of graphene oxide, heat treatment) on structural and morphological (the value 

of the specific surface area and the pore-size distribution) and electrophysical (electrical 

conductivity, activation energy of conduction) properties of nickel-iron spinel/reduced 

graphene oxide composite nanomaterials, as well as establishing correlations between 

the structural-morphological, electrophysical and electrochemical parameters of 

electrode materials during their testing in an alkaline aqueous electrolyte with the 

calculation of the contributions of the electrostatic and Faraday mechanisms of charge 

accumulation to the total capacitance of the electrode. The preparation of nickel 

ferrite/reduced graphene oxide (NiFe2O4/rGO) composites by the method of joint 

hydrothermal synthesis (followed by exposure at a temperature of 180°C for 5 hours) is 

described. Three systems were obtained with different mass ratios of the content of the 

oxide and graphene components (N0 – material without the graphene component, 

materials N1 and N2 – mass ratios of the oxide and graphene components are 3:1 and 

3:2, respectively). According to the results of the phase analysis, the resulting N0 

material is monophase cubic NiFe2O4with a particle size of 15 nm. The use of colloidal 

GO obtained by the Tour method as a component in the hydrothermal synthesis of the 

composite leads to the formation of an impurity component – the -Fe2O3phase (up to 

15 mol%), an increase in the nonstoichiometry of NiFe2O4, and a decrease in the 

average size of ferrite particles. Regardless of the content of the graphene component 

and the heat treatment temperature, the materials of the N1 and N2 systems have a 

mesoporous morphology with a continuous pore size distribution in the range of 3-

30 nm. Annealing in an inert-gas medium (argon) at temperatures of 200, 400 and 

600°C causes nonmonotonic changes in the SBET value due to an increase in the average 

mesopore size with maximum values of 111 and 162 m2/g for materials N1-200 and N2-

200 (for these materials, the maximum content of small mesopores with a size of 4 nm 

is observed). The frequency-temperature dependences of the conductivity of the 
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material N0 indicate the transport of charge carriers by means of carrier jumps between 

the contacting particles. For composites, the conduction spectra exhibit behavior 

characteristic of a system of well-conducting particles (a low-frequency plateau and a 

sharp decline with increasing frequency above 104 Hz) as a result of manifestations of 

the skin effect with activation energies of conduction in the range of 0.04-0.10 eV. A 

positive correlation is observed between the SBET of the NiFe2O4/rGO composites and 

the values of the activation energy of percolation electrical conductivity ( a). 

Testing electrodes based on N0 material in 6M aqueous KOH electrolyte revealed 

that the specific capacitance drops exponentially from 33 F/g (at s=5 mV/s) to about 15 

F/g  at  s .For  electrodes  based  on  materials  of  the  N1  and  N2  series  in  6M  KOH  

electrolyte, the maximum specific capacitance values are 67-97 F/g (at s=5 mV/s), 

while the equilibrium values of specific capacitance (at s ) are 26-38 F/g, and the 

maximum capacitance values are achieved for materials with maximum SBETvalues 

(materials annealed at 200°C). The Faraday capacitance component dominates for 

electrodes based on materials of the N1 and N2 series – 86-94 and 94-99%, 

respectively, and for materials with a relatively higher content of the graphene 

component, a linear correlation is observed between the equilibrium values of 

capacitance at s  and SBET. At the same time, there is a strong correlation between 

the values of  C (at  s )  and  SBET, as well as the conduction activation energy a(the 

multiple correlation coefficient is 0.989). 

The next step was to check the presence of a cationic surfactant 

(cetriltrimethylammonium bromide, CTAB) in the reaction medium for the structural 

and morphological characteristics of NiFe2O4 and NiFe2O4/rGO. Three series of samples 

were obtained – the L0 system (CTAB present), the L1 system (rGO + hydrazine 

present), and the L2 system (CTAB and rGO + hydrazine present). The predicted mass 

ratio of the oxide and graphene phases of samples L1 and L2 was 2:1. The L0 material 

is in a state close to X-ray amorphous with paramagnetic ordering; annealing in argon at 

300°C causes rapid crystallization of the NiFe2O4phase with an average particle size of 

17 nm. At the same time, the growth of particles for materials containing rGO is much 
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slower; the average size of oxide particles in L1 and L2 composites annealed at 300°C 

is 8.0 and 8.5 nm, respectively. All obtained materials are mesoporous with the presence 

of a microporous component, and the material L0 is characterized by a continuous 

mesopore size distribution with a maximum at about 5 nm, and annealing at 300°C 

(sample L0-300) causes an increase in the relative content of large mesopores with their 

uniform size distribution. For the initial composites of the L1 and L2 series, the pore 

size distribution is characterized by the presence of two maxima – in the region of 

micropores (about 2 nm) and mesopores (about 3.5-4 nm), and annealing at 300°C does 

not change the position of the first maximum, however, a shift of the second maximum 

is observed (up to about 5 nm). Annealing at 300°C leads to a slight decrease in the SBET 

of sample L1-300 (133 m2/g) compared to material L1 (145 m2/g), while the SBETvalue 

for samples L2 and L2-300 is 113 to 221 m2/g, which is probably due to the destruction 

of surfactant residues. Frequency-dependent polaron transport is the main mechanism of 

electrical conductivity for the "pure" NiFe2O4synthesized using CTAB (  = 0.26-

0.37 eV). The presence of the rGO component determines the appearance in the 

NiFe2O4/rGO composite of two more charge transfer mechanisms – proton transport 

and electron migration between rGO particles with a decrease in activation energies to 

0.10 and 0.04 eV for materials L1-300 and L2-300, respectively. When using 

composites L1 and L1-300, and L2 and L2-300 as the basis of the electrode material in 

a 6M aqueous KOH solution, peak values of specific capacitance of 200 and 158 F/g, 

and 200 and 290 F/g (at s=5 mV/s) were obtained; the equilibrium values of specific 

capacitance are 65 and 62 F/g, and 77 and 109 F/g (at s ). For the electrodes based 

on composites L1 and L2, the absolute dominance of the pseudocapacitive component 

of the specific capacitance is observed. Probable reactions involving the oxide 

component, which determine the observed situation: NiFe2O4+H2O+OH-  

2FeOOH+NiOOH+e-; NiOOH+OH- NiO+H2O+e-;  FeOOH+  H2O Fe(OH)3 + 

(FeO4)2-+3e-. For materials L1 and L2, an increase in the equilibrium values of specific 

capacitance (s ) is observed with an increase in SBET and a decrease in the activation 

energy of electrical conductivity. 
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The next part of the work is devoted to highlighting the results of studies of 

NiFe2O4/rGO composites obtained by the method of joint sol-gel auto-combustion using 

glycine as a complexing agent with the presence of colloidal GO in the reaction 

medium. Three series of materials were obtained: 0 – without the graphene 

component, 1 and 2 – mass ratio of oxide and graphene components of 3:1 and 3:2, 

respectively. It has been found that the presence of colloidal GO in the reaction mixture 

causes a decrease in the average particle size of the oxide phase from 16 (system T0, 

“pure” nickel ferrite without a graphene component) to 10-11 nm for materials T1 and 

T2 with its transition to the superparamagnetic state with a simultaneous decrease in 

degree of inversion of mixed spinel. The SBETvalues for T1 and T2 are 180 and 

315 m2/g, respectively, decreasing to 78 and 169 m2/g after annealing in the temperature 

range of 200-800°C. For samples T2, both micropores and “small” mesopores (2.0-

4.5 nm in size) are observed, while samples T0 and T1 are predominantly mesoporous. 

For “pure” spinel without the rGO component, the polaron mechanism of electrical 

conductivity is observed, while for the NiFe2O4/rGO composites, hopping electron 

transport predominates. When using composites T1 and T1-200 as the basis of 

supercapacitor electrodes (electrolyte – 6M aqueous KOH solution), the maximum 

values of specific capacitance of 108 and 95 F/g (at s=5 mV/s) and equilibrium values 

of 73 and 63 F/g (at s ), respectively, were obtained. For T2 and T2-200, the 

maximum specific capacitance of 153 and 208 F/g (at s=5 mV/s) and equilibrium values 

of 111 and 117 F/g (at s ) were obtained. For the samples obtained by the sol-gel 

auto-combustion method, the content of the electrostatic capacitance component is 44.7 

and 44.3% for materials T1 and T1-200, and 52.7 and 24.0% for materials T2 and T2-

200. There is a strong positive correlation between the SBETof  the  T0,  T1,  and  T2  

materials before and after annealing and the equilibrium values of C (s ) with a 

simultaneous strong negative correlation between the values of S and the activation 

energy of electrical conductivity E . 

Keywords: Reduced graphene oxide, Hydrothermal synthesis, Sol–gel 

autocombustion, Specific capacity, Electrochemical capacitor, NiFe2O4, Correlation. 
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