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ABSTRACT 

To prevent a potential energy crisis in the near future, it is necessary to develop high-

performance energy storage devices, such as supercapacitors (SCs). In this study, we 

fabricated a thin film of a new redox catalyst, catocene, on a carbon microfiber electrode 

(Cat/CMF) using a self-assembled method. We then investigated its electrochemical 

behaviour in an aqueous sodium sulfate electrolyte. Different techniques were used to 

evaluate the surface quality of the thin film and its iron content, including scanning 

electron microscopy (SEM), laser-induced breakdown spectroscopy (LIBS), and 

attenuated total reflection infrared spectroscopy (ATR). The efficiency and specific 

capacity of the electrodes were then assessed using cyclic voltammetry (CV), 

electrochemical impedance spectroscopy (EIS), and galvanostatic charge-discharge 

(GCD) methods in a three-electrode system. Electrochemical tests revealed that the redox 

processes are diffusion-controlled, exhibiting battery-like behaviour. The cathodic transfer 

coefficient is close to 0.48, and the charge transfer resistance of the modified electrode is 

improved up to 23 times compared to the bare electrode. At a current density of 0.55 A/g, 

the specific capacity of the Cat/CMF electrode is 39.76 F/g. At a current density of 0.83 

A/g, the catocene thin film exhibits a supercapacitance behaviour with an energy density 

of 2.5 Wh/kg and a power density of 373.8 W/kg. 
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1. Introduction 

Today, the demand for clean, lightweight, high-

capacity, and cyclically stable electrical energy 

storage sources has increased due to the 

development of new technologies and 

environmental concerns. Research and development 

on electrochemical supercapacitors (SC) has 

received special attention due to their high power 

density, long cycle life (more than 100,000 cycles), 

and high charge-discharge rate compared to 

batteries and fuel cells [1,2]. There are two primary 

classifications of supercapacitors based on their 

energy storage mechanism: electrochemical double-

layer capacitors (EDLC) and pseudo-capacitors. 

EDLCs accumulate electric charge at the electrode-

electrolyte interface, while pseudo-capacitors store 

charge through reversible redox reactions on 

electrochemically active sites [3]. The challenge 

remains to design or use new, affordable, 

environmentally friendly, and efficient electrode 

active materials for effective electrical energy 

storage. In the past decade, various electrode active 

materials have been identified, including conductive 

polymers [4,5], transition metal oxides [6,7], metal 

complexes, and metal-organic frameworks [8,9] due 

to their relatively favourable electrochemical 

behaviour and charge storage capacity. To enhance 

the specific capacity of a capacitor and improve its 

electrical charge-discharge kinetics, various 

composites containing reactants and carbon 

materials such as graphite, graphene, carbon 

nanotubes, and carbon nanofibers [1,10] or porous 

metal microstructures [11,12] have been developed. 

These composites lighten and improve the 

microscopic surface area and electrical conductivity 

of electrodes.   

The electrode is a crucial component of a 

supercapacitor, and its overall performance is 

greatly influenced by the design of its structure. 

Thin-film electrodes (TFEs) have been identified as 

an efficient domain in SC electrodes, with layer 

thickness ranging from several nanometers to 

several hundreds of micro-metres. In thin films, ion 

transfer and the rate of charge-discharge processes, 

which are among the main requirements of SCs, are 

accelerated, and the equivalent series resistance 

(ESR) is reduced. The active material's low loading 

weight on the electrodes slightly reduces the overall 

specific capacity. However, TFEs can be used in 

portable and miniaturized equipment [13,14]. 

It is valuable to implement TFEs on various carbon 

electrodes with a highly effective surface, such as 

Carbon Felts (CF). Various scientific research has 

been reported in the field of CF electrodes modified 

with various redox materials. For instance, V2O5 

nanosheets assembled on carbon fibre felt as a free-

standing electrode for flexible asymmetric 

supercapacitors exhibit specific capacity of 1465 mF 

cm−2 (492 F.g−1), power density of 17.5 mW.cm−3 at 

the energy density 0.928 mWh.cm−3 [15]. The use of 

Binder-Free Electro-Deposited MnO2 @3D Carbon 

Felt Network results in a maximum capacitance of 

187.5 F.g−1 at 0.2 A.g−1 with a high-voltage window 

of 2 V [16]. Meanwhile, the application of Nickel 

ferrite (NiFe2O4) coated on a CF electrode 

demonstrates an energy density and power density 

of 39 Wh/kg and 410 W/kg [17]. The 

electrochemical performance of hydrothermal 

deposited urchin-like NiCo2O4 on carbon felt was 

found to have a high specific capacity of 243.1 

mAh.g−1 (0.278 mAh.cm−2) at a current value of 2.0 

mA and a capacity retention of approximately 

91.3% after 5000 cycles in a 6 M KOH aqueous 

electrolyte [18]. Meanwhile, the self-supporting 

CoSe2/carbon fibre felt electrode synthesized via 

microwave exhibited superior electrochemical 

performance, with a capacity of 621 F.g−1 at 1.0 

A.g−1 and an energy density of 22.43 Wh.Kg−1 at a 

power density of 823.12 W.kg−1 [19]. 
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In the development of TFEs or composite electrode 

active materials for fast charge-discharge 

supercapacitors, the chemical derivatization of 

redox materials such as ferrocene derivatives onto 

conductive porous electrodes is most commonly 

used, and this type of synthesis process is very 

expensive, and the amount of surface coverage of 

the grafted material is also relatively low [20–22]. 

For example, by using multi-walled carbon 

nanotubes (MWCNTs) functionalized with 

ferrocene complex, a specific capacitance of 50 F.g-

1 at a current density of 0.25 A.g-1 with high cycling 

stability has been achieved [20]. Ferrocene-based 

polymer coordination has also been considered due 

to its high thermal stability, two stable redox states, 

fast electron transfer and excellent charge-discharge 

efficiency [21]. 

Solid active materials usually crystallize in surface 

adsorption methods, and their electrochemical 

efficiency decreases [23–26]. The use of liquid 

redox materials compared to solid ones, due to the 

ability of molecular absorption instead of crystalline 

particles, offers the possibility of more favourable 

interaction with carbon electrodes [27–29]. In this 

research, an attempt was made to analyze the 

electrochemical behaviour and energy storage of 2, 

2′-bis(ethylferrocenyl) propane (catocene) complex 

as a liquid redox on the carbon microfiber (CMF) 

electrode with self-assembled layers and surface 

absorption fabrication method. Catocene is a dark 

brown-orange liquid with chemical formula 

C17H22Fe and atomic mass 282.2 g/mol, which is 

used as an effective burn rate catalyst in solid 

propellants containing ammonium perchlorate [30–

32]. 

2. Materials and Methods 

2.1. Chemicals and Apparatus 

All chemicals, such as sodium sulfate and 

dimethylformamide (DMF) solvent with analytical 

purity, were purchased from Merck Company. 

Carbon microfiber electrode (CMF) with high 

electrical conductivity, containing more than 99.00 

wt% carbon element (it is composite with 

polyacrylonitrile), internal resistance of 15-27 m, 

thickness of 0.2 mm and approximate density of 

0.099 g/cm-2 was purchased from Redoxkala 

Company (Iran, Tehran) and catocene liquid with 

purity of 97.5% containing 23.24-24.4 wt% iron 

element was purchased from Iran Defence 

Industries. Electrochemical measurements such as 

cyclic voltammetry (CV), chrono-potentiometry, 

galvanostatic charge-discharge (GCD) and 

electrochemical impedance spectroscopy (EIS) were 

performed using an EG&G potentiostat model 

PARSTAT 2273 (Princeton Applied Research 

Company, US) in 0.1 M sodium sulphate solution 

and a three-electrode system including Ag/AgCl 

reference electrode, auxiliary platinum plate 

electrode with a surface area of 2.0 cm-2 and working 

electrode coated with catocene thin film. EIS studies 

were performed in the frequency range of 0.1 MHz 

- 10 kHz at a DC potential of 0.5 V with a sinusoidal 

potential range of 10 mV. The FT-IR/ATR 

instrument and elemental analysis by laser-induced 

breakdown spectroscopy (LIBS) were used to 

evaluate the surface of the coated film on carbon 

fibre and to detect the presence of active materials. 

FT-IR/ATR measurements were performed using a 

Lumex Infralum-FT08 spectrometer (Russia) 

equipped with a DTGS detector and MIRacle™ 

single reflection ATR accessory. The 

Diamond/ZnSe crystal plate was used. A 

LIBSCAN100 system manufactured by Photonic 

Applied Company was also used to record LIBS 

spectra. This system is equipped with an Nd:YAG 

laser with a wavelength of 1064 nm, an output 

energy of 100 mJ, a pulse width of 7±2 nanoseconds 

and a repetition rate of 1 to 20 Hz. The emitted 

radiation from the LIBS plasma is collected by 

optical elements and transferred to the system's 
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detector, which is capable of recording the spectrum 

in the range of 182 to 1057 nm with an accuracy of 

0.04 nm. 

2.2. Preparation of catocene/carbon microfiber 

electrode 

The working electrodes were prepared by coating 

and preparing a thin film of catocene liquid on the 

carbon microfiber electrode (Cat/CMF). For this 

work, first, to remove the surface contamination of 

the fibre electrode, CMF was washed with acetone 

solvent and kept at 50°C for one hour; then, the 

electrode was cooled at room temperature and 

weighed. Next, concentrations of 0.2 M of the redox 

reagent were prepared in DMF solvent, and then the 

electrode with a geometric area of 0.84 cm2 was 

placed in the solution for 5.0 minutes. The electrode 

dipped in the solutions was dried and cooled in the 

oven for 10.0 minutes to stabilize the catocene thin 

film on the carbon fibre. The weight of the active 

materials of the electrode was calculated by 

calculating the difference in the average weight of 

the bare and the coated electrode, with a 5-digit 

analytical balance, model Balance XPR105DR. 

2.3. Voltammetry and galvanostatic charge-

discharge (GCD) experiments 

Cyclic voltammetry (CV) measurements were 

performed in 0.1 M Na2SO4 electrolyte solution with 

a potential scanning rate of 20.0 – 140.0 mV/s. 

According to the voltammograms, the specific 

capacitance can be obtained from the following 

equation [2]: 

𝑪𝒔𝒑 =
𝟏

𝟐𝒎𝒗∆𝑽
∫ 𝒊(𝑽)𝒅𝑽  (1) 

Where 𝑪𝒔𝒑 is the specific capacity in Farads per 

gram (F/g),  is the potential scan rate (V/s), 

∫ 𝒊(𝑽)𝒅𝑽 is the area of the cyclic voltammetry 

curves, and ∆V is the potential window in volts. 

Galvanostatic charge-discharge (GCD) tests were 

recorded at different current densities, and specific 

capacitance was calculated according to equation 

(2): 

𝑪𝒔𝒑 =
𝑰.∆𝒕

 𝑨𝒎∆𝑽
   (2) 

Where I is the discharge current in the unit of ampere 

(A), ∆t is the discharge time duration (s), ∆V is the 

potential range in the unit of V, and Csp is the 

specific capacitance (F/g). Also, the specific energy 

density (E) with the unit of Wh/kg and the specific 

power density (P) with the unit of W/kg can be 

calculated with the following relations: 

𝑬 =
𝟏

𝟐∗𝟑.𝟔
𝑪𝒔𝒑(∆𝑽)𝟐  (3) 

𝑷 =
𝑬∗𝟑𝟔𝟎𝟎

∆𝒕
   (4) 

Where ΔV is the applied potential window, and Δt 

is the discharge time (seconds). 

3. Results and Discussion 

3.1. Characterization of the electrode materials 

The quality and quantity of catocene thin film 

formation on the relatively porous carbon microfiber 

surface were evaluated using scanning electron 

microscopy (SEM), X-ray energy dispersive 

spectroscopy (EDS), LIBS, and ATR/FT-IR 

techniques. Figure 1 shows SEM images and the 

quality of Fe element distribution on the surface 

with EDS mapping on the Cat/CMF electrode 

surface. The distribution of iron atoms in the 

catocene is relatively low and almost uniform 

throughout the elemental mapping window. The 

SEM images reveal the presence of catocene 

material on the carbon microfibers. The uniform and 

single-layer distribution on the porous surface of 

CMF can accelerate electrochemical reaction 

kinetics and increase the efficiency of redox 

reactions. Also, in the EDS spectra, the presence of 

iron element is evident at 6.5 eV compared to the 

bare electrode. In carbon materials and their 

composites, very small impurities such as Ca, Mn, 

Fe, Ni, Zn, Si, S or other elements, depending on 

their production process, have also been reported 

[33]. Usually, metallic elements present much more 

intense peaks than carbon in atomic spectroscopy. 
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Fig. 1. SEM images, iron element distribution map by EDS method and atomic analysis spectra by EDS for the bare CMF electrode (top) and 

catocene/CMF electrode (bottom).  

LIBS technique is also a powerful method for 

surface analysis of solids. The LIBS spectra of two 

electrodes are presented in Fig. 2. For the iron 

element, about 27 atomic spectral lines have been 

reported, including 20 atomic emission lines (Fe I) 

and seven ion emission lines (Fe II), but emission 

with greater intensity was observed in Fe I 374.55 

nm [34]. The analysis of these spectra with NIST 

LIBS and atomic spectra databases shows that in the 

CMF electrode, the presence of an iron element is 

very small, but in the electrode modified with 

catocene, the presence of an iron element in 374 nm 

is obvious. In the region near 390 nm, the broad 

emission peaks appear due to CN atoms or bonds, 

which can be obtained by the reaction of carbon and 

nitrogen in air conditions. Atomic emission ranges 

of carbon elements are reported at 248, 251, 284, 

392, 426, 659 and 722 nm. Also, the emission peaks 

at 600, 575, 567, 520, and 500 nm are related to 

nitrogen in the surrounding air [35]. 

FT-IR and ATR spectroscopy are suitable for 

detecting functional groups of molecules and films 

coated on electrodes. 

 

Fig. 2. LIBS elemental analysis of carbon microfiber electrodes 

(bottom) and microfiber coated with catocene (top). 

Figure 3 shows the pure catocene material's FT-IR 

spectrum and the modified electrode's ATR. The 

presence of catocene films was not well detected in 

ATR reflectance spectra, and some weak peaks were 

observed at a wavenumber near 3000 cm-1 due to the 

low concentration of its thin film on the surface of 

the electrodes. The FT-IR analysis of catocene, 

which is similar to ferrocene derivatives, shows 

ligand characteristics in the wave number range of 

2840-3100 cm-1 for asymmetric C-H bond stretching 
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vibrations, 1560-1750 cm-1 for C=C stretching 

vibrations, 1375/1465 cm-1 for C-H bending in 

methylene groups, 905-915 cm-1 for C=C bending, 

and 815 and 1030 cm-1 for C-H bending vibrations 

[20,36]. 

Fig. 3. FT-IR spectra of pure catocene material (top) and ATR of 

Cat/CMF electrode (bottom) 

2.3. Evaluation of the charge storage quality of the 

modified electrode with CV and EIS techniques 

Cyclic voltammetry (CV) tests were conducted on a 

liquid catocene modified electrode (Cat/CMF) and a 

bare carbon microfiber electrode (CMF) in a three-

electrode system with 1.0 M Na2SO4 electrolyte. 

The potential range was 0.0-0.9 V, and the potential 

scan rate varied from 20-140 mV/s. In Figure 4-a, 

the CV curves of the samples at different scan rates 

are displayed, revealing a peak pair with positive 

and negative currents associated with oxidation-

reduction processes on the Cat/CMF electrode 

surface. The redox processes of catocene, with the 

molecular formula 𝐹𝑒(𝐶17𝐻22), are similar to those 

of ferrocene or its derivatives [28,37] and can be 

oxidized to the 𝐹𝑒(𝐶17𝐻22)+ form. The oxidation 

number of iron in catocene is +2, while its ligand 

carries a total charge of -2. The reduction of 

𝐹𝑒(𝐶17𝐻22)+ occurs quasi-reversibly during the 

reverse potential scan (see Fig. 5). Catocene usually 

comprises a small amount of four isomeric mixtures 

with different substitution positions for ethyl groups 

and diferrocenyl propane compounds. These 

mixtures are challenging to separate due to their 

physical and chemical characteristics [38]. It has 

been suggested that increasing the oxidation 

potential range of redox substances and expanding 

the plateau of the voltammetry curve has the 

potential to enhance the energy storage capacity of 

cells. 

Fig. 6. Proposed reaction for the oxidation-reduction 

of catocene. By increasing the potential scan rates, 

the oxidation peaks are shifted to more positive 

potentials and the reduction peaks are slightly 

shifted to more negative potentials, as the working 

electrodes have low ohmic resistance and a shorter 

time available for electrolyte ions and electrode 

reactions. In addition, the area under the CV plots 

and their currents increase as the scan rate increases.
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Fig. 4. a) Cyclic voltammetry of self-assembled catocene on carbon microfiber electrode in 1.0 M sodium sulphate solution and different 

potential scan rates in the range of 20-140 mV/s, b) specific capacitance derived from the voltammograms, c) Voltammetry of self assembled 

catocene on CMF in its different concentrations in DMF solvent and d) Nyquist diagrams and equivalent circuit of EIS studies by applying 

DC potential close to 0.5 V and AC potential of 10.0 mV in the frequency range of 0.10 Hz to 0.100 kHz. 

 

 

Fig. 5.  Proposed reaction for the oxidation-reduction of catocene. 

The anodic peak of the cathode has a linear 

relationship with the square root of the potential 

scan rate according to the following equation: I 

(mA) = 19.91 × υ1/2 (V s-1) + 2.26 (R2 = 0.9993): this 

indicates that the Faraday reaction is diffusion 

controlled [39]. Because cyclic voltammograms 

show intense, clearly separated oxidative and 

reductive peaks, and the peak current response is 

proportional to the square root of the scan rate (I ∼ 

1/2), this thin-film electrode should be classified as 

a battery-type electrode [40,41]. At the potential 

scan rate of 20.0 mV/s, the slope of the Tafel 

equation (Log (I /A)-E (V)), which is equal to n(1-

)F/2.3 RT, was calculated to be 10.52 decade/V. 

Therefore, the value of the cathodic transfer 

coefficient is equal to α=0.48 (in n=1). The value of 

 for catocene is close to 0.5, indicating the 

symmetry of the voltammograms and the lower 

activation energy barrier for the formation of the 

active and intermediate complexes in the 

electrochemical reaction. Fig. 4-b also shows that 

the specific capacity of the Cat/CMF electrode is 

significantly higher than that of the bare electrode. 

As the concentration of catocene in the DMF solvent 

increases, the anodic-cathode current of the 

modified electrode increases, as shown in Fig. 4-c, 

indicating the increase in surface coverage and self-

accumulation of catocene on the CMF electrode. 

Here, the surface coverage of catocene (Γ) on the 
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carbon microfiber electrode was calculated 

according to Eq. (5) [42]: 

nFA

Q
   (5) 

Where Q is the area below the oxidation peak in CV 

curves of the modified electrode, n is the number of 

electrons participating in the reaction (n=1), A is the 

electrode surface area, and F is Faraday's constant. 

The surface coverage's Γ for the modified electrode 

at different scan rates is presented in Table 1. It can 

be observed that the value of Γ has decreased with 

the increase in scan rate because, at higher rates, 

there is less time for the reaction of redox material. 

On the other hand, because the amount of electric 

charge changes with the scan rate, the 

electrochemical behaviour of the electrode is 

battery-like [41]. 

Table 1. The effect of potential scan rate on the amount of 

catocene surface coverage on the carbon microfiber electrode. 

Scan rate, 

ν [mV s−1] 

Q, 

mC 

Electrochemical rugosity, 

Γ [× 106 mol cm−2] 

20.0 18.83 8.13 

40.0 19.66 8.49 

60.0 16.74 7.23 

80.0 14.61 6.31 

100.0 13.27 5.73 

120.0 12.11 5.23 

140.0 11.24 2.85 

In EIS studies at a DC potential of +0.5 V, Nyquist 

diagrams presented in Fig. 4-d. The curved 

semicircle at high frequencies is related to the 

charge transfer resistance of the redox material and 

the electrical double-layer capacity. The appropriate 

equivalent circuit for the semi-circular part of the 

Nyquist diagrams, similar to the Randles circuit, 

includes the ohmic resistance of the solution (Rs), 

the catocene oxidation charge transfer resistance 

(Rct), the constant phase element of the electric 

double layer capacitance (CPEdl), and Warburg 

element (W) related to the semi-infinite diffusion 

process. The impedance of CPE and W can be 

expressed as [42]: 

n

CPE jYZ  )( 0 
  (6) 

2/11

0 )(  jYZW

  (7) 

where Y0 (the admittance parameter, S cm-2 s-n) and 

n (dimensionless exponent) are two parameters 

independent of frequency; j = (−1)1/2, and  is 

angular frequency = 2πf.  

The microscopic roughness of the CMF electrode 

causes an inhomogeneous distribution in the 

solution resistance and the double-layer capacitance. 

This issue leads to appearance of depressed 

semicircles or constant phase elements in the 

Nyquist plots. Also, the diffusion-controlled process 

at low frequencies leads to the appearance of the 

Warburg element in the Cat/CMF redox process. 

Table 2 shows the values of the equivalent circuit 

elements calculated by fitting the experimental 

results. The goodness of the fit can be judged by the 

estimated relative errors presented in the 

parentheses. According to the values of the electrical 

equivalent elements reported in this Table, the 

charge transfer resistance (Rct) for oxidation of self-

assembled catocene on the CMF electrode is 140.2 

(±3.7%) .cm-2, compared to 3251.9 (±3.2%) .cm-

2 for bare CMF electrode. The apparent electron 

transfer rate (kapp) has an inverse relationship with 

the charge transfer resistance on Nyquist diagrams. 

In other words, as Rct increases, the rate of electrode 

reactions decreases [39]. Therefore, the reaction rate 

of Cat/CMF at a DC potential of +0.5 V is close to 

23 times higher than that of the CMF electrode. 

3.3. Galvanostatic charge-discharge studies 

In this section, the galvanostatic charge-discharge 

(GCD) curves of the samples were evaluated at 

different current densities in the potential window 

range of 0.0 - 0.9 V. From Fig. 6-a, it can be seen 

that the capacitive behaviour of the carbon 

microfiber electrode in aqueous sodium sulphate 

electrolyte is similar to that of the electrochemical 

double layer capacitors (EDLCs) and the Cat/CMF 

electrode has a battery-like behaviour. In EDLC 

capacitors, the charge-discharge behaviour is 
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triangular due to the lack of transfer resistance in 

redox reactions. 

Table 2. The values of the elements in equivalent circuit and the 

corresponding relative errors for the oxidation of self-assembled 
catocene on the CMF electrode. 

E
le

ct
ro

d
e 

R
s 

(Ω
 c

m
2
) 

R
ct

  
(Ω

 c
m

2
) 

C
P

E
 

W
 ×

 1
0

4
 

(Ω
 c

m
2
) 

Y
0
 ×

 

1
0

−
6
 

(S
 

cm
−

2
 

sn
) 

n 

B
ar

e 
C

M
F

 8.90 3251.9 

(±3.2%) 

0.08337 

(1.9%) 

0.3250 

(3.13%) 

- 

C
at

/C
M

F
 9.10 140.2 

(±3.7%) 

0.09132 

(3.1%) 

0.3460 

(2.4%) 

0.2873 

(2.3%) 

The correlation of the specific capacitance (F/g) of 

the electrodes from their discharge curves at 

different current densities is calculated according to 

equation (2) and shown in Fig. 6 (c and d). Here, the 

discharge time of the samples increases as the 

current density decreases. The specific capacity of 

the Cat/CMF electrode at a current density of 0.55 

A/g is equal to 39.76 F/g. At constant electrode 

surface area, the capacitance of the Cat/CMF 

electrode is equal to 180 mF/cm2; for the CMF 

electrode with EDLC behaviour, it is approximately 

0.91 mF/cm2. Also, the specific capacitance of this 

catocene-based capacitor decreases with increasing 

current density, probably due to the limitation of 

mass transfer and the diffusion mechanism of redox 

substances. On the other hand, an instantaneous 

voltage drop, known as the IR drop, occurs when the 

SC switches from charging to discharging due to the 

system's combined ohmic resistance, electrolyte and 

contact resistances. A lower IR drop value indicates 

the low ohmic nature of the electrode/electrolyte. 

The galvanostatic discharge curves in Figure 6 (a-b) 

show an IR drop close to 0.5 V. It is also clear from 

the EIS studies presented in Table 2, that the CMF 

electrode and sodium sulphate electrolyte have an 

equivalent series resistance close to 8.9 Ω cm2. This 

results in a drop in the effective potential of the 

capacitor. 

Energy density versus power density diagram 

(Ragone plot) and cyclic stability tests of the 

modified electrode was performed at a current 

density of 0.83 A/g for 3000 charge-discharge 

cycles, as presented in Fig. 7. At the current density 

of 0.83 A/g, the supercapacitor behaviour of 

catocene has an energy density of 2.5 Wh/kg and a 

power density of 373.8 W/kg. Also, with the 

increase in power densities, energy density values 

have a downward trend. The overall capacity of the 

capacitors in successive charge-discharges, up to 

3000 cycles, shows that the capacity of the 

Cat/BPPG electrode decreases by approximately 

30%. 

The electrochemical efficiency of a number of 

similar electrodes is compared in Table 3. It is 

observed that the self-assembled catocene redox on 

the carbon microfiber electrode has a high power 

density despite its relatively low energy density. In 

other words, its discharge kinetics is significantly 

high. By using MWCNTs chemically functionalized 

with ferrocene, the specific capacitance at a current 

density of 0.25 A/g has been reported to be 

approximately 50 F/g [20]. Considering that the 

production steps and functionalization cost of the 

mentioned electrodes are high, as well as a limited 

amount of redox substances sticking on the surface 

in these conditions, it seems that the use of liquid 

catocene is also a suitable solution to improve the 

efficiency of electrochemical supercapacitors. 
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Fig 6. a) Comparison of galvanostatic charge-discharge (GCD) curves of Cat/CMF electrode and uncoated carbon microfiber, b) GCD curves 

of electrodes at different current densities, c) specific capacity (F/g) in various current densities per 1.0 cm2 electrode surface area and d) 

specific capacity of the electrodes per unit of electrode surface area ((F/cm2). 

 

Table 3. The supercapacitor performance of some carbon-felt-modified electrodes is in the literature. 

Electrode material Electrolyte Current 

density 

(A/g) 

specific 

capacity 

(F/g) 

energy 

density 

(Wh/kg) 

Power 

density 

(W/kg) 

Cycles Stability 

(%) 

Ref. 

V2O5 /CF (a) 5.0 M LiCl  492 - - 2000 89.7 [15] 

Ag-doped 

MnO2/CC (b) 

1.0 M Na2SO4 0.5 520.8 - - 2000 90.6 [43] 

MnO2/CF (c) 2.0 M Li2SO4 0.2 187.5 - - 10000 99.0 [16] 

NiFe2O4/CF (d) 3.0 M KOH 1.0 490 39 410 5000 94.2 [17] 

CoSe2/CF (e) 6.0 M KOH 1.0 621 22.4 823.1 100000 84.7 [19] 

h-BN/C (f) 2.0 M KOH 0.5 250 17 245 1000 - [44] 

Fc-MWCNTs (g) 2.0 M KOH 0.25 50 - - 5000 90.8 [20] 

Cat/CMF (h) 0.1 M Na2SO4 0.83 39.8 

(at 0.55 A/g) 

2.5 373.8 3000 70.0 This 

work 

(a) V2O5 nanosheets assembled on carbon fiber felt (V2O5 /CF) 

(b) Ag-Doped Urchin-like MnO2 on Carbon Cloth (Ag-doped MnO2/CC) 

(c) Binder-Free Electro-Deposited MnO2 @3D Carbon Felt Network (MNO2/CF) 

(d) Nickel ferrite coated on carbon felt (NiFe2O4/CF) 

(e) Hydrothermal deposited urchin-like NiCo2O4 on carbon felt (NiCo2O4/CF) 

(f) CoSe2/carbon fiber felt electrode (CoSe2/CF) 

(g)  Ferrocene functionalized multi-walled carbon nanotubes (Fc-MWCNTs) 

(h)  Carbon-modified hexagonal boron nitride nanosheet (h-BN/C) nanocomposite (h-BN/C) 

https://www.sciencedirect.com/topics/materials-science/boron-nitride
https://www.sciencedirect.com/topics/materials-science/nanosheet
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Fig. 7. Ragone plots of supercapacitive behaviours of Cat/CMF 

and b) cyclic stability in current density of 0.83 A/g 

4. Conclusion 

In summary, the voltammetry and supercapacitor 

behaviour of a liquid redox, catocene, in a self-

assembled form on the carbon microfiber electrode 

was investigated. Spectroscopic studies showed that 

the liquid catocene had a relatively more uniform 

distribution and a favourable interaction with the 

carbon microfiber surface. The oxidation of the 

catocene on the CMF is diffusion-controlled with 

battery-like behaviour and shows a typical specific 

capacity of 39.76 F/g at a current density of 0.55 

A/g. Based on the geometric surface area of the 

electrode, the capacitance of the Cat/CMF electrode 

is 180 mF/cm2 compared to 0.91 mF/cm2 for the 

bare CMF. At a current density of 0.83 A/g, the 

supercapacitor has an energy density of 2.5 Wh/kg 

and a power density of 373.8 W/kg. As the power 

densities increase, the energy densities also tend to 

decrease. After almost 3000 consecutive charge-

discharge cycles, the total capacity decreases by 

about 30%. Considering the relatively difficult 

production steps and costs of chemically 

functionalized carbon electrodes, the use of liquid 

redox materials such as catocene seems to be a 

suitable case for improving the efficiency of 

electrochemical supercapacitors. 
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