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Abstract 

In this study, ruthenium oxide (RuO2) was grown on Cladosporium 

Cladosporioides hyphal using a chemical precipitation method. The morphological 

characteristics of the material obtained by chemical precipitation method were 

determined by Scanning Electron Microscope (SEM); its surface area by Brunauer-

Emmett-Teller (BET) equipment and its electrochemical properties, such as charging–

discharging, cyclic voltammetry (CV) and electrochemical impedance characteristics, 

using a Gamry 3000 potentiostat system. 
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Cladosporium Cladosporioides Fungus Hifleri Üzerinde RuO2 Yapılarının Oluşumu 

ve Özelliklerinin İncelenmesi 

Özet 

Bu çalışmada RuO2 yüksek spesifik kapasitans değerinden dolayı Cladosporium 

cladosporioides mantar hifleri üzerinde kimyasal çöktürme yöntemiyle büyütüldü. 

Kimyasal çöktürme sonucunda elde edilen malzemenin morfolojik özellikleri taramalı 

elektro mikroskobu (SEM),  yüzey alanı Brunauer–Emmett–Teller (BET) cihazı, cyclic 
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voltametri (CV), dolma-boşalma ve elektrokimyasal empedans spektroskopi gibi 

elektrokimyasal özellikleri ise Gamry 3000 potansiostat sistemi ile belirlendi. 

Anahtar Kelimeler: RuO2, Fungus hifleri, Süperkapasitör. 

 

1. Introduction 

Supercapacitors have attracted more attention than other energy storage devices in 

recent years due to their extremely fast charge–discharge rates, excellent stability, long 

cycle life and very high power density. These features are desirable to produce the energy 

many electric vehicles using new technology need. Because of their low energy density, 

supercapacitors are suitable for use as an energy source for short-term, energy-demanding 

scenarios. To increase the energy density of supercapacitors, the capacitance value needs 

to be increased as much as possible. In addition, the increase in the energy and power 

density can be achieved by extending the voltage window. For this purpose, it is very 

important to develop nanostructured materials for supercapacitor manufacturing. it has 

been found out that some metal oxides like RuO2, IrO2, MnO2, NiO, Co2O3, Co3O4, SnO2, 

V2O5 and MoOx show high specific capacitance [1-16]. Among the transition metal 

oxides, ruthenium oxide is a very promising electrode material due to its high specific 

capacitance, high electrical conductivity, long cycle life and good electrochemical 

reversibility [17-21].  In the production of nanostructured materials, the use of 

microorganisms like fungi, bacteria and spores as substrates, due to their different 

surfaces and shapes, has become a separate area of research [6, 7, 22]. The use of 

biological structures as a substrate increases the surface area of nanostructured materials 

grown on them. Hyphal are especially preferred for the production of microtubes [7, 22-

27]. Due to their low cost and being environmentally friendly, the production of metal 

oxide nanostructures on biological substrates such as fungi can be advantageous [22]. The 

use of biological substrates in the production of ruthenium oxide nanostructures has 

reduced the cost and enabled the use of ruthenium in smaller quantities. In this study, 

nanostructured RuO2 microtubes were produced using fungi hyphal and their 

electrochemical capacitive properties were investigated. 
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2. Materials and Methods 

The Cladosporium cladosporioides fungi to be used as a substrate material in 

supercapacitor manufacturing were obtained from the ATCC (American Type Culture 

Collection), and stock cultures were prepared in a laboratory environment. Fungal 

cultures incubated under appropriate conditions were planted in a sterilized PDB (Potato 

Dextrose Broth) medium in the ratio of 1 ml fungal culture /50 ml broth. This was 

centrifuged several times with distilled water and ethanol to remove the culture medium 

from the produced fungi. Five grams of RuCl2∙xH2O solution was dissolved in 200 ml of 

pure water and dropped onto the hyphal obtained after this washing process at a rate of 

10 ml/min while stirring at 170 rpm. The fungi/RuCl2 suspension was again stirred at 

170 rpm for 30 minutes. After this time, 100 ml of 25 mM of NH4OH solution was 

dropped onto the suspension at a rate of 10 ml/min, and the solution was continuously 

stirred at 150 rpm for 72 hours. Centrifuging was carried out at 9000 rpm for 15 minutes 

to extract the RuOH/fungi mixture obtained from the solution after 72 hours. The obtained 

Ru(OH)3/fungi structure was washed three times with distilled water and ethanol, and 

centrifuged under the same conditions. As a result, the metal-precipitated biological 

material was collected. The resulting precipitate was then dried in a vacuum oven at 60°C 

for 12 hours. The dried material was subjected to heat treatment in a tube furnace over a 

linear temperature gradient at the temperature values needed to obtain the desired metal 

oxide phase. After heat treatment was performed appropriate to the desired phase, the 

material was placed in a Glove Box. Then,  75% of the active material, i.e. metal oxide-

precipitated biological material, 20% Acetylene Black and 5% PTFE was weighed out 

and put in a Zr2O3 mortar and then ground for about 1 hour to form supercapacitor 

electrodes. Approximately 5 mg was weighed out from the ground material and placed 

on Ni Foam that had been previously prepared, and this was then used as a current 

collector by exposing it to 10 MPa of pressure to produce a supercapacitor electrode. This 

formed the study electrode whose capacitive properties were to be examined. 

Electrochemical measurements were performed using a 6 M KOH solution. The 

electrochemical cell where the measurements were made consisted of the working 

electrode, a platinum electrode and an Ag/AgCl reference electrode. The cyclic 

voltammetry (CV), charge–discharge and electrochemical impedance spectroscopy (EIS) 

measurements of the electrode obtained were performed using a Gamry Reference 3000 
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potentiostat/galvanostat/ZRA instrument. The surface properties and thermogravimetric 

analysis of the RuO2/fungi microtubes were investigated using field emission scanning 

electron microscopy (JEOL JSM-7001F) and a thermogravimetric analyzer (Shimadzu 

TGA-50), respectively. The BET surface area, average pore diameter and pore volume of 

the RuO2/fungi microtubes were determined using a Micromeritics Gemini VII 2390t 

instrument. 

3. Results and Discussion 

Figure 1 shows the comparison of TGA analyses of pure fungi and Ru-precipitated 

fungi. The mass loss of about 6.6% from room temperature to 150°C is due to the removal 

of water in the samples. In the TGA analysis of the Ru-precipitated fungi, a 48.55% mass 

loss between 200°C and 375°C is considered to be due to condensation reactions 

indicating rapid removal of water and ethanol from the structure. In the temperature range 

from 100°C to 800°C, hyphal tends to be continuously deteriorated, and also, O2 and H2O 

continuously move away from the Ru(OH)3 structure.  

Figure 1. TGA analysis for pure fungi and metal-precipitated fungi 



  

87 
 

The total mass loss at temperatures up to 500°C in Ru-precipitated hyphal was 84%. 

No significant mass loss was observed in the RuO2/fungi structure after this temperature. 

On the other hand, the metal non-precipitated fungi exhibited a continuous mass loss from 

50°C to 750°C. This continuous mass loss is due to the degradation of water, ethanol, 

protein and similar substances in the biological material. 

Figure 2 shows the N2 adsorption–desorption isotherm, BHJ pore diameter 

distribution and BET surface area change curve as a function of the temperature of the 

heat treatment of the metal-precipitated biological material. 
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Figure 2. a) Nitrogen adsorption isotherm of nanostructured RuO2 materials b) Pore size distribution of 

RuO2 nanostructures c) BET surface area and pore volume as a function of heat treatment temperature 

For the samples heat treated at different temperatures, the BET surface area 

measurement showed the highest surface area (126.41 m2/g) was obtained in the sample 

heat treated at 500°C. Also, in the sample heat treated at this temperature, the average 

pore diameter was around 9.8 nm with pores ranging from about 1.9 nm to 17.6 nm. The 

BET surface area increases up to 500°C in direct proportion to temperature and then 

decreases after 500°C, coincides with the  TGA measurements shown in Figure 1. In 

accordance with this result, the sample heat treated at 500°C was used for the RuO2/fungi 

electrode material. Figures 3(a-b) show SEM images of metal-precipitated fungi at 

different magnifications while Figures 3(c-d) show SEM images of metal-precipitated 

and heat treated fungi at 500°C for different magnifications. It was determined from the 

SEM images of metal precipitated without heat treatment of the sample that the lengths 

of hyphal were considerably larger (10-30 µm) and their diameter was between 

approximately 2 to 3 µm. Moreover, the presence of precipitated metal oxide was 

determined from SEM images and the surface was not too rough. 
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Figure 3. SEM images at different magnifications: a-b) chemically metal-precipitated fungi c-d) 

nanostructured RuO2 sample after annealing process at 500°C 

 

After heat treatment, the diameters of hyphal decreased down to 1.5 µm and the 

metal oxide layer around hyphal became evident and was very rough.This observation 

completely supported BET measurements. Figure 4 shows an EDX analysis of 
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precipitated metal and heat treated samples. As a result of EDX analysis, the presence of 

RuO2 layer was determined on the fungi. 

 

 

 

 

 

 

Figure 4. EDX spectrum and image of nanostructured RuO2/fungi sample after an annealing process at 

500°C 

Figure 5 shows the cyclic voltammetry (CV) measurements of the electrode 

obtained from RuO2-precipitated fungi performed over a potential range from 0.1 to −1 V 

at different scan rates, and it shows the specific capacitance change curve as a function 

of scan rate. CV measurements for the RuO2/fungi electrode at different rates produced a 

rectangular shape, indicating better supercapacitive characteristics. The specific 

capacitance of the RuO2/fungi electrode was calculated using Equation 1: 

                                      𝐶௦ ൌ ׬ ூௗ௏

௦ ௫ ∆௏ ௫ ௠
                 (1) 

where I is current, s is the scan rate, ΔV  is the potential range over which CV 

measurements were taken and m is the mass of active material. The specific capacitance 

value obtained using Equation 1 exhibited a very high value of 1055.7 F/g at a scan rate 

of 1 mV/s. This value decreased with increasing scan rate. 
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Figure 5. a) CV curves for RuO2/fungi electrodes at different scan rates b) Specific capacitance  as a 

function of the scan rate 

The capacitive properties of the RuO2/fungi supercapacitor electrode was 

investigated with a 5000 cycle charge–discharge experiment (Figure 6). The 

characteristic of the charge–discharge curve is its triangular shape. This configuration is 

desirable in supercapacitor studies because the triangular shape of the charge–discharge 

curve indicates good reaction reversibility. Moreover, this configuration gives more 
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accurate results in calculating the electrode capacitance [28]. The electrode obtained in 

this study showed supercapacitor behavior. Figure 6 shows the capacitance change of the 

RuO2/fungi electrode calculated using Equation 2, depending on the number of cycles 

and the first ten charge–discharge curves of the electrode obtained at a constant current 

of 0.7 A/g.  

                                          𝐶௦ ൌ ூ ௫ ∆௧

௠ ௫ ∆௏
                                          (2) 

where I is the discharge current, Δt is the discharge time, ΔV is the potential difference 

and m is the mass of active material present in the electrode. Using charge–discharge 

curves and Equation 2, capacitance values were calculated for 5000 cycles. For the first 

1200 cycles, the capacitance value increased from 92 F/g to 101 F/g and remained 

constant for successive cycles. During the measurements, the active material on the 

electrode peeled over time and the active mass of the electrode decreased. The decrease 

in the active mass increased the capacitance. The specific capacitance value obtained from 

the charge/discharge tests is in accordance with the CV obtained at 5 mV/s. 
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Figure 6. a) The variation of specific capacitance as a function of the number of cycles for the 

RuO2/fungi electrode b) the ten cycle charge–discharge curves 

 

Figure 7 shows the electrochemical impedance measurements of the RuO2/fungi 

electrode obtained at 6 M of KOH for different numbers of cycles. The measurement 

indicated that the contact resistance between the electrolyte and RuO2/fungi electrode did 

not considerably change during 5000 cycles. This phenomenon reveals that charge 

transfer can be achieved more easily with good electrical conductivity between the 

electrode/electrolyte interface. Electrochemical impedance measurements were 

performed after the first 10, 2000 and 5000 charge–discharge measurements. The slopes 

of the Nyquist curves obtained from these measurements were 72.4°, 77.2° and 80.8°, 

respectively. That the slope in Nyquist curve increased in direct proportion to the number 

of cycles and reached approximately 80.8° indicates that the electrochemical capacitive 

characteristic of the RuO2/fungi electrode is good. 
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Figure 7. Nyquist plots of the RuO2/fungi electrode after 10, 2000 and 5000 cycles at an open circuit 

potential in 6 M of KOH solution 

4. Conclusions 

RuO2/fungi microtubes were successfully produced using a chemical precipitation 

method. As a result of BET surface area measurements, the highest surface area 

(126.41 m2/g) was obtained in the sample heat treated at 500°C. The specific capacitance 

value calculated from the CV curve performed at a 1 mV/s scan rate was 1055.7 F/g. The 

capacitance value of the RuO2/fungi electrode calculated from the charge–discharge 

curve heat treated at 500°C was 101 F/g. The efficiency of the RuO2/fungi electrode after 

charge–discharge measurements performed over 5000 cycles was approximately 99%. 

The high cost of Ruthenium in supercapacitor studies is a disadvantage, while using 

hyphal as a bio-substrate can eliminate this drawback. 
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