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ABSTRACT 
In this study, Co3O4 nanostructured porous microtubes were prepared via chemical precipitation onto 
aqueous solution. The morphological properties of the s
The diameter of the Co3O4 micro tubes is approximately 0.8 µm, and the length is 4 µm. 
area was determined to be 87.07 m2/g. The nitrogen adsorption and desorption isotherm displayed prope
type IV isotherm. The electrochemical properties of the 
charge/discharge analysis and impedance spectroscopy (EIS).
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1. INTRODUCTION 
 Recently, biological microorganisms have been used 

templates for the fabrication of inorganic functional materials [1,

2]. Among them, some bacterial structures

attractive biotemplates due to their surface-layer proteins

morphological properties of these surface-layer proteins make 

them an ideal matrix for biotemplating in the direct chemical 

synthesis of nanostructures. Previous studies have demonstrated 

how porous metal oxide nanostructures, particularly Co

extensively used as supercapacitor electrode materials [2,

 Spirilla are commonly found in freshwater and marine 

environments. They have a helical shape, and their DNA 

composition is 51% mol guanine and cytosine. As reported by 

Kumar et al. [4], the genus Spirillum was isolated from a 

freshwater pond in West Bengal and is in the Aquaspirillum

The strain was named Aquaspirillum bengal in the American Type 

Culture Collection under the number 27641 [4]. This species is 

unique in having an unusually high temperature for optimal 

growth of 41°C, forming water-soluble pigments from tyrosine 

and tryptophan, and possessing several other nutritional, 

biochemical, and serological characteristics [4]. It has a cell 

diameter of 0.9 to 1.2 μm, which is similar to those of 

and A. putridiconchylium.  A. bengal is a motile bacteria owing to 

the presence of a bipolar flagellum at each end of the cell [5]. It is 

Gram-negative and chemo-organotrophic. Gram

walls are very strong structures and can withstand 

turgor pressure. They exhibit a remarkable resistance to high 

 

2. EXPERIMENTAL SECTION 
 Previously, we have reported a chemical precipitation 

method to obtain nanostructured metal oxide using biological 

microorganisms [2, 11]. A similar procedure was applied to the 

bengal bacteria in this work. The A. bengal bacteria used in this 

work were procured from ATCC (American Type Culture 
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nanostructured porous microtubes were prepared via chemical precipitation onto Aquaspirillum bengal
The morphological properties of the synthesized material were studied using scanning 

micro tubes is approximately 0.8 µm, and the length is 4 µm. The Brunauer
/g. The nitrogen adsorption and desorption isotherm displayed prope

type IV isotherm. The electrochemical properties of the produced material were studied using cyclic voltammetry (CV), 
impedance spectroscopy (EIS). 

or, bacteria, Aquaspirillum bengal, nanoparticle. 

Recently, biological microorganisms have been used as 

templates for the fabrication of inorganic functional materials [1, 

structures are particularly 

layer proteins. The 

layer proteins make 

them an ideal matrix for biotemplating in the direct chemical 

have demonstrated 

how porous metal oxide nanostructures, particularly Co3O4, can be 

extensively used as supercapacitor electrode materials [2, 3]. 

Spirilla are commonly found in freshwater and marine 

environments. They have a helical shape, and their DNA base 

composition is 51% mol guanine and cytosine. As reported by 

[4], the genus Spirillum was isolated from a 

Aquaspirillum genus. 

in the American Type 

ure Collection under the number 27641 [4]. This species is 

unique in having an unusually high temperature for optimal 

soluble pigments from tyrosine 

and tryptophan, and possessing several other nutritional, 

rological characteristics [4]. It has a cell 

diameter of 0.9 to 1.2 μm, which is similar to those of A. serpens 

is a motile bacteria owing to 

at each end of the cell [5]. It is 

organotrophic. Gram-negative cell 

walls are very strong structures and can withstand ∼3 atm of 

ibit a remarkable resistance to high 

temperatures and pHs and have the ability to expand to several 

times their normal surface area [6]. 

remarkable features arises from the 

well known that most bacteria (such as 

have S-layer proteins at their outer surface. 

possesses two superimposed hexagonal S

underlying layer is attached to the lipopolysaccharide of the outer 

membrane, and the second layer is attached directly to the first 

layer [7]. Schultze-Lam et al. [8] reported that

may induce precipitation of minerals. This led to the idea for their 

use as templates in the formation of regular arrays of metal 

clusters, as required in molecular electronics and nonlinear optics 

[9]. We have recently also reported that 

advantages that include the production of metal oxide 

nanostructures with a high surface

structure and Gram-negative properties of 

high tolerance towards metals, a high 

potential and intracellular metal uptake capabilities. Therefore, i

this study, we use the A. bengal 

helical microtubules, which were then used as the active material 

in a supercapacitor electrode. The material annealed at 360

exhibits a highest BET surface area of 

specific capacitance of Co3O4 electrode 

which is comparatively higher than previously reported values 

[10]. 

Previously, we have reported a chemical precipitation 

method to obtain nanostructured metal oxide using biological 

A similar procedure was applied to the A. 

bacteria used in this 

work were procured from ATCC (American Type Culture 

Collection), freeze-dried and stored between 2

refrigerator. Gram negative A. bengal 

in PSB (peptone succinate broth) at pH 7.2 containing 

(NH4)2·SO4, 1.0 g of MgSO4·7H

mg of FeCl3·6H2O, 1.68 g of succinic acid, 
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Aquaspirillum bengal bacteria in an 
studied using scanning electron microscopy (SEM). 

The Brunauer–Emmett–Teller (BET) surface 
/g. The nitrogen adsorption and desorption isotherm displayed properties associated with a typical 

material were studied using cyclic voltammetry (CV), long-term 

temperatures and pHs and have the ability to expand to several 

times their normal surface area [6]. It is thought that having these 

remarkable features arises from the S-layer of the bacteria. It is 

bacteria (such as Bacillus and Deinococcus) 

layer proteins at their outer surface. A. bengal also 

ses two superimposed hexagonal S-layer proteins. The 

underlying layer is attached to the lipopolysaccharide of the outer 

d layer is attached directly to the first 

[8] reported that S-layers of bacteria 

may induce precipitation of minerals. This led to the idea for their 

use as templates in the formation of regular arrays of metal 

equired in molecular electronics and nonlinear optics 

We have recently also reported that S-layer proteins have 

advantages that include the production of metal oxide 

nanostructures with a high surface-to-volume ratio [2]. The tubular 

negative properties of A. bengal result in a 

high tolerance towards metals, a high S-layer metal binding 

potential and intracellular metal uptake capabilities. Therefore, in 

A. bengal bacteria to obtain nanostructured 

microtubules, which were then used as the active material 

in a supercapacitor electrode. The material annealed at 360°C 

exhibits a highest BET surface area of 87.07 m2/g. The maximum 

electrode has a 723 F/g at 2 mV/s, 

comparatively higher than previously reported values 

dried and stored between 2°C to 8°C in a 

A. bengal (ATCC 27641) was cultured 

(peptone succinate broth) at pH 7.2 containing 1.0 g of 

·7H2O, 2.0 mg of MnSO4·H2O, 2.0 

O, 1.68 g of succinic acid, and 5.0 g of peptone 
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in1000 ml of distilled water. The pH was adjusted to 7.2 using 0.1 

M KOH, and the media were sterilized at 121°C

atm for 15 min. A. bengal was grown in an agitation incubator at 

150 rpm and 41°C for 24 hours. Approximately 

cultures was transferred into 250-ml flasks containing 50 ml of 

PSB. Inoculated Erlenmeyer flasks were incubated at 41

h. Then, the bacterial cultures were isolated by centrifugation at 

9000 rpm at 4°C for 20 min. The pellets were washed three times 

with de-ionized water and then once with ethanol 

traces of the media before the cell suspensions were harvested.

 First, 200 ml of a 200 mM CoCl2 solution was mixed with 

the cell suspension of A. bengal at a rate of 10 ml/min using a 

burette to obtain a porous metal oxide material. The mixture was 

continuously agitated at 170 rpm at room temperature. After 

shaking for 30 minutes, 100 ml of a 25 mM NaBH

also added to the mixture at a rate of 10 ml/min. Agitation was 

continued at 170 rpm for 24 h, followed by centrifugation and 

collection of the precipitate. The CoO(OH)/bacteria precipitate 

was washed thoroughly two times with de-ionized water and then 

once with ethanol. The formed tubular precipitate was dried for 24 

h in a vacuum oven at 60°C. The produced nanostructures were 

heated from room temperature to various annealing temperatures 

(120°C-400°C) in air at a rate of 1°C/min and held at the final 

temperature for 12 h. This process was followed by cooling to 

room temperature at a rate of 1°C/min. 

 The surface areas of the material obtained at various 

annealing temperatures were also studied by BET analysis using a

Micromeritics Gemini VII 2390t. The pore size distribution was 

determined by the Barrett-Joyner-Halenda (BJH) method. T

 

3. RESULTS SECTION 
 The TGA weight loss curves over a temperature range of 

25°C to 1000°C for the pure bacteria and metal

bacteria are shown in Figure 1. A steady weight loss from room 

temperature to 125°C in the TGA data is attributed

evaporation. Subsequent steady weight loss from 125°C to 300°C 

is caused by the continual expulsion of water and ethanol from the 

material as a result of condensation reactions. Steady weight loss 

from 300°C to 600°C is attributed to the degradat

bacteria. 

Figure 1. TGA analysis for pure A. bengal and precipitated metal onto 
bengal. 

rsoy Atalay, Harun Kaya, Dilek Asma, Alper Bingöl 

The pH was adjusted to 7.2 using 0.1 

°C at a pressure of 1 

was grown in an agitation incubator at 

C for 24 hours. Approximately 6 ml of activated 

flasks containing 50 ml of 

Erlenmeyer flasks were incubated at 41°C for 48 

were isolated by centrifugation at 

for 20 min. The pellets were washed three times 

ionized water and then once with ethanol to remove any 

ell suspensions were harvested. 

solution was mixed with 

at a rate of 10 ml/min using a 

burette to obtain a porous metal oxide material. The mixture was 

continuously agitated at 170 rpm at room temperature. After 

shaking for 30 minutes, 100 ml of a 25 mM NaBH4 solution was 

a rate of 10 ml/min. Agitation was 

continued at 170 rpm for 24 h, followed by centrifugation and 

collection of the precipitate. The CoO(OH)/bacteria precipitate 

ionized water and then 

bular precipitate was dried for 24 

h in a vacuum oven at 60°C. The produced nanostructures were 

heated from room temperature to various annealing temperatures 

C/min and held at the final 

s was followed by cooling to 

The surface areas of the material obtained at various 

studied by BET analysis using a 

The pore size distribution was 

Halenda (BJH) method. Thermo 

gravimetric analysis (TGA) measurements were performed in air 

by heating the samples from room temperature to 950°C at a ramp 

rate of 10°C/min using a Shimadzu TGA

analyzer. The crystal structure and orientation was determined 

using a Rigaku-Radb X-ray diffractometer

CuKα radiation. The chemical nature was studied with X

photoelectron spectroscopy (XPS

morphologies of materials were examined using scanning electron 

microscopy (SEM; LEO-EVO

microscopy (TEM; JEOL JSM 7001F

 The electrode fabricated from the metal oxide precipitated 

bacteria was prepared according to the following steps. The 

nanostructured Co3O4 microtubes (75%), acetylene black (15%) 

and PVDF (10%) were ground and mixed in a Zr

homogenous mixture was obtained. 

was added to this mixture. A 6.25 mg aliquot of this mixed 

material was spread on a Ni foam sheet and dried for 12 h in a 

vacuum oven at 90°C. The Ni foam supporting material was 

compressed at a pressure of 5 MPa for 5 min and was used as the 

working electrode. A reference electrode was composed of 

Ag/AgCl (with ceramic frit, ALS, satura

versus SCE at 20°C). Platinum was used as auxiliary electrodes. 

All of the electrochemical experiments were carried out in a three

electrode cell configuration in 6 M KOH as the electrolyte 

solution. Electrochemical investigations includ

voltammetry (CV) measurements, galvanostatic charge

tests and electrochemical impedance spectroscopy (EIS) using a 

Gamry Reference 3000 potentiostat/galvanostat/ZRA.

The TGA weight loss curves over a temperature range of 

25°C to 1000°C for the pure bacteria and metal-precipitated 

1. A steady weight loss from room 

temperature to 125°C in the TGA data is attributed to water 

evaporation. Subsequent steady weight loss from 125°C to 300°C 

is caused by the continual expulsion of water and ethanol from the 

material as a result of condensation reactions. Steady weight loss 

from 300°C to 600°C is attributed to the degradation of the 

 
and precipitated metal onto A. 

 As reported by Wang et al. [12], TGA measurements of 

nano-CoOOH illustrated that after the initial loss of moisture 

accumulated in the nanostructured CoOOH, the weight loss from 

200°C to 400°C was due to a gradual decomposition of the 

CoOOH. The Co3O4 formed via the decomposition of CoOOH, 

and O2 and H2O were also produced when the temperature rose 

above 300°C. Then, CoO was formed at higher temperatures. This 

observation is in agreement with our results. The TGA curve 

belonging to the metal-precipitated bacteria illustrates that a 

gradual decomposition of CoOOH and degradation of bacteria 

occurred together over the temperature range of 200°C to 500°C 

with a gradual weight loss of ~73.6%. 

shows no further weight loss, indicating a composition of 26.4% 

inorganic matter, most of which

500°C. The weight fraction of Co

sample may be less than 26.4% because of the intrinsic inorganic 

components of the pure bacteria e.g., C, N, K, and S [13]. The 

TGA result for pure bacteria indicate

residue for A. bengal was 53.2 % and 32.2% at 360°C and 500°C, 

respectively. 
 Figure 2a shows the N

and corresponding BJH pore size distribution curves for the

materials obtained at various annealing temperature. The samples 

annealed at 300°C and above exhibit
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analysis (TGA) measurements were performed in air 

by heating the samples from room temperature to 950°C at a ramp 

rate of 10°C/min using a Shimadzu TGA-50 thermo gravimetric 

. The crystal structure and orientation was determined 

ray diffractometer (XRD) equipped with 

The chemical nature was studied with X-ray 

photoelectron spectroscopy (XPS; SPECS EA 300). The 

e examined using scanning electron 

EVO-40) and transmission electron 

TEM; JEOL JSM 7001F). 

The electrode fabricated from the metal oxide precipitated 

bacteria was prepared according to the following steps. The 

microtubes (75%), acetylene black (15%) 

and PVDF (10%) were ground and mixed in a Zr2O3 mortar until a 

mogenous mixture was obtained. Subsequently, a drop of NMP 

was added to this mixture. A 6.25 mg aliquot of this mixed 

Ni foam sheet and dried for 12 h in a 

vacuum oven at 90°C. The Ni foam supporting material was 

compressed at a pressure of 5 MPa for 5 min and was used as the 

working electrode. A reference electrode was composed of 

Ag/AgCl (with ceramic frit, ALS, saturated KCl, and 45 mV 

versus SCE at 20°C). Platinum was used as auxiliary electrodes. 

All of the electrochemical experiments were carried out in a three-

electrode cell configuration in 6 M KOH as the electrolyte 

solution. Electrochemical investigations included cyclic 

voltammetry (CV) measurements, galvanostatic charge–discharge 

tests and electrochemical impedance spectroscopy (EIS) using a 

Gamry Reference 3000 potentiostat/galvanostat/ZRA. 

As reported by Wang et al. [12], TGA measurements of 

CoOOH illustrated that after the initial loss of moisture 

mulated in the nanostructured CoOOH, the weight loss from 

200°C to 400°C was due to a gradual decomposition of the 

formed via the decomposition of CoOOH, 

O were also produced when the temperature rose 

above 300°C. Then, CoO was formed at higher temperatures. This 

observation is in agreement with our results. The TGA curve 

precipitated bacteria illustrates that a 

of CoOOH and degradation of bacteria 

occurred together over the temperature range of 200°C to 500°C 

gradual weight loss of ~73.6%. Above 500°C, the curve 

shows no further weight loss, indicating a composition of 26.4% 

inorganic matter, most of which is likely metal oxide above 

500°C. The weight fraction of Co3O4 in the metal precipitated 

sample may be less than 26.4% because of the intrinsic inorganic 

components of the pure bacteria e.g., C, N, K, and S [13]. The 

TGA result for pure bacteria indicates that the amount of inorganic 

was 53.2 % and 32.2% at 360°C and 500°C, 

2a shows the N2 adsorption-desorption isotherms 

BJH pore size distribution curves for the Co3O4 

at various annealing temperature. The samples 

C and above exhibit a typical type IV isotherm 
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corresponding to a mesoporous sample. The effect of the 

annealing temperature on the pore size is clearly observed in the 

BJH pore size distribution curves (inset). The sample annealed at 

360°C exhibited two main nitrogen adsorption of 

versus pore diameter (Figure 2b). The smaller and sharper peak is 

assigned to pores with diameters that vary between 1.8 and 4 nm. 

The peak maximum is 2.6 nm. The larger and broader peak is 

assigned to pores with diameters varying between 17.4 nm and 19 

nm. The maximum of this peak is 14.3 nm. The BET surface area 

versus temperature curve also indicates that the best temperature 

to achieve mesoporosity is 360°C. The BET surface area and pore 

volume for the sample annealed at 360°C are calculated to be 

87.07 m2 g−1 and 0.179 cm3 g−1, respectively. 

Figure 2. a) Nitrogen adsorption isotherm of nanostructured Co
materials. Inset shows the pore size distribution of Co
b) BET surface area and pore volume as a function of annealing 
temperature. 

 Figure 3a shows the XRD profiles for the metal 

precipitated bacteria before and after the annealing process at 

360°C. Before the annealing process, the structure consists of only 

pure CoO(OH) peaks. The newly appeared 

annealing process, which are located at 2θ= 31.32°, 36.86°, 

44.72°, 59.44° and 65.32°,are assigned to a cubic spinel Co

structure, as found in JCPDS card file No.65-3103

shows XPS spectra of metal percipiated then annealled sample at 

360°C in the 0-1200 eV. The average atom concentration elements 

on the surface of sample was calculated from XPS peak areas. The 

major peaks in the spectra identified by XPS were Co, C, and

with minor peaks of Cl, S and N peaks whose composition and 

elemental ratios are presented in the legend of the respective 

graph. The minor peaks can be attributed to fun

the outermost bacterial cell. Co2p XPS spectra 

main 2p1/2, 2p3/2, spin-orbit lines, at 793.9 eV and 778.3 eV, 
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corresponding to a mesoporous sample. The effect of the 

annealing temperature on the pore size is clearly observed in the 

n curves (inset). The sample annealed at 

exhibited two main nitrogen adsorption of pore volume 

The smaller and sharper peak is 

assigned to pores with diameters that vary between 1.8 and 4 nm. 

nm. The larger and broader peak is 

assigned to pores with diameters varying between 17.4 nm and 19 

nm. The maximum of this peak is 14.3 nm. The BET surface area 

versus temperature curve also indicates that the best temperature 

. The BET surface area and pore 

are calculated to be 

 

 
a) Nitrogen adsorption isotherm of nanostructured Co3O4 

materials. Inset shows the pore size distribution of Co3O4 nanostructures 
BET surface area and pore volume as a function of annealing 

3a shows the XRD profiles for the metal 

precipitated bacteria before and after the annealing process at 

360°C. Before the annealing process, the structure consists of only 

pure CoO(OH) peaks. The newly appeared peaks after the 

located at 2θ= 31.32°, 36.86°, 

are assigned to a cubic spinel Co3O4 

3103. The Figure 3b 

ed then annealled sample at 

average atom concentration elements 

on the surface of sample was calculated from XPS peak areas. The 

major peaks in the spectra identified by XPS were Co, C, and O, 

whose composition and 

in the legend of the respective 

functional groups on 

XPS spectra consists of two 

orbit lines, at 793.9 eV and 778.3 eV, 

separated by about 15.6 eV, which

This result support the Co3O

cations, characteristic of the spinel Co

Figure 3. a) XRD spectrum for precipitated material and nanostructured 
Co3O4 material after annealing processes at 
chemically precipitated then annealled sample. The inset shows Co 2p
XPS spectra. 

 The stack of bare A. bengal is

Figure 4. SEM images of a-b) pure A. 
precipitated sample on A. bengal e
annealing processes at 360ºC. 
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, which agree well with literature [14]. 

O4 the presence of tetrahedral Co 

cations, characteristic of the spinel Co3O4 (111) structure. 

 

 
a) XRD spectrum for precipitated material and nanostructured 

l after annealing processes at 360ºC. b) XPS spectrum for 
chemically precipitated then annealled sample. The inset shows Co 2p3/2 

A. bengal is seen in Figure 4a. 

 
b) pure A. bengal bacteria c-d) chemically 

e-f) nanostructured Co3O4 sample after 
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 The helix-shaped bacteria have a length of approximately 

15 µm and a diameter of 800 nm, as shown in Figure 4b.

metal-precipitated bacteria are seen in Figure 4c and d. After heat 

treatment at 360C, the structure of the helix became granulated, 

and the length of helix shortened (Figures 4e and 4f).

 Figure 5 shows typical CV curves for prepared Co

precipitated bacteria over a potential window of 0 to 0.5 V (versus 

Ag/AgCl) at different scan rates. The shapes of the CVs are non

rectangular, which is due to the pseudocapacitance and is based on 

the redox mechanism of the different Co oxidation states

 

CoOOH+OH-↔CoO2+H2O+e−  

Co3O4+H2O+OH-↔3CoOOH+e-  

 

 The anodic and corresponding cathodic peaks for a 10 

mV/s scan rate are 0.36 V/0.24 V and 0.31 V/0.16 V for Co

(corresponding to Equation (1)) and Co3+/Co4+ 

Equation (2)) redox transitions, respectively (Figure

current increases with the scan rate, which suggests that good 

reversibility exists for a fast charge–discharge response

specific capacitance of the Co3O4 electrode is computed from the 

CVs using the following formula [17]: 

 

�� =
∫���

�×∆�×�
    

 

where I is the current, s is the scan rate, V 

window and m is the active material mass. The maximum specific 

capacitance is 723 F/g at 2 mV/s (as shown in the inset of Figure

5). When the scan rate is increased to 5 mV/s, the specific 

capacitance of the Co3O4 electrode is 159 F/g. The specific 

capacitance value decrease with the increasing s

due to limited ions movement at the high scan rate.

Figure 5. CV curves of Co3O4 electrodes at different scan rates. The in
shows specific capacitance as a function of the scan rate. 

 Figure 6 shows the galvanostatic cycle charge

test for Co3O4-precipitated bacteria electrode at a rate of 0.8 A/g. 

The specific capacitance is also evaluated from according to the 

following equation [17]: 

 

�� =
�×∆�

�×∆�
    

 

where I is the discharge current, Δt is the discharge time, 

potential drop in the discharge progress and m is the active mass 
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shaped bacteria have a length of approximately 

15 µm and a diameter of 800 nm, as shown in Figure 4b. The 

4c and d. After heat 

C, the structure of the helix became granulated, 

4e and 4f). 

5 shows typical CV curves for prepared Co3O4-

precipitated bacteria over a potential window of 0 to 0.5 V (versus 

The shapes of the CVs are non-

rectangular, which is due to the pseudocapacitance and is based on 

the redox mechanism of the different Co oxidation states [15, 16]: 

  (1) 

  (2) 

nodic and corresponding cathodic peaks for a 10 

mV/s scan rate are 0.36 V/0.24 V and 0.31 V/0.16 V for Co2+/Co3+ 

 (corresponding to 

Figure 5). The redox 

current increases with the scan rate, which suggests that good 

discharge response. The 

is computed from the 

  (3) 

V is the potential 

The maximum specific 

s (as shown in the inset of Figure 

When the scan rate is increased to 5 mV/s, the specific 

electrode is 159 F/g. The specific 

decrease with the increasing scan rate. This is 

movement at the high scan rate. 

 
electrodes at different scan rates. The inset 

the scan rate.  

6 shows the galvanostatic cycle charge-discharge 

precipitated bacteria electrode at a rate of 0.8 A/g. 

The specific capacitance is also evaluated from according to the 

  (4) 

is the discharge time, ΔV is the 

potential drop in the discharge progress and m is the active mass 

of the electrode. The capacitance variation of the supercapacitor 

was investigated over 2500 cycle

6. 

Figure 6. The variation of specific capacitance as a function of cycle 
number of Co3O4 electrode. The inset shows the ten cyclic charge
discharge curves. 

 It was observed that the capacitance of the sup

decreased gradually with the increase in the number of cycles. The 

coulombic efficiency increased with the number of cycles. The 

initial capacitance value was 262 F/g.

continuous charge-discharge cycles, these values decreased to 197 

F/g and 174 F/g, respectively. Then, the system stabilized and the 

capacitance values did not change. A capacitance retention of 

approximately 75% of the initial capacitance was seen after 1000 

cycles. The specific capacitance value obtained from the 

discharge test agreed well with the CV results of 5mV/s.

Figure 7. Nyquist plots of Co3O4 electrode at open circuit potential in 6M 
KOH solution. 

 The electrochemical impedance spectroscopy (EIS) 

measurements were performed by applying a sinusoidal wave with 

an amplitude of 1 mV over a frequency range from 100 kHz to 5 

MHz. Figure 7 shows the Nyquist graph of the AC impedance for 

the Co3O4 electrode after the CV measurements and long

cycling at an open circuit potential. The contact resistance 

between the electrolyte and

approximately 213 mΩ, which shows changes by 10% after 2500 

cycles. This indicates that the Co

much easier charge transfer at the electrode/electrolyte interface as 

a result of their  good electrical 

continuous cycles, the obvious decrease in charge transfer 
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of the electrode. The capacitance variation of the supercapacitor 

was investigated over 2500 cycles, as shown in the inset of Figure 

 
The variation of specific capacitance as a function of cycle 

electrode. The inset shows the ten cyclic charge-

It was observed that the capacitance of the supercapacitor 

ith the increase in the number of cycles. The 

coulombic efficiency increased with the number of cycles. The 

capacitance value was 262 F/g. After 1000 and 1635 

discharge cycles, these values decreased to 197 

Then, the system stabilized and the 

capacitance values did not change. A capacitance retention of 

approximately 75% of the initial capacitance was seen after 1000 

cycles. The specific capacitance value obtained from the charge-

well with the CV results of 5mV/s. 

 
electrode at open circuit potential in 6M 

The electrochemical impedance spectroscopy (EIS) 

measurements were performed by applying a sinusoidal wave with 

1 mV over a frequency range from 100 kHz to 5 

7 shows the Nyquist graph of the AC impedance for 

electrode after the CV measurements and long-term 

cycling at an open circuit potential. The contact resistance 

between the electrolyte and the electrode material is 

approximately 213 mΩ, which shows changes by 10% after 2500 

cycles. This indicates that the Co3O4 nanocomposites may enable 

much easier charge transfer at the electrode/electrolyte interface as 

a result of their  good electrical conductivity. After 2500 

continuous cycles, the obvious decrease in charge transfer 
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resistance over the middle frequency range and a 75 degree 

sloping straight line over the low frequency range are good 

electrochemical capacitive features, which are typical 

characteristics of the porous electrode structure. 

 

4. CONCLUSIONS 
 In summary, we have successfully produced nanostructured 

porous Co3O4 using A. bengal bacteria via a chemical precipitation 

method. The microorganisms, especially the bacteria, contained S-

layers that are a most advantageous biotemplate for obtaining 

nanostructures due to their low generation times, easy growth 

conditions and different shapes and sizes. The excellent properties 

of the produced Co3O4 material, including a high surface area and 

a porous structure, lead to good electrochemical performance, 

such as specific capacitance and a long cycle life when used as an 

electrode active material for energy storage. 
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