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Optimized enzymatic electrodes utilizing a polypyrrole/cellulose composite with high 
internal capacitance were developed for an enhanced enzymatic fuel cell. Gluconobacter 
sp. fructose dehydrogenase enzyme was electrophoretically bound and fixed to the 
polypyrrole/cellulose matrix. Laccase from Trametes versicolor was utilized as the 
cathode bioelectrocatalyst, being entrapped electrochemically. The composite film made 
of polypyrrole and cellulose displayed pseudocapacitive characteristics in neutral pH 
circumstances. After being modified with carboxylic groups, the composite material 
facilitated effective enzyme adsorption as well as ensured proper electrical connection 
between the enzyme's active sites as well as the electrode exterior. The updated 
polypyrrole/cellulose composite electrode was employed as the anode for fructose 
oxidation without a mediator, achieving a significant catalytic current density of 13.1mA 
cm-2. Dioxygen decreases at 3 mA/cm2 current density was achieved by a composite film 
that contained laccase and was made of polypyrrole and cellulose. The film contained 2,2'-
azino-bis (3-ethylbenzothiazoline-6-sulphonic acid) as a mediator. Utilizing a 
pseudocapacitive matrix as well as reducing the electrode distance to 1.5 mm enhanced 
the power output as well as regeneration capacity of the biofuel cell. Implementing a 
preconditioning stage where the cell was held at open circuit voltage while fuel flows has 
been found to improve the cell's power output. After the matrix was recharged after a 24-
h preconditioning time, the device produced 3.1 mW/cm2 power and an open-circuit 
voltage of 0.61 V.
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1. INTRODUCTION

Interest in energy collecting systems using alternative fuels
has greatly raised during the last twenty years[1]. 
Electrochemists are currently showing a particular interest in 
biofuel cells due to the limitations of existing fuel cell 
technologies despite nearing mass manufacturing. The growing 
interest in biofuel cells is due to their distinctive operational 
requirements that are not achievable by traditional fuel cells, 
such as operating at low temperatures (20 – 40ºC), functioning 
near neutral pH levels, the enzymes' specificity, selectivity as 
well as the reducing cost of biocatalysts. Furthermore, biofuel 
cells can use a variety of fuels as well as different biocatalysts, 
while also providing cost-effective operation and maintenance 
compared to traditional fuel cells [2], [3], [4], [5].  

Despite notable advancements in this subject in recent years, 
there are still substantial challenges that need to be addressed. A 
common issue is the quick decline in voltage that frequently 
occurs while activating biofuel cell-operated devices. Electric 
capacitance-based techniques are being studied in contemporary 

literature because to their association with power limits of 
systems[6]. These technologies are crucial for delivering or 
storing high power quickly. Furthermore, storing the electric 
energy generated by the biofuel cell involves complex processes 
such as electrostatically or by electrochemical reactions, adding 
to the efficiency challenges. Traditional capacitors and batteries, 
frequently utilized for storage are inefficient as well as costly 
devices plagued by fundamental and practical limitations 
including self-discharge. 

Supercapacitors (SCs) [7], batteries[8]as well as their 
combinations are rechargeable devices capable of storing larger 
amounts of electric energy compared to traditional 
electronics[9]. Energy storage systems, such cutting-edge fuel 
cells, are being constructed using sophisticated nanomaterials 
mostly made of carbon, such as carbon nanotubes (CNTs) as 
well as graphene[9]. Carbon-based supercapacitors are 
considered crucial energy repository tools because to their 
outstanding characteristics, such as high-power densities, 
adequate electrical conductivity, cost-effectiveness, and 
inertness. Additionally, organic polymers, such as polypyrrole 
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(PPy)[10] and polyaniline (PANI)[11] are very hopeful and 
commonly utilized electrode materials in supercapacitors due to 
their accessibility as well as high particular capacitance, 
reaching up to around 3500 F g-1[12]. Batteries and 
supercapacitors are unable to generate electrical energy 
independently and must be charged outside. The enzymatic fuel 
cell (EFC) transforms chemical energy into electrical energy by 
utilizing nanostructured electrodes composed of carbon as well 
as metals like CNTs and gold nanoparticles. The electrodes are 
utilized to create extremely effective EFCs, similar to advanced 
electrochemical capacitors[13]. Although enhanced nano-
biostructures are utilized, the current as well as power densities 
of biodevices remain notably lower than those of fuel cells 
available on the market. To improve the EFCs' efficiency, 
external capacitors are used [14]. 

It is worth noting that many hybrid system configurations 
involving fuel cells and capacitors have been documented in the 
literature elsewhere. These combinations include EFCs with 
conventional capacitors, EFC/SC hybrids and conventional FCs 
with a SC[15].It is significant to note that prior articles examined 
a unique device consisting of two separate modules: a fuel cell 
as well as a capacitor, which were coupled electrically and 
assessed. Pankratov and colleagues demonstrated the initial 
work involving a single module that serves as both a 
supercapacitor as well as a fuel cell being one and invisible[16], 
[17]. In a flash, the researchers tested a biological catalyst-based 
enzymatic self-recharging SC[18]. On each side of the electrodes 
in the biodevice are components that charge or act as 
pseudocapacitors. Agnes and her coworkers showcased the 
refilling capability of a capacitor-like enzymatic fuel cell with 
the use of carbon nanotubes[19]. The first single electrode 
surface with an enzyme that generates current and a matrix that 
collects charges was recently demonstrated in our work[20], 
[21]. 

In this study, the production process of bioelectrodes using a 
pseudocapacitive polypyrrole/cellulose matrix was 
demonstrated in order toenhance the biofuel cell's efficiency that 
can be achieved by including carboxylic groups into the 
polypyrrole/cellulose composite for facilitating better and 
directed fructose dehydrogenase adsorption [22]. For this 
purpose. electrophoresis was used to immobilize the laccase 
enzyme on the matrix structure. Then, to make the cathode more 
durable, electropolymerized polypyrrole was used as a 
coating[23].Further, the correlation between the hybrid 
material's internal capacitance and the BFC's output power was 
explained. 

2.EXPERIMENTAL METHODOLOGY

2.1 Materials

Fructose (C6H12O6),citric acid (C6H8O7), ethanol (C2H5OH) 
as well as disodium hydrogen phosphate (Na2HPO4), and multi-
walled carbon nanotubes were acquired from Sigma-Aldrich, 
Mumbai, India. The multi-walled carbon nanotubes were 
modified with naphthalene groups in accordance with an earlier 
study[24]. Using a Milli-Q purification system, the water was 
distilled followed by filtered and utilized. 

Laccase Trametes versicolor (activity ≥ 12U/mg) and FDH 
from Gluconobacter sp were procured from Sigma Aldrich and 
Karpagam Academy of Higher Education, respectively. Extra 
purification was not performed on the enzymes before use. 

The following materials were used as unmodified: Pyrrole-
2-carboxylic acid (C5H5NO2) (SigmaAldrich), Pyrrole (Merck),
NaCl (Sigma Aldrich), FeCl3·6 H2O (Sigma Aldrich) 37% HCl
(Merck) and Tween-80 (Merck).In order to reach the necessary
amounts when mixed with deionized water. As described by
Yang et al., the cellulose that was extracted from the algae
Cladophora sp. and utilized [25].

2.2 Preparation and analysis of materials 

The process for preparing the 
cellulose/polypyrrolecomposite (CPPy) have been adopted from 
the reports documented by Hui et al. and Wu et al.[26], [27]. The 
composite exterior was functionalized with carboxylic groups by 
dispersing 90 mg of CPPy in 10 ml of 0.5 HCl as well as 
sonicating it for 80 min to achieve a stable and uniform solution. 
After that, combine 15 milliliters of 0.5 M HCl with 0.01 M C5H5 
NO2 and 0.01 M FeCl3.For 45 minutes while stirring, the 
polymerization process was carried out. After collecting the final 
item using a Buchner funnel, it was washed with solutions of 1.0 
M HCl as well as 0.2 M NaCl. 

Agate mortar was used to mix the composite 
(cellulose/polypyrrole composite) or the -COOH altered 
composite (cellulose/polypyrrole composite -COOH) with 
acetylene black in a 90:10 ratio, creating the bioanode of the 
biofuel cell.A concentration of 20 mg ml−1 was achieved by 
dispersing the mixture in 96% ethanol using high-energy 
ultrasonication. After that, a glassy carbon electrode (GCE, 
BAS) with an outside area of 0.071 cm2 was coated with 80 μl 
of the solution. There was a 1.0 mm thickness to the layer. 
Afterwards, the GCE surface was treated with 60 μl of an FDH 
solution containing 25 mg ml−1 of enzyme, and the electrodes 
were placed in the refrigerator for the night to let the solvent 
drain. 

A CPPy cathode with laccase adsorbed on its composite 
surface (cellulose/polypyrrole composite - Lac) as well as 
another with immobilized laccase in conjunction with the 
mediator ABTS-Lac were both investigated. An overnight 
immersion in a laccase solution (35 mg in 1 ml of a 1:1 C2H6O- 
buffer mixture of McIlvaine) was followed by the application of 
25 μl of cellulose/polypyrrole composite suspension onto the 
glassy carbon electrode surface to create the CPPy-Lac 
electrode. An electropolymerized polypyrrole film was used to 
encapsulate the enzyme and mediator, resulting in the system 
(cellulose/polypyrrole composite - ABTS - Lac). To create the 
cellulose/polypyrrole composite -ABTS-Lac electrode, the 
cellulose/polypyrrole composite -altered GCE was mixed with 
50 mg ml-1 of laccase, pyrrole (15 mM), as well as ABTS (15 
mM). To improve the enzyme dispersion in the polymeric 
composites, the electrode was pulsed with 4 V for 10 seconds 
and then 0.5 V for 3 seconds, a total of 170 times. To remove 
any molecules that were loosely adhered to the electrode, 
deionized water was used to wash it thoroughly. 

Naphtylated MWCNT were used to fabricate the – 
nanostructured electrode surface. The process of chemically 
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altering carbon nanotubes by attaching naphthyl groups has been 
explained in a different source [28]. Eight milligrams of Napht-
CNTs were dispersed in twelve milliliters of C2H6O as well as 
subjected to sonication for thirty minutes. Later, 50 μl of multi-
walled carbon nanotube suspension was applied onto the glassy 
carbon electrode surface and let to dry. For enzyme adsorption, 
the MWCNT electrode was immersed in a 35 mg ml-1 laccase 
solution and let to sit in the fridge overnight. 

The electrochemical tests performed in an indigenous 
chamber. A plexiglass tube with two GCE, each with a diameter 
of 0.9 cm and positioned opposite each other, makes up this 
stationary, unsealed system. An optional Ag/AgCl reference 
electrode can also be inserted into its designated slot. You may 
fine-tune the distance between the electrodes using the see-
through tube. A three-electrode setup with a programmable 
decade resistor was used to monitor the biofuel cell's power. 
Because of this, the biofuel operation may control the voltage of 
each electrode individually. Quantification of the voltage across 
the anode as well as cathode was done with loads ranging 
between 0.1 and 10 MΩ. A steady output voltage was guaranteed 
by capturing each data point in the power graph 10 seconds after 
adding each resistance upload [30-32]. 

Cyclic voltammograms (CV) were taken in a three-electrode 
setup, consisting of the bioelectrode, a reference electrode made 
of Silver/Silver chloride (KCl sat.), and a working electrode 
made of platinum foil to evaluate the bioelectrodes' catalytic 
capabilities. 

3.FINDINGS AND ANALYSIS

3.1Attributes of the anode coated with (CPPy) and fructose

Fig. 1a shows a capacitive-shaped voltammogram obtained 
using the CPPy – FDH electrode without fructose present. While 
experimentation, 50 μl of a 2 M fructose solution was added, the 
chromatoamperogram for fructose oxidation in a pH 5.3 
McIlvaine buffer at a constant potential of +0.4 V vs Ag/AgCl 
for the CPPy - FDH (blue line) and CPPy - COOH - FDH (green 
line) electrodes, respectively. Above roughly +0.4, the enhance 
in the anodic current was due to the beginning of polypyrrole 
overoxidation. As illustrated by the dashed line, catalytic waves 
were not visible in the absenteeism of Fructose dehydrogenase. 

At approximately -0.15 V relative to Ag/AgCl, a catalytic 
wave of fructose oxidation started after fructose was added. The 
electron transmission occurs by the direct electron transfer 
(DET) process, as previously explained [22]. At approximately 
+0.15 V, the wave leveled off, perhaps because of kinetic 
constraints. The most recent data shows that the highest current 
density for the fructose solution at a concentration of 0.15 M is 
9.1±1.2 mA cm-2.

Figure 1 (B and C) shows that the cellulose/polypyrrole 
composite - COOH - FDH electrode exhibited comparable 
catalytic characteristics, with a catalytic potential of -0.16 V 
against Silver/Silver chloride. Within the specified potential 
range, the voltammogram retains its capacitive characteristics 
even in the absence of the catalytic reaction substrate. The 
catalytic current stabilized at a voltage of +0.36 V and a current 
density of 15.2±1.6 mA/cm2, in contrast to the 
cellulose/polypyrrole composite - fructose dehydrogenase 

electrode (when compared to Ag/AgCl). Current density 
increases, suggesting that the carboxylic group on the matrix 
enhances the electrode's catalytic capabilities for fructose 
oxidation (Fig. 1 B). 
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Figure 1. (A) An electrode consisting of Cellulose polypyrrole 
and fructose dehydrogenase, and (B) an electrode consisting of 
CPPy and COOH and FDH, were both measured in a pH 5.3 

McIlvaine buffer with a scanning rate of 1 mV/s. In the 
presence (blue line) and absence (green line) of 100 mM 
fructose, the experiments were carried out as follows: (C) 

control experiments without enzyme in the presence of 100 
mM fructose, shown by the blue dashed lines 

Chronoamperometry was used to determine the specific 
properties of fructose dehydrogenase systems. An electrode was 
subjected to a possible of +0.5 V versus Silver/Silver chloride in 
the limiting current zone and left at this potential for around 2 
hours to reach equilibrium. After the background current had 
stabilized, 50 μl of a 2 M fructose solution was injected, and the 
catalytic current was measured many times (Fig. 1 C). 
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With each addition of fructose solution, the catalytic current 
rose for both types of electrodes. The CPPy – FDH electrode had 
a linear range of 0to 25 mM, whereas the cellulose/polypyrrole 
composite – COOH – FDH electrode had a range of 0 to 38 mM. 
Both electrodes had Michaelis-Menten constants (KM) of 26.8 
mM and 45 mM, respectively. Consistent with the results of the 
cyclic voltammetry studies, the highest catalytic present 
densities attained were 9.68 mA/cm2 for cellulose/polypyrrole 
composite - FDH as well as14.13 mA/cm2 for 
cellulose/polypyrrole composite - COOH - FDH. 

3.2 Characteristics of the cellulose/polypyrrole composite 
and Laccase cathodes  

Cyclic voltammetry was used to study the performances of 
the cathodes based on CPPy. Figure 2A shows the 
voltammogram of the CPPy – Lac electrode with and without 
oxygen. Without oxygen, the anodic peak around +0.5 V as well 
as the cathodic peak around +0.1 V vs Silver/Silver chloride 
represent the oxidation as well as decrease of polypyrrole, 
respectively. Chronoamperogram was conducted for oxygen 
reduction in pH 6.2 McIlvaine buffer at a potential of 0 V vs 
Ag/AgCl while adding 2.5 μl of oxygen saturated solution. The 
inset shows the catalytic current density plotted against the 
oxygen concentration 

The higher background current induced by CPPy probably 
made it impossible to differentiate the redox peak of the 
enzyme's active site in an oxygen-free environment. No catalytic 
waves were seen when laccase was not present. A catalytic 
reduction wave appeared at around +0.5 V compared to 
Silver/Silver chloride in an oxygen-saturated solution. Because 
the T1 copper site in Trametes versicolor laccase has an official 
potential of 0.78 V vs Silver/Silver chloride, electron transport 
is associated with an overpotential in the absence of a mediator. 
At approximately 0 V, the wave current achieves a stable 
plateau. As a result of polypyrrole oxidation, a current of about 
+0.3 V relative to silver/silver chloride is probably present. A
current of 1.2±0.1 mA cm-2 was the highest recorded during the
process of reducing oxygen.
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Figure 2. Cyclic voltammograms were obtained in pH 5.3 
McIlvaine buffer at a scan rate of 1 mV s-1 for CPPy – Lac and 
CPPy – ABTS – Lac electrodes. The studies were carried out in 

a deoxygenated (green line) and oxygenated (blue line) 
solution. The green dashed line represents control experiments 

conducted without enzyme in oxygenated solutions 

The electrode holding the mediator, CPPy – ABTS – Lac, 
functioned as the cathode for oxygen decrease, with catalytic 
current initiating at around +0.5 V against Ag/AgCl. 
Overpotential was decreased by the ABTS mediator in the 
matrix, leading to improved electron exchange between the 
electrode surface as well as the active region of the enzyme. In 
this case, as shown in Figure 2B, the maximal catalytic current 
density was 3.2±0.42 mA/cm2, and the catalytic wave reached a 
plateau near 0 V in comparison to Silver/Silver chloride. 

The chronoamperometric study indicated a potential within 
the limiting current zone by using an electrode voltage of 0 V 
relative to Silver/Silver chloride. Following approximately two 
hours of keeping the electrode at this voltage, the catalytic 
currents were monitored following the addition of 2.5 μl of an 
oxygen-saturated buffer sample, as shown in Fig. 2C. Whether 
electron transfer was mediated or direct, the catalytic current 
increased as oxygen-saturated solutions were applied to both 
electrodes. Calibration curves as well as Lineweaver-Burk 
curves were created to characterize the kinetics of the processes. 
At an oxygen concentration near 0.6 mM, both cases showed 
peak current on the curves, suggesting that variations in current 
density could be due to varying enzyme concentrations. The 
CPPy – Lac as well as the CPPy – ABTS - Lac electrodes have 
a linear range from 0 mM to 23 mM. The values obtained from 
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the CV results were in good agreement with the maximal current 
densities of catalysis for the cellulose/polypyrrole composite - 
Lac electrode and the cellulose/polypyrrole composite - ABTS - 
Lac electrode, which were 2.5 mA/cm2 and 3.0 mA/cm2, 
respectively. The ABTS mediator elevates the reduction onset 
potential while maintaining nearly constant catalytic current. 

3.3 Assessment of biofuel cell characteristics 

In order to ascertain the electrode-derived fuel cell properties 
and the impact of the biofuel cell's internal capacitance on power 
generation, we investigated three systems. A symmetrical fuel 
cell uses a composite of cellulose for both electrodes. Three 
different electrodes are used in this setup: one is based on the 
cellulose/polypyrrole composite -COOH-FDH / 
cellulose/polypyrrole composite -ABTS-Lac formation, one is a 
hybrid cell with a cellulose/polypyrrole composite - Fructose 
dehydrogenase anode and a glassy carbon electrode cathode 
coated with naphthylated Multi-walled carbon nanotubes and 
Lac, and the third is a cellulose/polypyrrole composite -FDH / 
cellulose/polypyrrole composite -Lac formation. 

The experimental approach called for measuring the current 
after 10 seconds and using resistance-reducing loads in the 
biofuel cell circuit.A hybrid fuel cell containing naphthylated 
multi-walled carbon nanotubes as well as adsorbed laccase 
electrodes demonstrated an enhanced open circuit voltage 
(OCV) of +0.81 V, as shown in Figure 3A. However, it also 
showed a faster response when the upload resistance was 
reduced compared to the symmetric CPPy-founded systems. 
Lower OCV values (0.62 V and 0.75 V, respectively) were 
observed in the CPPy-based systems. The highest power density 
of 3.0 mW/cm2 was achieved by combining CPPy with FDH and 
Lac. Figure 3B illustrates the relationship between voltage and 
current in the circuit. An initial voltage drop due to kinetic 
limitations is observed in all circumstances. In the center of the 
graphs, you can see a plateau for all three cells; however, the 
combination of cellulose/polypyrrole composite - COOH - FDH 
/ cellulose/polypyrrole composite - ABTS - Lac had the most 
noticeable impact. At large present densities, the voltage loss is 
due to mass transport, specifically diffusion constraints. 

Figure 3 shows that the open-circuit voltage (OCV) of the 
system with the MWCNT-founded cathode (0.82 V) was 
significantly higher than that of the CPPy electrode, which were 
0.73 V as well as 0.69 V vs Silver/Silver chloride. When the 
current density was first raised, the voltage of the multi-walled 
carbon nanotubes -based cell decreased more rapidly. At high 
current densities, the voltage drop was less pronounced in the 
cellulose/polypyrrole composite - COOH - FDH / 
cellulose/polypyrrole composite - ABTS - Lac arrangement 
compared to the symmetric EFCs, which showed a similar 
increase with rising current density. 

Several possible modifications in the biofuel cell's operating 
parameters should be brought about by the differences in 
maximum current densities between the anode and cathode 
catalytic currents, as shown by the cyclic voltammetry 
observations. The symmetrical curves in symmetrical systems 
show that the electrodes are more stable during the experiment 
because they have a high and similar internal capacitance. 
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Figure 3. (A)Power is a function of the fuel cell voltage,(B) 
voltage is a function of current density, (C) generated current is 
a function of the voltage of each fuel cell electrode (anode Va 

and cathode Vc) for various cell configurations 

A symmetrical system consisting of CPPy, COOH, FDH, 
ABTS, and Lac showed power output that varied with time. Both 
electrodes' potentials and power output increased after 
conditioning in a fuel solution for 24 hours before starting the 
experiment (refer to Fig. 4A). This action is brought about by 
enzymes that, under certain circumstances, produce current at an 
open circuit voltage, which continuously charges the 
pseudocapacitive polypyrrole/cellulose matrix. This is the 
reason for the increase in potential of the electrodes over time. 
Figure 4B shows that after charging the polypyrrole matrix, the 
enzymatic fuel cell reached its maximum OCV. The electrode 
potential decrease grew more symmetrical over time, which can 
be attributed to the current charging effect as seen in Figure 5A. 
The impact of electrode distance in the fuel cell was assessed by 
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varying the distances between electrodes to 0.1cm, 0.6cm, 
0.9cm, 2cm and 3 cm. The various configurations of biofuel cells 
are illustrated by their power profiles in Figure 5. The 
arrangement with the shortest electrode distance of 0.15 cm 
demonstrated reduced voltage drops, leading to an induced 
voltage of 0.4 V as well as an effective power output about twice 
as high at 3.5±0.2 mW as the arrangement with the longest 
electrode distance of 4 cm, which produced a power output of 
2±0.21 mW at 0.35 V. The electrodes of conventional 
supercapacitors are typically separated by a thin, permeable 
membrane that is excellent at conducting ions and measures less 
than 1 mm in thickness [29]. Two symmetric enzymatic systems 
were evaluated for stability over a one-week period, with the 
normalized power as well as OCV values for each day displayed 
in Figure 6. Equation (1) was used to obtain the power value by 
integrating the observed curve I versus E: 

P=E∫Idt (1) 

The system that included the imprisoned enzyme and ABTS 
became more stable as time went on. Despite a forty-percent 
drop in final power production, the fuel cell's open-circuit 
voltage remained stable for the whole week. One week after 
being loaded with CPPY-FDH / CPPy-Lactase enzymes, the 
symmetrical fuel cell's voltage plummeted to 0.45 V, holding 
onto only 9% of its original power. Both the device's stability 
and its power output are dictated by the cathode. 

-0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5
-1000

0

1000

2000

3000

4000

5000

6000

7000

8000
 0 hr  6 hr  8 hr  24 hr

J 
(μ

W
 c

m
-2 )

E versus Ag/AgCl (V)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

0

500

1000

1500

2000

2500

3000
 0 hr  6 hr  8 hr  24 hr

P 
(μ

W
 c

m
-2 )

E (V)

Figure 4. (A)The produced current dependent on the potential 
of each fuel cell electrode: anode (Va) and cathode (Vc). 

(B)The generated power related to the cell voltage for different 
conditioning times for the CPPy – COOH – FDH / CPPy -

ABTS – Lac configuration: 24 h, 8 h, 6 h, 0 h 
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Figure 5. Power is plotted as a function of cell voltage for the 
CPPy – COOH – FDH / CPPy - ABTS – Lac system at various 
distances between the electrodes after 24 hours of conditioning: 
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Figure 6. Relationship between normalized power and open 
circuit voltage over time for different enzyme combinations. 

4. CONCLUSION

The anode and cathode of a biofuel cell were modified
utilizing FDH and laccase, respectively, and the electrodes were 
pseudocapacitive polypyrrole/cellulose composites. The 
addition of a carboxylic group to the composite increased the 
catalytic current density to 16 mA/cm2, made the electrode more 
durable, as well as allowed for more FDH adsorption. In contrast 
to Silver/Silver chloride, the composite electrode's potential 
increased to +0.45 V due to the presence of ABTS as a mediator 
and the adsorption of laccase. The electrode was able to sustain 
its catalytic activity for seven days and achieve a peak present 
density of 3.2 mA/cm2.  

The biofuel cell tested under a 1 kΩ load showed an open-
circuit voltage of 0.7 V, a peak current density of 8.9 mA/cm2, 
and a maximum power density of 3.5 mW/cm2, all thanks to the 
bioelectrodes that made it up. Although the cathode and anode 
displayed almost symmetrical current against electrode potential 
curves, the cyclic voltammetry data indicated that the max 
catalytic currents generated were various for each electrode. 
Capacitance current is an essential component of the overall 
electrical output. The power density was discovered to be 
influenced by both the charging time as well as the distance 
separating the electrodes. The biofuel cell's OCV and power 
density were optimized after a day of immersion in a 150 mM 
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fructose solution with 1 mm electrode spacing. Following the 
charging period, the fuel cell functioned continuously for one 
week with a 65% reduction in the originally produced power 
density. 
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