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Abstract
An aqueous Passiflora edulis peel extract was used to prepare lead oxide nanostructures, which were then tested as modi-
fiers of carbon paste electrodes for ethanol oxidation in acidic medium. Structural, thermal, and morphological features 
were examined by ultraviolet-visible spectroscopy, X-ray diffraction, Fourier transform infrared spectroscopy, thermo-
gravimetric analysis, scanning electron microscopy coupled to energy-dispersive X-ray spectroscopy, and transmission 
electron microscopy. The synthesized material consisted of a Pb3O4-rich mixed lead oxide system with lamellar mor-
phology and surface-associated phytochemical residues. Among the tested compositions, the electrode containing 5 wt% 
oxide combined the highest apparent electroactive area with the favorable voltammetric response. The ethanol-oxidation 
response depended strongly on electrolyte acidity and reached its highest value in 0.5 mol L−1 sulfuric acid (pH ≈ 0.3). 
Scan-rate analysis suggested a mixed response with an important diffusion contribution and interfacial surface effects. 
Chronoamperometry and continuous cycling showed that the modified electrode retained electrochemical activity over the 
test period, whereas impedance measurements at open-circuit potential were consistent with a comparatively low inter-
facial charge-transfer barrier.These results indicated that Passiflora edulis peel extract can be used as a biomass-derived 
reagent for the preparation of lead oxide nanostructures for ethanol oxidation studies.
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1  Introduction

Plant-mediated synthesis has become an useful route for 
preparing nanomaterials because plant extracts can provide 
reducing, complexing and stabilizing species under rela-
tively mild conditions. This strategy can reduce the harsher 
reagentes and also allows agricultural residues to be incor-
porated into the synthetic process [1–3].

Among such residues, Passiflora edulis peel is a promis-
ing raw material because it is abundant and contains phenolic 
compounds, flavonoids, and other oxygenated biomolecules 
that may influence both nanostructure formation and surface 
stabilization [4, 5]. This residue also offers a straightforward 
waste-to-material route because it couples waste valoriza-
tion with the preparation of functional materials.

Pb-based systems, however, require careful consider-
ation. Although plant-mediated routes can make the prepara-
tion step less severe, they do not eliminate the toxicological 
concerns associated with lead-containing materials. Accord-
ingly, the interest in such systems lies in controlling compo-
sition, morphology, and interfacial properties rather than in 
presenting them as intrinsically safe materials [6, 7].

Lead oxide nanostructures have been studied because of 
their electronic properties and their possible use in sensing, 
photocatalysis, energy-related devices, and electrochemical 
systems [8–10]. Ethanol oxidation is especially relevant in 
this scenario because of its connection with direct ethanol 
fuel cells and the continuing search for lower-cost catalytic 
materials. Although Pt- and Pd-based catalysts still domi-
nate this field, their cost and limited availability continue to 
motivate the study of alternative compositions and surface 
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modifiers [2, 11]. In this regard, Pb-containing oxides have 
previously been associated with changes in the adsorption 
behavior of poisoning intermediates and with enhanced 
alcohol oxidation response in specific electrode architec-
tures [12].

In the present study, aqueous Passiflora edulis peel 
extract was used to prepare lead oxide nanostructures, and 
the resulting material was tested as a modifier of carbon 
paste electrodes for ethanol oxidation in acidic medium. 
The study focused on how composition, morphology, and 
interfacial behavior were related in this Pb₃O₄-rich system.

2  Materials and methods

2.1  Materials

Lead(II) acetate trihydrate [Pb(CH3COO)2·3  H₂O] was 
obtained from Sigma-Aldrich. Ethanol, sulfuric acid, 
sodium hydroxide, and mineral oil were used as received. 
Graphite powder with a specific surface area of 240 m2 g−1 
was used as the carbon matrix for electrode preparation. 
All aqueous solutions were prepared with deionized water. 
Yellow passion fruit peels (Passiflora edulis Sims f. fla-
vicarpa) were collected from local markets in Macaé, RJ, 
Brazil (22°22′18″S, 41°47′9″W). Unless otherwise stated, 
electrochemical experiments were performed at 25 °C, and 
the electrolyte solutions were deaerated with nitrogen for 
15 min before analysis.

2.2  Preparation of Passiflora edulis peel extract and 
synthesis of lead oxide nanostructures

Dried and powdered P. edulis peels (1.0 g) were mixed with 
100 mL of distilled water and heated at 70 °C for 1 h under 
magnetic stirring. The resulting extract was filtered through 
Whatman No. 1 filter paper and stored at 4 °C until use.

For nanoparticle synthesis, 5 mL of the aqueous peel 
extract was added to 500 mL of a 1.0 mmol L−1 aqueous 
Pb(CH3COO)2·3H2O solution. The mixture was maintained 
under stirring at 50 °C for 24 h. The resulting solid phase 
was allowed to settle, separated, and dried at 90 °C for 4 h. 
To evaluate the influence of pH on nanoparticle formation, 
the reaction medium was adjusted to pH 7.0, 8.0, and 9.0 
using NaOH solution before the synthesis step.

2.3  Electrode preparation

Carbon paste electrodes (CPEs) were prepared by thoroughly 
mixing 60 mg of graphite powder with 40 µL of mineral oil 
in a quartz mortar until a homogeneous paste was obtained. 
Modified electrodes were prepared by incorporating the 

lead oxide nanostructures into the carbon paste at 5, 10, and 
15 wt%. These three loadings were selected as an explor-
atory range representing low, intermediate, and relatively 
high oxide contents while preserving the conductivity and 
mechanical integrity of the carbon paste matrix. The result-
ing pastes were packed into a glass tube (3.32 mm internal 
diameter; 2.2 mm depth), and electrical contact was estab-
lished with a platinum wire.

2.4  Physicochemical characterization

UV–Vis spectra were recorded on a Shimadzu UV-1800 
spectrophotometer using quartz cuvettes (1.0  cm optical 
path). Samples were dispersed at 0.1 g L−1 in 1% HCl (v/v). 
X-ray diffraction (XRD) measurements were carried out on 
a Shimadzu XRD-6000 diffractometer using CuKα radia-
tion (λ = 1.5418 Å), operating at 40 kV and 30 mA. Fourier 
transform infrared (FTIR) spectra were obtained on a Bruker 
spectrometer equipped with an ATR accessory, using a reso-
lution of 4 cm−1 and 20 scans. Thermogravimetric analysis 
(TGA) was performed on a PerkinElmer TGA-4000 in syn-
thetic air from 50 to 850 °C at a heating rate of 10 °C min−1.

Scanning electron microscopy (SEM) images were 
acquired on a Tescan microscope operated at 10  kV, and 
elemental composition was assessed by energy-dispersive 
X-ray spectroscopy (EDS) using an Oxford detector. Trans-
mission electron microscopy (TEM) images were obtained 
on a JEOL instrument operated at 120  kV in bright-field 
and dark-field modes. For TEM analysis, samples were 
dispersed in deionized water, drop-cast onto carbon-coated 
copper grids, and dried at room temperature.

2.5  Electrochemical measurements

Electrochemical measurements were performed using an 
Autolab potentiostat/galvanostat in a conventional three-
electrode cell containing the unmodified or modified carbon 
paste electrode as the working electrode, a platinum disk 
counter electrode (2 mm diameter), and an Ag/AgCl (3 mol 
L−1 KCl) reference electrode. All potentials are reported 
versus Ag/AgCl.

The apparent electroactive area of the electrodes was esti-
mated from cyclic voltammetry using the Randles-Sevcik 
relationship and a 1.0 × 10− 3 mol L−1 hexacyanoferrate 
redox probe in 0.5 mol L−1 K2SO4 recorded at different scan 
rates (Fig. S1). The apparent electroactive areas estimated 
for the electrodes were 0.184 cm2 for the bare CPE, 1.24 
cm2 for CPE-PbOx 5%, 0.986 cm2 for CPE-PbOx 10%, and 
0.930 cm2 for CPE-PbOx 15%. In porous carbon paste sys-
tems, the value obtained from the Randles-Sevcik equation 
should be interpreted as a comparative apparent electroac-
tive area rather than as a true geometric area, because surface 



1 3

135  Page 4 of 13 Journal of Applied Electrochemistry (2026) 56:135

roughness, porosity, and heterogeneous accessibility of the 
redox probe contribute to the calculated value [13–16].

The effect of electrolyte acidity on the electrochemical 
response of CPE–PbOx 5% was evaluated by cyclic voltam-
metry in solutions with pH values of 0.3, 1.0, 3.0, 5.0, and 
7.0. The strongly acidic condition corresponded to 0.5 mol 
L −1 H2SO4 (pH ≈ 0.3). The effect of ethanol concentra-
tion was subsequently investigated in the 0.2–1.0 mol L−1 
range under the selected acidic condition. Scan-rate studies 
were performed between 0.01 and 0.30 V s−1. Chronoam-
perometric measurements were carried out to evaluate the 
time-dependent current response and short-term operational 
stability.

Electrochemical impedance spectroscopy (EIS) measure-
ments were performed using an Autolab PGSTAT 128  N 
system in a Faraday cage over the frequency range from 
104 to 10− 2 Hz, using an AC amplitude of 10 mV and the 
open-circuit potential in the presence of 1.0 mol L−1 ethanol 
at pH 0.3. Nyquist and Bode representations were used for 
data analysis.

3  Results and discussion

3.1  Formation and physicochemical 
characterization of the lead oxide nanostructures

The UV-Vis spectra recorded for the materials synthesized 
at pH 7.0, 8.0, and 9.0 exhibited a main absorption band 

centered at 208 nm (Fig. 1), which is consistent with elec-
tronic transitions associated with oxidized Pb species. The 
absence of a broad band in the visible range argues against 
the formation of metallic Pb-rich colloids and is more com-
patible with oxide-dominated lead nanostructures.

Lead-based oxide nanostructures generally do not pres-
ent the intense localized surface plasmon resonance typical 
of noble-metal nanoparticles because their electronic struc-
ture and free-electron density are substantially different. 
Thus, the high-energy absorption observed in Fig. 1 is con-
sistent with oxidized lead phases and with charge-transfer 
transitions involving Pb-O bonds and surface-coordinated 
organic species.

The XRD pattern (Fig. 2A) indicated that the synthe-
sized material was predominantly composed of tetragonal 
Pb3O4 (ICDD PDF 01–085-0859), whereas weaker reflec-
tions at approximately 25.4°, 32.0°, 36.2°, and 49.1° were 
consistent with PbO2 (ICDD PDF 01–078-0313), suggest-
ing the presence of a secondary oxide phase. These results 
indicate that the plant-mediated synthesis yielded a mixed 
lead oxide material rather than a single chemically uniform 
phase [17–20].

Additional evidence for the hybrid inorganic/organic 
nature of the material was obtained from FTIR and TGA. 
The FTIR spectrum (Fig. S2) showed bands at 3466 cm−1 
(νO–H), 2928 cm−1 (νC–H), 1757 cm−1 (νC = O), 1151/1105 
cm−1 (νC–O–C), and 1058/1022 cm−1 (νC–O), indicating 
that organic constituents from the extract remained associ-
ated with the oxide surface after synthesis and drying. Bands 

Fig. 1  UV–Vis spectra of the 
dispersions obtained from the 
synthesis of lead oxide nano-
structures using aqueous P. 
edulis peel extract under different 
initial pH conditions. a pH 7.0, 
b pH 8.0, and c pH 9.0. Spectra 
were recorded immediately after 
sample preparation at 25 °C. 
d Comparative UV–Vis spectra 
of the lead acetate precursor solu-
tion, the aqueous P. edulis peel 
extract (AE 0.01%), and the dis-
persions obtained after synthesis 
at pH 7.0, 8.0, and 9.0
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in the low-wavenumber region, at 537 and 465 cm−1, were 
consistent with Pb–O vibrations, reinforcing the assignment 
of lead oxide phases [21, 22].

The TGA and DTGA curves (Fig. 2B) revealed a multi-
step thermal degradation process between 200 and 450 °C, 
with thermal events centered at 254, 309, 362, and 402 °C, 
resulting in a total mass loss of 18.1%. The mass-loss are 
compatible with decomposition of organic material asso-
ciated with the extract and possibly with residual acetate-
derived species from the precursor [23–25].

SEM images (Fig. 3A–C) revealed flower-like agglomer-
ates formed by overlapping lamellar subunits. These struc-
tures consisted of thin plates with average thicknesses of 
approximately 30 nm, assembled into secondary agglomer-
ates with diameters in the 1–2 μm range, as estimated from 
the micrographs using ImageJ. The EDS spectrum (Fig. 3D) 
confirmed Pb and O as the dominant inorganic elements, 
while C and Na were attributed to residual plant-derived 
species and reaction by-products. TEM analysis (Fig. 3E) 
further resolved plate-like domains at the nanoscale and 
showed an individual nanosheet with an approximate lateral 
dimension of 380 nm.

These results indicate that the material is composed of 
thin oxide lamellae aggregated into larger hierarchical 
secondary structures, which supports the use of the term 
nanostructures rather than a simplified description as iso-
lated spherical nanoparticles. Although the microscopy data 
clearly support a lamellar architecture, the absence of a full 
particle-size distribution analysis using ImageJ or equiva-
lent image-processing treatment limits a more rigorous 
assessment of morphological uniformity and dispersion.

Although the microscopy data clearly support a lamel-
lar morphology, the absence of particle-size distribution 

analysis prevents a more rigorous quantitative morpho-
logical discussion. Even so, the combined SEM and TEM 
observations are sufficient to establish a multiscale architec-
ture composed of thin oxide plates assembled into micro-
metric agglomerates.

3.2  Selection of the modified electrode based on 
apparent electroactive area

Among the tested formulations, the carbon paste electrode 
containing 5 wt% Pb-based oxide displayed the highest 
apparent electroactive area (1.24 cm2), followed by lower 
values for the bare CPE and for the electrodes containing 
10 and 15 wt% modifier. Thus, due the most pronounced 
voltammetric response, the 5 wt% composition was selected 
for further electrochemical evaluation. The voltammograms 
in Fig. S1 suggest that this loading offers a more favorable 
compromise between the presence of electroactive PbOx 
species and the maintenance of the conductive graphite net-
work. Increasing the oxide content beyond this level did not 
improve the response; instead, the lower apparent electroac-
tive areas at 10 and 15 wt% may reflect less efficient electron 
percolation and a less favorable electrode microstructure.

3.3  pH-dependent electrochemical response in the 
supporting electrolyte

The pH-dependent voltammetric response of CPE-PbOx 
5% in the supporting electrolyte is shown in Fig. S3, with 
the direct comparison at 10 mV s−1 presented in Fig. S3F. 
The current response was highest at pH 0.3 and progres-
sively decreased as the pH increased toward neutral con-
ditions. In strongly acidic medium, the Pb-based surface 

Fig. 2  A  XRD pattern of the lead oxide nanostructures synthesized 
using aqueous P. edulis peel extract. B  TGA and DTGA curves of 
the synthesized material recorded in synthetic air after pre-treatment 

at 100 °C for 20 min, showing thermal events at 254, 309, 362, and 
402 °C and a total mass loss of 18.1%
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species appear to undergo better-defined redox transitions, 
whereas at higher pH values the voltammetric features 
become broader and less intense. This behavior is consistent 
with the strong influence of proton activity on the interfacial 
chemistry of lead oxides in sulfuric acid media and supports 
the use of pH 0.3 as the most favorable condition for the 
subsequent ethanol-oxidation experiments [26].

3.4  Scan-rate dependence in the supporting 
electrolyte

The electrochemical behavior of CPE-PbOx 5% in the 
supporting electrolyte was further examined as a function 
of scan rate (Fig. S4). As shown in Fig. S4A, both anodic 
and cathodic peak current densities increased with increas-
ing scan rate, indicating acceleration of the redox response 
under faster potential perturbation. The current-scan-rate 
relationships shown in Fig. S4B and Fig. S4C indicate that 
the system cannot be described by a purely idealized single-
control model.

For the anodic curve, current varied more linearly with 
scan rate than with the square root of scan rate, indicat-
ing a significant surface contribution to the response. The 

cathodic branch, however, showed poorer linearity in both 
representations, suggesting the coexistence of charge-trans-
fer, surface reorganization, and mass-transport effects. The 
increase in ΔEp with scan rate (Fig. S4D), clearly exceed-
ing the value expected for a reversible one-electron process, 
further indicates quasi-reversible to irreversible behavior. 
These results show that, even in the absence of ethanol, 
the PbOx-modified electrode exhibited a non-ideal redox 
response that serves as a baseline for the interpretation of 
the voltammetric behavior in alcohol-containing medium 
[13].

3.5  Electrochemical response toward ethanol 
oxidation

3.5.1  Effect of electrolyte acidity

The voltammetric response of CPE-PbOx 5% in the absence 
and presence of ethanol at different pH values is shown in 
Fig. 4. The highest anodic and cathodic current densities in 
the presence of ethanol were observed at pH 0.3, indicat-
ing that strongly acidic medium favored the electrochemi-
cal response of ethanol on the modified electrode. As the 

Fig. 3  A–C SEM micrographs, D EDS spectrum, and E TEM image of the PbOx nanostructures synthesized using P. edulis peel extract
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pH increased, the current density decreased progressively, 
showing that the electrode response is strongly dependent 
on proton availability.

The higher response in acidic medium is consistent with 
faster proton-coupled surface steps and with more rapid 
turnover of oxygenated Pb-containing surface species. At 
higher pH, the voltammetric response became weaker and 
broader, which suggests slower interfacial turnover and less 
efficient removal of adsorbed partially oxidized species. 
Thus, the pH profile in Fig. 4 is consistent with the baseline 
behavior already observed in Fig. S3 and confirms pH 0.3 as 
the most suitable condition for the subsequent mechanistic 
and stability analyses [12–28]. Although the strongly acidic 
medium maximized the voltammetric response, partial dis-
solution of Pb-containing surface species under these condi-
tions cannot be excluded and should be addressed in future 
stability and leaching studies.

3.5.2  Effect of scan rate on ethanol oxidation

The effect of scan rate on the ethanol oxidation response of 
CPE-PbOx 5% at pH 0.3 is shown in Fig. 5.

Both anodic and cathodic peak currents increased as 
the scan rate increased, which is consistent with a faster 
voltammetric response under more rapid potential sweeps. 
The best linearity was obtained when peak current was plot-
ted against the square root of scan rate (Fig. 5c), indicating 
that diffusion of ethanol and other solution-phase species 
toward the electrode surface contributed significantly to the 
observed response.

At the same time, the direct current-versus-scan-rate 
plots also showed substantial linearity (Jpa, R2 = 0.9952; 
Jpc, R2 = 0.9181), which means that the process should not 
be described as exclusively diffusion-controlled. The data 
are better described by mixed control, with a significant dif-
fusional contribution superimposed on interfacial effects 
related to adsorption and surface reorganization.

The increase in peak separation with scan rate (Fig. 5d) 
indicates progressively more irreversible behavior at higher 

Fig. 4  Cyclic voltammograms of CPE-PbOx 5% recorded at different pH values in the a absence and b presence of 1.0 mol L−1 ethanol. Scan rate: 
10 mV s−1. Temperature: 25 °C. Apparent electroactive area: 1.24 cm2
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scan rates, which is compatible with slower charge-trans-
fer kinetics and with the growing influence of adsorbed 
intermediates on the interfacial response. Accordingly, the 
voltammetric data support a diffusion-dominated but not 
diffusion-exclusive mechanism under the investigated con-
ditions [13, 29],

Similar scan rate-dependent broadening of ΔEp has been 
reported for non-noble-metal electrocatalysts based on Fe, 
Cu, and Ni-containing systems, in which incomplete regen-
eration of active surface sites under fast potential sweeps 
contributes to non-ideal voltammetric behavior [30, 31].

3.5.3  Effect of ethanol concentration

Figure 6 shows that increasing ethanol concentration from 
0.1 to 1.0  mol L−1 led to a systematic increase in anodic 
peak current density. The linear relationship between anodic 
current and ethanol concentration (Fig.  6b) indicates that, 
within the investigated concentration range, the response 

increased proportionally with substrate availability and that 
no obvious saturation of active sites was reached.

This result shows that the modified electrode remains 
responsive within the concentration window investigated 
and that the electrochemical response can be tuned by 
ethanol concentration under strongly acidic conditions. 
Nevertheless, this linearity alone does not establish pseudo-
first-order kinetics, because voltammetric current responses 
under the present conditions do not isolate reaction order.

What the data do support is a concentration-dependent 
enhancement of current without clear evidence of site satu-
ration in the studied range. This behavior is consistent with 
an interface that still offers available PbOx-related active 
domains as the ethanol concentration increases, while mass 
transport from the bulk solution remains sufficiently fast to 
sustain the response.

The absence of major shifts in peak potential suggests 
that increasing ethanol concentration primarily changes the 
magnitude of the response rather than the voltammetric pro-
file. In practical terms, this is favorable because it indicates 

Fig. 5  a  Cyclic voltammograms of CPE-PbOx 5% in 1.0  mol L−1 
ethanol at pH 0.3 recorded at different scan rates (0.01–0.30 V s−1). 
b Peak current density versus scan rate. c Peak current density versus 

the square root of scan rate. d Peak-to-peak separation (ΔEp) versus 
scan rate. Temperature: 25 °C. Apparent electroactive area: 1.24 cm2
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that the modified electrode retains its characteristic response 
over a concentration range relevant to ethanol-electrooxida-
tion studies.

Fig. 6 indicates that ethanol concentration modulates the 
current response of CPE-PbOx 5% in a predictable manner, 
reinforcing the suitability of the selected acidic condition 
for comparative electrochemical investigation.

3.5.4  Chronoamperometric response and cycling stability

Chronoamperometric measurements and continuous cyclic 
voltammetry were used to evaluate the time-dependent 
response and short-term electrochemical stability of the 
modified electrode in 1.0 mol L⁻¹ ethanol at pH 0.3 (Fig. 7). 
Chronoamperometric responses were recorded at fixed 
potentials of 0.2, 0.3, and 0.7 V vs. Ag/AgCl 3 M.

At 0.2 V, the measured currents were low, which is consis-
tent with operation below the region of more intense ethanol 
oxidation response and with a limited faradaic contribution. 
The corresponding current densities were − 0.000895 mA 
cm⁻² for the bare CPE and − 0.00364 mA cm⁻² for CPE–
PbOx 5%. By contrast, at 0.3 and 0.7 V the current decayed 
rapidly in the initial stage and then evolved toward a more 
stable response, as shown in Fig. 7A and B. This behavior 
is commonly associated with double-layer charging, rapid 
local consumption of ethanol near the electrode surface, and 
the transient accumulation of adsorbed partially oxidized 
species, followed by slower replenishment of reactants from 
the bulk solution [27, 29, 32].

Compared with the unmodified CPE, the PbOx-mod-
ified electrode showed higher current values, indicating 
that the incorporated oxide material contributes to the 

ethanol-oxidation response. In the cycling experiment, the 
increase in peak current density over 50 scans suggests 
progressive surface activation or conditioning rather than 
immediate deactivation. A possible interpretation is there-
fore that the electrode remained electrochemically active 
over repeated scans and may have undergone beneficial sur-
face rearrangement during cycling, although this evidence 
alone is not sufficient to demonstrate long-term operational 
durability.

After approximately 200 s, the bare CPE approached a 
near steady-state current, whereas CPE–PbOx 5% stabilized 
only after about 500–600 s. The longer transient observed 
for the modified electrode may reflect its larger accessible 
interfacial area, slower establishment of adsorbate cover-
age, and continued activation of available PbOx-related sur-
face domains as ethanol diffuses and reacts at the interface.

To further evaluate electrochemical robustness, continu-
ous cyclic voltammetry was performed for 50 consecutive 
cycles from − 0.5 to 1.1 V for 50 cycles (Fig. 7C, D). The 
increase in peak current density over scans suggests pro-
gressive surface activation or conditioning rather than 
immediate deactivation. A cautious interpretation is that the 
modified electrode remained electrochemically active dur-
ing repeated cycling and may have undergone beneficial sur-
face rearrangement, such as partial removal of passivating 
species or gradual exposure of additional active domains. 
Nevertheless, these results should be interpreted as evidence 
of short-term electrochemical stability only, since 50 cycles 
are not sufficient to demonstrate long-term operational dura-
bility under device-relevant conditions.

Fig. 6  a Cyclic voltammograms 
of CPE-PbOx 5% in 0.5 mol L−1 
H2SO4 containing increasing 
ethanol concentrations (0.1–
1.0 mol L−1) at pH 0.3. b Linear 
correlation between anodic peak 
current density and ethanol con-
centration. Scan rate: 10 mV s−1. 
Temperature: 25 °C. Apparent 
electroactive area: 1.24 cm2
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3.6  Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy was used to 
evaluate the interfacial properties of CPE-PbOx 5% in eth-
anol-containing acidic medium at pH 0.3 and open-circuit 
potential (Fig. 8).

The Nyquist plot displayed a high-frequency semicircle 
followed by a lower-frequency diffusional contribution, 

consistent with the coexistence of charge-transfer and mass-
transport effects at the electrode/electrolyte interface. The 
Bode representation complements this interpretation by 
showing a frequency-dependent response characteristic of 
a non-ideal interfacial process rather than that of a simple 
purely resistive system.

The comparatively small semicircle diameter suggests a 
relatively facile interfacial charge-transfer process under the 

Fig. 8  A, B Electrochemical 
impedance spectra of CPE-PbOx 
5% recorded in 1.0 mol L−1 etha-
nol at pH 0.3 and open-circuit 
potential. C Equivalent circuit 
used for fitting the impedance 
data

 

Fig. 7  A Chronoamperometric responses of the bare CPE and B CPE-
PbOx 5% recorded at 0.2, 0.3, and 0.7 V in 0.5 mol L−1 H2SO4 contain-
ing 1.0 mol L−1 ethanol at pH 0.3. C Continuous cyclic voltammetry 

over 50 cycles and D evolution of peak current density during cycling. 
Temperature: 25 °C. Apparent electroactive area: 1.24 cm2
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measured condition, whereas the low-frequency tail indi-
cates the contribution of diffusional transport. Because the 
measurement was performed at open-circuit potential, the 
impedance results should be interpreted as describing the 
interfacial state of the system in ethanol-containing acidic 
medium rather than the reaction kinetics at the anodic oxi-
dation peak.

Using the equivalent circuit shown in Fig.  8C, the 
spectrum was fitted in terms of a combined bulk/contact 
resistance (Rb), a constant phase element (CPE), a charge-
transfer resistance (Rct), and a Warburg-type diffusional 
element (Zw). The fitted Rct value of 35 Ω is consistent 
with the relatively small high-frequency semicircle and 
indicates that the PbOx-modified interface does not impose 
a severe kinetic barrier under the measured interfacial state. 
This interpretation is also coherent with the mixed charge-
transfer/diffusion regime inferred from cyclic voltammetry, 
although the impedance result should not be overinterpreted 
as a direct kinetic descriptor at the oxidation-peak potential.

4  Conclusion

This study demonstrated that Passiflora edulis peel extract 
can be used as a biomass-derived reagent in the synthe-
sis of lead oxide nanostructures through a plant-mediated 
route. The obtained material was predominantly composed 
of tetragonal Pb3O4 and exhibited a lamellar morphology, 
with spectroscopic and thermal evidence indicating the 
presence of residual organic species associated with the 
nanostructure surface.

Among the tested electrode formulations, the carbon 
paste electrode containing 5 wt% PbOx showed the largest 
apparent electroactive area and the most favorable voltam-
metric response toward ethanol oxidation. The electro-
chemical behavior was strongly influenced by the acidity of 
the medium, and the best response was observed at pH 0.3. 
Scan-rate analysis suggested that ethanol oxidation occurs 
under a diffusion-dominated but not diffusion-exclusive 
regime, whereas chronoamperometry and cycling experi-
ments indicated that the modified electrode remained elec-
trochemically active during repeated measurements.

, the results support the use of Passiflora edulis peel 
extract as a suitable precursor medium for the prepara-
tion of Pb-based oxide nanostructures and indicate that the 
resulting material is a relevant candidate for further stud-
ies on ethanol electrooxidation. Future work should focus 
on improving compositional control, evaluating long-term 
operational stability, and clarifying the reaction mechanism 
and interfacial charge-transfer behavior under the optimal 
catalytic conditions. Despite the use of a plant-mediated 
synthetic route, any practical application of Pb-based oxide 

materials will require careful assessment of lead leaching, 
operational stability, and end-of-life management.
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